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Editorial on the Research Topic
 Odyssey of Surfactant Proteins SP-A and SP-D: Innate Immune Surveillance Molecules



Surfactant protein A (SP-A) and D (SP-D) are hydrophilic collagenous C-type lectins, which were originally discovered in the lungs associated with surfactant phospholipids. It was later shown that the two proteins, unlike hydrophobic surfactant proteins, SP-B and SP-C, are keenly involved in protecting lungs against insults from pathogens, allergens, apoptotic, and necrotic cells (1). Two aspects became clear in subsequent years that (i). SP-A and SP-D have extra-pulmonary existence; and (ii). They can manipulate immune cells, and thus, regulate inflammatory responses (2). Although there have been a constant debate about their candidate receptor(s)—there are several reported so far (1). Much of the immunological studies, beyond interaction with surfactant system and pathogens, have been followed up toward SP-D. It has become apparent that SP-D is an innate immune surveillance molecule at the mucosal surfaces, which can act as a bridge between innate and adaptive immunity. The role of SP-D in modulating antigen presentation, helper T cell polarization and B cell differentiation and class switching (3) are few neat examples. This volume comprises 14 papers that extend our knowledge on SP-A and SP-D, and their roles in infection, inflammation and cancer.

A consistent theme discussed by several contributors is the differential role of two forms of SP-A in oxidative stress and lung innate immunity (Thorenoor, Umstead et al.; Nalian et al.; Thorenoor, Kawasawa et al.; Wang et al.). In humans, there are two SP-A variants differing in the collagen region, SP-A1 and SP-A2, encoded by SFTPA1 and SFTPA2, respectively, and produced by the alveolar type II cells in the lung. Importantly, SP-A1 and SP-A2 seem to differentially bind to phagocytic, but not to non-phagocytic cells (Thorenoor, Umstead et al.). SP-A1 and SP-A2 differentially bind and regulate neonatal and adult human alveolar macrophages (AMs) (Thorenoor, Umstead et al.). AMs from transgenic mice expressing human SP-A1 and SP-A2 exhibit differential expression of cell surface proteins (Thorenoor, Kawasawa et al.) Rodents express only one SP-A variant; thus, Nalian et al. have compared the rodent and human SP-A with respect to structural determinants of the function. The data infers that mouse SP-A is a functional hybrid of human SP-A1 and SP-A2. Particularly striking in this regard is the differential response in the two sexes. Humanized transgenic (hTG) male and female mice, carrying both SP-A1/SP-A2 (6A2/1A0, co-expressed) and SP-A-gene deficient mice were exposed to filtered air (FA) or ozone (O3), and miRNA levels were measured in isolated AMs (Thorenoor, Kawasawa et al.). The AM miRNome of co-expressed females was significantly downregulated in response to ozone induced oxidative stress. Several of the validated miRNA targets were involved in pro-inflammatory response, anti-apoptosis, cell cycle, cellular growth, and proliferation (Thorenoor, Kawasawa et al.). Continuing with this theme, Wang et al. have analyzed bronchoalveolar lavage (BAL) proteomic profile and associated signaling pathways in hTG SP-A1 and SP-A2 mice, as well as in SP-A knock-out mice exposed to O3 or Klebsiella pneumoniae. The hTG-SP-A2 mice showed significantly higher number of differentially expressed proteins, with the majority being increased in male mice while decreased in female mice. Survival of hTG mice (expressing SP-A1 alleles/ SP-A2 alleles/ Co-ex) challenged with Klebsiella pneumoniae was observed to be gene specific (co-ex and SP-A2 showing higher survival), variant-specific [co-expressed hTG (6A2/1A0) and hTG (1A0)] showing higher survival and sex specific (females showing higher survival). Cystic Fibrosis (CF) is characterized by altered SP levels. Lin et al. demonstrated that complex single nucleotide polymorphisms (SNPs)-SNP interactions of the surfactant genes may contribute to the pulmonary disease in CF patients. Wang Group have looked into SP-D gene polymorphisms and susceptibility to tuberculosis, by identifying/cloning two major SP-D exonic polymorphisms and examining their interaction with Mycobacterium bovis bacillus Calmette–Guérin (M. bovis) BCG. The authors seem to suggest that C92T (rs721917; amino acid rSP-D 92T variant) may increase susceptibility to TB (Hsieh et al.).

Hartshorn group have elegantly reviewed the molecular mechanisms used by SP-D to neutralize influenza A Virus (IAV) (Hsieh et al.). The group has been a pioneer in the field and the review summarizes the highlights of their credible work over a couple of decades. Al-Ahdal et al. have shown that a recombinant form of truncated human SP-D (rfhSP-D), composed of homotrimeric neck and C-type lectin domains, was able to restrict H1N1 and H3N2 subtypes of IAV (as well as their pseudotyped viral counterparts) from infecting A549 cells, a lung epithelial cell line, thus acting as an entry inhibitor. This is in contrast to the recombinant fragment of human SP-A that seems to promote IAV infectivity; however, full-length SP-A inhibits viral entry (4). These results seem to suggest that the two molecules i.e., SP-A and SP-D, especially their C-type lectin domains, can be very distinct in their functional properties; this point has been emphasized by other papers in this volume. One important point that needs mentioning is that rfhSP-D is also able to dampen the pro-inflammatory cytokine storm induced by IAV, which could minimize the lung injury caused by the virus. Next two papers are focused on how SP-D (rather rfhSP-D) can offer protection against HIV-1 at the mucosal surface. Dodagatta-Marri et al. show, for the first time, that DC-SIGN is a putative receptor for SP-D; the binding takes place via the C-type lectin domains of both proteins. This interaction is interestingly poised since both SP-D and DC-SIGN can interact with HIV-1. The authors show that opsonizing HIV-1 with rfhSP-D prior to viral exposure to DC-SIGN bearing cells reduced viral ability to get transferred to CD4+ T cells in trans. Thus, this is another layer of protection that rfhSP-D works at against HIV-1, and follows up earlier studies (5, 6). A seminal study by Pandit et al. in this volume reports use of vaginal explants and inhibition of HIV-1 transfer in an ex vivo context. The authors have also carried out a transcriptomics analysis revealing how rfhSP-D modulates a wide range of target cells and pathways in order to act as a mucosal barrier to HIV-1. In addition, the study has utilised a rabbit model of vaginal irritation in order to demonstrate that rfhSP-D is a safe prophylactic molecule for vaginal use.

Madan et al. showed nearly 20 years ago that rfhSP-D could offer therapeutic protection in a murine model of pulmonary hypersensitivity induced by Aspergillus fumigatus allergens/antigens (7). Subsequently, SP-D knock-out mice were found to be hyper-eosinophilic that could be ameliorated by rfhSP-D intranasal treatment (8). The mechanism of eosinophil clearance remained unclear until Mahajan et al. showed that eosinophils derived from allergic patients were susceptible to apoptosis induction by rfhSP-D (9) via p53 pathway, as revealed by proteomics analysis of a eosinophilic leukemic cell line, AML14.3D10 (10). This opened the area of SP-D mediated immune surveillance in cancer. It was subsequently shown that SP-D binds to EGF receptor on A549 cells and had an anti-proliferative and anti-invasive effect (11). In this volume, Kaur, Riaz, Murugaiah et al. reported the ability of rfhSP-D to induce apoptosis via TNF-α/Fas-mediated pathway regardless of the p53 status in human pancreatic adenocarcinoma (PDAC) using Panc-1 (p53mt), MiaPaCa-2 (p53mt), and Capan-2 (p53wt) cell lines. Treatment of these cell lines with rfhSP-D caused growth arrest in G1 cell cycle phase, triggered transcriptional upregulation of pro-apoptotic factors such as TNF-α, and induced apoptosis via Fas-mediated pathway in a p53-independent manner. In another paper, Kaur, Riaz, Singh et al. demonstrate that rfhSP-D is also capable of inhibiting TGF-β expression in the PDAC cell lines, and thus, suppressing their invasive-mesenchymal properties. The rfhSP-D-treated pancreatic cancer cell lines showed reduced expression in the cytoplasm of Smad2/3, suggesting that an interrupted signal transduction negatively affected the transcription of key mesenchymal genes. Thus, expressions of Vimentin, Zeb1, and Snail were found to be downregulated upon rfhSP-D treatment. Both these studies suggest that rfhSP-D can potentially be used to therapeutically target pancreatic cancer cells. A bioinformatics analysis using Oncomine dataset and the survival analysis platforms Kaplan–Meier plotter has been performed by Mangogna et al., which showed that in the lung, gastric, and breast cancers, there is a lower expression of SP-D than normal tissues. On the contrary, a higher expression than normal tissue was observed in ovarian cancer. In lung cancer, the presence of SP-D could be associated with a favorable prognosis. On the contrary, at non-pulmonary sites such as gastric, breast, and ovarian cancers, the presence of SP-D could be associated with unfavorable prognosis. All these data indicate that SP-D could also be used as a potential diagnostic marker.

In a critical assessment, Colmorten et al. have reviewed the role of SP-D in the vascular inflammation, inferring a dual role of SP-D in the development of atherosclerosis. A pro-atherogenic role of SP-D is evident from in vivo studies in SP-D knock-out mice. Clinical studies have shown a positive association between circulatory SP-D levels, carotid intima-media thickness, coronary artery calcification and risk of both total and cardiovascular disease mortality.

It is clear from the studies being reported in this volume that the field of SP-A and SP-D continues to grow and is now throwing a number of pleasant surprises. The therapeutic potential of rfhSP-D needs to be realized via planned clinical trials. This decade is going to be an exciting one for surfactant protein research.


AUTHOR CONTRIBUTIONS

All authors listed have made an equal, direct and intellectual contribution to the work, and approved it for publication.



REFERENCES

 1. Kishore U, Greenhough TJ, Waters P, Shrive AK, Ghai R, Kamran MF, et al. Surfactant proteins SP-A and SP-D: structure, function and receptors. Mol Immunol. (2006) 43:1293–315. doi: 10.1016/j.molimm.2005.08.004

 2. Wright JR. Immunomodulatory functions of surfactant. Physiol Rev. (1997) 77:931–62. doi: 10.1152/physrev.1997.77.4.931

 3. Qaseem AS, Singh I, Pathan AA, Layhadi JA, Parkin R, Alexandra F, et al. A recombinant fragment of human surfactant protein d suppresses basophil activation and T-helper type 2 and B-cell responses in grass pollen-induced allergic inflammation. Am J Respir Crit Care Med. (2017) 196:1526–34. doi: 10.1164/rccm.201701-0225OC

 4. Al-Qahtani AA, Murugaiah V, Bashir HA, Pathan AA, Abozaid SM, Makarov E, et al. Full-length human surfactant protein A inhibits influenza A virus infection of A549 lung epithelial cells: a recombinant form containing neck and lectin domains promotes infectivity. Immunobiology. (2019) 224:408–18. doi: 10.1016/j.imbio.2019.02.006

 5. Gaiha GD, Dong T, Palaniyar N, Mitchell DA, Reid KB, Clark HW. Surfactant protein A binds to HIV and inhibits direct infection of CD4+ cells, but enhances dendritic cell-mediated viral transfer. J Immunol. (2008) 181:601–9. doi: 10.4049/jimmunol.181.1.601

 6. Pandit H, Gopal S, Sonawani A, Yadav AK, Qaseem AS, Warke H, et al. Surfactant protein D inhibits HIV-1 infection of target cells via interference with gp120-CD4 interaction and modulates pro-inflammatory cytokine production. PLoS ONE. (2014) 9:e102395. doi: 10.1371/journal.pone.0102395

 7. Madan T, Kishore U, Singh M, Strong P, Clark H, Hussain EM, et al. Surfactant proteins A and D protect mice against pulmonary hypersensitivity induced by Aspergillus fumigatus antigens and allergens. J Clin Invest. (2001) 107:467–75. doi: 10.1172/JCI10124

 8. Madan T, Reid KB, Singh M, Sarma PU, Kishore U. Susceptibility of mice genetically deficient in the surfactant protein (SP)-A or SP-D gene to pulmonary hypersensitivity induced by antigens and allergens of Aspergillus fumigatus. J Immunol. (2005) 174:6943–54. doi: 10.4049/jimmunol.174.11.6943

 9. Mahajan L, Madan T, Kamal N, Singh VK, Sim RB, Telang SD, et al. Recombinant surfactant protein-D selectively increases apoptosis in eosinophils of allergic asthmatics and enhances uptake of apoptotic eosinophils by macrophages. Int Immunol. (2008) 20:993–1007. doi: 10.1093/intimm/dxn058

 10. Mahajan L, Pandit H, Madan T, Gautam P, Yadav AK, Warke H, et al. Human surfactant protein D alters oxidative stress and HMGA1 expression to induce p53 apoptotic pathway in eosinophil leukemic cell line. PLoS ONE. (2013) 8:e85046. doi: 10.1371/journal.pone.0085046

 11. Hasegawa Y, Takahashi M, Ariki S, Asakawa D, Tajiri M, Wada Y, et al. Surfactant protein D suppresses lung cancer progression by downregulation of epidermal growth factor signaling. Oncogene. (2015) 34:838–45. doi: 10.1038/onc.2014.20

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Kishore, Bulla and Madan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	ORIGINAL RESEARCH
published: 16 October 2018
doi: 10.3389/fimmu.2018.02404






[image: image2]

Survival of Surfactant Protein-A1 and SP-A2 Transgenic Mice After Klebsiella pneumoniae Infection, Exhibits Sex-, Gene-, and Variant Specific Differences; Treatment With Surfactant Protein Improves Survival


Nithyananda Thorenoor1, Todd M. Umstead1, Xuesheng Zhang1, David S. Phelps1 and Joanna Floros1,2*


1Center for Host defense, Inflammation, and Lung Disease (CHILD) Research, Department of Pediatrics, The Pennsylvania State University College of Medicine, Hershey, PA, United States

2Department of Obstetrics & Gynecology, The Pennsylvania State University College of Medicine, Hershey, PA, United States

Edited by:
Uday Kishore, Brunel University London, United Kingdom

Reviewed by:
Hrishikesh Pandit, National Cancer Institute at Frederick, United States
 Thomas Vorup-Jensen, Aarhus University, Denmark

* Correspondence: Joanna Floros, jxf19@psu.edu; jfloros@pennstatehealth.psu.edu

Specialty section: This article was submitted to Molecular Innate Immunity, a section of the journal Frontiers in Immunology

Received: 02 July 2018
 Accepted: 28 September 2018
 Published: 16 October 2018

Citation: Thorenoor N, Umstead TM, Zhang X, Phelps DS and Floros J (2018) Survival of Surfactant Protein-A1 and SP-A2 Transgenic Mice After Klebsiella pneumoniae Infection, Exhibits Sex-, Gene-, and Variant Specific Differences; Treatment With Surfactant Protein Improves Survival. Front. Immunol. 9:2404. doi: 10.3389/fimmu.2018.02404



Surfactant protein A (SP-A) is involved in lung innate host defense and surfactant-related functions. The human SFTPA1 and SFTPA2 genes encode SP-A1 and SP-2 proteins, and each gene has been identified with numerous genetic variants. SP-A1 and SP-A2 differentially enhance bacterial phagocytosis. Sex differences have been observed in pulmonary disease and in survival of wild type and SP-A knockout (KO) mice. The impact of human SP-A variants on survival after infection is unknown. In this study, we determined whether SP-A variants differentially affect survival of male and female mice infected with Klebsiella pneumoniae. Transgenic (TG) mice, where each carries a different human (h) SP-A1 (6A2, 6A4), SP-A2 (1A0, 1A3) variant or both variants SP-A1/SP-A2 (6A2/1A0, co-ex), and SP-A- KO, were utilized. The hTG and KO mice were infected intratracheally with K. pneumoniae bacteria, and groups of KO mice were treated with SP-A1 or SP-A2 either prior to and/or at the time of infection and survival for both experimental groups was monitored over 14 days. The binding of purified SP-A1 and SP-A2 proteins to phagocytic and non-phagocytic cells and expression of cell surface proteins in alveolar macrophages (AM) from SP-A1 and SP-A2 mice was examined. We observed gene-, variant-, and sex-specific (except for co-ex) differences with females showing better survival: (a) Gene-specific differences: co-ex = SP-A2 > SP-A1 > KO (both sexes); (b) Variant-specific survival co-ex (6A2/1A0) = 1A0 > 1A3 = 6A2 > 6A4 (both sexes); (c) KO mice treated with SPs (SP-A1 or SP-A2) proteins exhibit significantly (p < 0.05) better survival; (d) SP-A1 and SP-A2 differentially bind to phagocytic, but not to non-phagocytic cells, and AM from SP-A1 and SP-A2 hTG mice exhibit differential expression of cell surface proteins. Our results indicate that sex and SP-A genetics differentially affect survival after infection and that exogenous SP-A1/SP-A2 treatment significantly improves survival. We postulate that the differential SP-A1/SP-A2 binding to the phagocytic cells and the differential expression of cell surface proteins that bind SP-A by AM from SP-A1 and SP-A2 mice play a role in this process. These findings provide insight into the importance of sex and innate immunity genetics in survival following infection.

Keywords: pulmonary surfactant protein A, pneumonia infection, surfactant protein A1 and A2, sex differences, innate host defense


INTRODUCTION

Cells and molecules of innate immunity in the lung provide the first line of host defense against a number of harmful pathogens, allergens, and air pollutants. The major outcomes of lung infection depend on several factors, such as effective clearance of pathogens and extra-pulmonary dissemination of infection into other internal organs. Pneumonia is a major health problem and a significant cause of infectious disease-related illness and death (1, 2). It has been observed previously in animal studies that, during pneumonia infection, pulmonary clearance, and the ability to limit bacterial dissemination, play an important role in differential outcome in survival between males and females in the presence or absence of oxidative stress (3, 4).

The Gram-negative bacteria Klebsiella pneumoniae (K. pneumoniae) are the most common hospital-acquired pathogens of the respiratory tract (5, 6). K. pneumoniae causes a wide range of infections, including pneumonia, urinary tract infections, bacteremias, and liver abscesses. Although immunocompromised individuals are more affected by K. pneumoniae infection, the development of new hypervirulent strains has affected a number of people including those who are healthy and immunosufficient or immunocompetent (7). The spread of K. pneumoniae infection to the blood stream is a critical step in disease pathogenesis, which leads to multiple organ failure (8).

Surfactant protein A (SP-A) is an important innate immune defense molecule. The human SP-A genetic locus consists of two functional genes, SFTPA1 and SFTPA2, encoding human SP-A1 and SP-A2, respectively. Each has been identified with a number of variants (9, 10). The SP-A1 and SP-A2 variants have been identified with both qualitative (i.e., functional, biochemical and/or structural) (11–23), and quantitative (regulatory) differences (24–28). The SP-A1 and SP-A2 variants have been shown to differ in their ability to modulate the proteomic expression profile of AM and the AM actin cytoskeleton (29–31), the AM miRNome (32), and the biophysical function of surfactant, where SP-A1 exhibits a higher efficiency in pulmonary surfactant reorganization (33). However, no differences have been observed between SP-A1 (6A2) and SP-A2 (1A0) in the inhibition of hemagglutination activity of influenza virus when in vitro expressed SP-A1 and SP-A2 was used (34).

SP-A has been found to enhance phagocytosis of microspheres, by exerting a direct effect on the phagocytic cell itself (35). Previously, we have also shown that SP-A2 variants enhance bacterial cell association and phagocytosis more effectively than SP-A1 variants (18, 19), and this activity is differentially compromised in response to oxidative stress (22). Furthermore, sex-dependent survival was observed in wild type and SP-A KO mice in response to K. pneumoniae infection, with females exhibiting higher survival compared to males, and the reverse was observed after oxidative stress (4, 36, 37), with females exhibiting lower survival compared to males. Sex hormones were implicated in the differential survival (38). Recent findings indicated that the SP-A1 and SP-A2 variants play a crucial role in the differential outcome of airway function in males and females with significant sex- and gene-specific differences in airway function mechanics in response to K. pneumoniae infection and methacholine challenge (23).

In the present study building on our previous findings we investigated the role of two SP-A1 (6A2, 6A4) and two SP-A2 (1A0, 1A3) variants, which are frequently observed in the general population (10), on survival in response to K. pneumoniae. We also studied whether treatment with SP-A1 or SP-A2 prior to and/or at the time of infection improves survival. In an attempt to gain insight into potential mechanisms, we studied SP-A1 and SP-A2 binding to phagocytic cells and differential expression AM cell surface proteins in SP-A1 and SP-A2 mice. The findings indicated a differential outcome in survival that is sex-, gene-, and variant- specific, and differential binding and differential expression of cell surface proteins may contribute to the observed differences.



METHODS


Animals

We used humanized transgenic (hTG) mice that each carried SP-A1 (6A2, 6A4), SP-A2 (1A0, 1A3), or both variants SP-A1/SP-A2 (6A2/1A0, co-ex), as well as SP-A knockout (KO) mice. hTG mice were generated on the C57BL6/J SP-A (KO) background (39). The animals used in this study were maintained as described previously (23). Briefly, the animals were raised and maintained in a pathogen-free environment, at the Penn State College of Medicine animal facility. Both males and females were used in this study. The females were synchronized with regard to the estrous cycle by placing female (group housed) mice in a dirty bedding from male cages 7 days prior to infection to stimulate estrus. All mice used in the present study were ~12 weeks of age. A total of 490 mice (484 for infection and survival, 6 for Flow cytometry analysis) and 3 Sprague Dawley male rats (Harlan, Indianapolis, IN) for binding assay were used in the present study. All the procedures involving animal studies were approved by The Penn State Hershey Medical Center Institutional Animal Care and Use Committee (IACUC).



Preparation of Bacteria

K. pneumoniae bacteria (ATCC 43816) were obtained from American Tissue Culture Collection (Rockville, MD) and prepared as described previously (23, 37). Fifty μl of a suspension containing ~ 450 CFU was used to infect each mouse. CFU/ml values were calculated based on the standard curve obtained at OD660 of the bacterial suspension.



Infection of Mice With K. pneumoniae

Mice were infected and monitored as described previously (23, 37). Briefly, hTG mice, SP-A1 (6A2, 6A4), SP-A2 (1A0, 1A3), SP-A1/SP-A2 (6A2/1A0, co-ex), and SP-A KO male and female mice were anesthetized, and infected intratracheally with K. pneumoniae, and monitored for survival twice a day for 14 days. Mice fallen sick and unable to recover, were euthanized immediately according to Penn State University IACUC protocol.



Treatment of Mice With SP-A Protein

SP-A KO male and female mice were anesthetized and pretreated with vehicle (0.9% NaCl, and 1 mM CaCl2) and/or 10 μg of SP-A1 (6A2), SP-A2 (1A0) protein in 50 μl of 0.9% NaCl, and 1 mM CaCl2 intratracheally for 18 h prior to infection. The mice were infected with K. pneumoniae (~450 CFU/mouse) as described above, in combination with vehicle or with 10 μg of purified SP-A1 or SP-A2 protein expressed by stably transfected CHO cells as described (13, 17) in 50 μl of PBS intratracheally (23, 37), and monitored for survival for 14 days.



SP-A1 and SP-A2 Variant Binding Assay

Bronchoalveolar lavage was performed using PBS containing 1mM EDTA. AMs were then washed two times with PBS, 1mM EDTA and re-suspended in HBSS and adhered to 96-well, flat-bottom tissue culture plates. Adherent cells were washed with HBSS and blocked with HBSS containing 1 mg/mL human serum albumin. Plates were washed with binding buffer (10 mM HEPES/NaOH (pH 7.4), 0.14 M sodium chloride, 2.5 mM calcium chloride) and then incubated with 2.5 μg/mL of SP-A2 or SP-A1 in binding buffer. After binding, plates were washed four times with binding buffer and AM were extracted with extraction buffer (Tris-buffered saline, 6% SDS, 1% β-mercaptoethanol, 1mM EDTA). The extracted AMs were then diluted in TBS, and filtered using a Pall AcroPrep 96 filter plate to remove particulates. The samples were analyzed by dot blot method using nitrocellulose membrane and SP-A protein binding was detected using rabbit polyclonal antibody against hSP-A (1:25,000) and a goat anti–rabbit (IgG) HRP-conjugated (1:25,000, Bio-rad) and quantified by densitometry. For binding assays with THP-1(human monocyte derived, a macrophage-like and phagocytic) cell line, and CHO (non-phagocytic), cells were cultured as previously described (11, 13, 17), and assays were performed as mentioned above for AM cells.



Measurement of AM Cell Surface Proteins by Flow Cytometry

Staining for flow cytometry was performed on mouse alveolar macrophages (AMs) obtained from bronchoalveolar lavage of SP-A1 (6A2) and SP-A2 (1A0) hTG mice. Cells were washed with FACS buffer (PBS, 0.1 mM EDTA, 1% BSA, 0.02% sodium azide) and then blocked for 20 min at 4°C in FACS buffer containing 2 μg/mL Mouse BD Fc Block (BD Biosciences, Franklin Lakes, NJ) and 5% normal mouse serum. Fluorescently-conjugated mouse antibodies (PE-labeled) to specific cell surface markers (CD14 and TLR2, eBioscience, NY) were then added (1 μL/reaction) directly to the blocking solution and incubated for 30 min at room temperature. Cells were next washed 2 times with FACS buffer and fixed for 30 min at 4°C with 1% paraformaldehyde in FACS buffer. AMs were washed and re-suspended in FACS buffer and analyzed using a Special Order BD LSR II flow cytometer (BD). AMs were gated on the basis of forward scatter and side scatter and data for the expression of fluorescently-labeled cell surface proteins were collected from a population of 1 × 104 gated AMs using FACS Diva (BD) and analyzed using Cyflogic (CyFlo Ltd., Turku, Finland).



Statistical Analysis

Survival was analyzed by Chi-Square test (daily survival). The surviving animals were compared with a one-way analysis of variance (ANOVA) followed by Bonferroni multiple comparisons correction for each experimental group. Two-tailed t-tests were used to compare the SP-A variant binding assay results, and cell surface protein measurements. Data were presented as ± standard deviation. P-value < 0.05 was considered to be significant (GraphPad Prism version 5; GraphPad Software, San Diego, USA).




RESULTS

hTG mice, SP-A1 (6A2, 6A4), SP-A2 (1A0, 1A3), SP-A1/SP-A2 (6A2/1A0, co-ex), and SP-A KO male and female mice were infected with K. pneumoniae, and monitored for 14 days for survival.

When we compared the overall survival of SP-A1, SP-A2, and mice carrying both SP-A variants (co-ex) we found that all mice had a better survival than the KO indicating that SP-A protects them from K.pneumoniae infection. SP-A2 and co-ex mice exhibited similar survival rates and better than mice carrying SP-A1 variants (Figure 1A). Thus the survival is genotype specific in the following order, co-ex = SP-A2 > SP-A1 > KO.
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FIGURE 1. Comparison of survival after K. pneumoniae infection. (A) Depicts differences in survival of male and female mice carrying a single SP-A1 or SP-A2 variant or both SP-A1 and SP-A2 (co-ex) variants and lacking SP-A (KO). (B) Depicts differences in survival of KO, SP-A2 (1A0, 1A3), SP-A1 (6A2, 6A4) and co-ex (males and females combined). Significant differences are indicated for survival *p < 0.05.



Next, we investigated whether survival differences exist between variants of a given gene or among variants. The survival (males and females combined) of SP-A variants (1A0, 1A3, 6A2, 6A4), co-ex, and KO, is shown in Figure 1B. Mice carrying either an SP-A single gene variant or both gene variants (co-ex) had significantly higher survival compared to KO. Co-ex and SP-A2 (1A0) had a similar survival rate over a 14 day period and this was significantly (p < 0.05) higher than that observed for mice carrying SP-A1 (6A2, 6A4) and SP-A2 (1A3) variants, indicating a gene and variant specific survival (Figure 1B). The mice carrying the SP-A2 (1A3) variant had similar survival rate with those carrying the SP-A1 (6A2), and both exhibited significantly better survival compared to 6A4 variant (Figure 1B). The order of survival is, coex = SP-A2 (1A0) > SP-A2 (1A3) = SP-A1 (6A2) > SP-A1 (6A4) > KO.


Effect of Sex and SP-A Variants on the Course of Pneumonia

Sex Differences in Survival of Between SP-A1, SP-A2, KO, and SP-A1/SP-A2 (6A2/1A0, co-ex) Mice

Infection with K.pneumoniae resulted in significant sex differences over a period of time. In the SP-A1 (6A2, 6A4), SP-A2 (1A0, 1A3), and KO groups, all males compared to females showed a significant decrease in survival after infection (Figures 2A–E). The difference seemed to be considerably larger between males and females for 6A2 and 1A3 mice and to a lesser degree for 6A4 mice (Figures 2A,B,D), whereas, 1A0 and KO showed small but significant difference between males and females (Figures 2C,E). However, in mice carrying both SP-A1/SP-A2 variants (6A2/1A0, co-ex), no significant sex differences in survival were observed (Figure 2F).
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FIGURE 2. Effect of sex on survival after K. pneumoniae infection. The survival rate was measured in SP-A1 (6A2, 6A4) (A,B), SP-A2 (1A0, 1A3) (C,D), SP-A KO (E), and SP-A1/SP-A2 [6A2/1A0, (co-ex)] (F) male and female mice over a period of 14 days after infection. Significant differences for survival are indicated *p < 0.05. The number of mice used in each group is shown in Figure panels in parenthesis (n =).



Sex Differences Between Gene-Specific Variants

SP-A1

Bacterial infection resulted in significant differences in survival between males and females of 6A2 and 6A4 variants (Figure 3A). The 6A2 and 6A4 females had significantly higher survival compared to their respective 6A2 and 6A4 males, whereas, no significant differences were observed in males or females between each genotype (Figure 3A).
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FIGURE 3. Comparison of survival as a function of SP-A gene-specific variant after K. pneumoniae infection. (A) Depicts differences in survival between male and female mice of SP-A1 (6A2, 6A4) and (B) depicts differences of SP-A2 (1A0, 1A3) variants. Mouse survival was monitored for 14 days after infection. Significant differences for survival are indicated *p < 0.05. The number of mice used for each group is shown in Figure 2.



SP-A2

The 1A0 and 1A3 females had higher survival compared to their respective males (Figure 3B). 1A0 male had significantly higher survival compared to 1A3 males but similar to 1A3 females. Whereas, the 1A0 female had significantly higher survival compared to 1A3 male (Figure 3B).

Differences Among SP-A1 and SP-A2 Variants

The SP-A2 (1A0) males exhibited significantly higher survival compared to SP-A1 (6A2, 6A4) and SP-A2 (1A3) males (Figure 4A). The 1A0 females exhibited a significant increase in survival compared to 6A4 females, but similar to 1A3 and 6A2 females (Figure 4B).
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FIGURE 4. Comparison of survival among SP-A1 and SP-A2 variants after K. pneumoniae infection. (A) Depicts differences in survival among males and (B) Depicts differences among females of SP-A1 (6A2, 6A4) and SP-A2 (1A0, 1A3). Mouse survival was monitored for 14 days after infection. Significant differences for survival are indicated *p < 0.05. The number of mice used for each group is shown in Figure 2.



The SP-A2 (1A3) males exhibited similar survival compared to 6A2, 6A4 males but lower than 1A0 (Figure 4A), whereas 1A3 females had significantly higher survival compared to 6A4 females, and similar to 6A2 and 1A0 females (Figure 4B).

In summary, Males: SP-A2 (1A0) > SP-A2 (1A3) = SP-A1 (6A2, 6A4); Females: SP-A2 (1A0) = SP-A2 (1A3) = SP-A1 (6A2) > (6A4).

Differences Between SP-A1/SP-A2 (co-ex) or KO and SP-A1 or SP-A2 Variants:

i The SP-A1/SP-A2 (co-ex) exhibited significant differences in survival compared to SP-A single gene variants in both males and females, as shown in Figures 5A,B. The co-ex males and females exhibited significantly higher survival compared to 1A3 (Figure 5A) and 6A2, and 6A4 males (Figure 5B) males. Of interest, the survival rate of co-ex males and females was similar to 1A0 males and females, and 1A3 females (Figure 5A), and 6A2 and 6A4 females (Figure 5B).

ii The KO exhibited significant differences in survival compared to SP-A variants and co-ex for both males and females, as shown in Figures 6A,B. The KO males and females had significantly lower survival compared to 1A0 males and females, 1A3 females (Figure 6A), 6A2 and 6A4 females (Figure 6B). However, the survival rate of KO males and females was similar to 1A3 males (Figure 6A), and 6A2 and 6A4 males (Figure 6B).

iii The SP-A1/SP-A2 (co-ex) exhibited significant differences in survival compared to KO in both males and females, as shown in Figure 6C.
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FIGURE 5. Comparison of survival between co-ex and single gene SP-A variants after K. pneumoniae infection. (A) Depicts differences in survival between males and females of co-ex vs. SP-A2 (1A0, 1A3) and (B) depicts differences of co-ex vs. SP-A1 (6A2, 6A4). Mouse survival was monitored for 14 days after infection. Significant differences for survival are indicated *p < 0.05. The number of mice used for each group is shown in Figure 2.
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FIGURE 6. Comparison of survival between KO and SP-A variants, and between KO and co-ex after K. pneumoniae infection. (A) Depicts differences in survival between males and females of KO vs. SP-A2 (1A0, 1A3), (B) depicts differences between KO vs. SP-A1 (6A2, 6A4), and (C) depicts differences between KO vs. co-ex. Mouse survival was monitored for 14 days after infection. Significant differences for survival are indicated *p < 0.05. The number of mice used for each group is shown in Figure 2.





Effect of Exogenous SP-A1 and SP-A2 Treatment on Survival

The overall survival of KO mice (male and female combined) that were treated prior to infection and/or at the time of infection with 10 μg of SP-A1 (6A2), or SP-A2 (1A0) purified proteins (indicated as SPs in Figure 7A) is shown in Figure 7A. SP-A treatment prior to infection, at the time of infection or prior to and at the time of infection resulted in a significantly better survival than mice treated with vehicle alone. However, no significant difference was observed among SP-treated groups (Figure 7A). No significant difference was observed (a) between vehicle and SP-A1 or SP-A2 treatment prior to infection (Figure 7B), (b) between vehicle and SP-A1 or SP-A2 treatment at the time of infection (Figure 7C), or (c) between vehicle and SP-A1 or SP-A2 treatment prior to infection and at the time of infection (Figure 7D).
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FIGURE 7. Rescue by exogenous SP-A1 or SP-A2 treatment. (A) Depicts overall survival of infected KO mice after surfactant protein (SPs) treatment. (B) Depicts KO mouse survival after pretreatment with SP-A1 or SP-A2 prior to infection, (C) depicts KO survival after pretreatment with vehicle (Vp) and rescue at the time of infection with SP-A1 or SP-A2, (D) depicts KO survival after pretreatment with SP-A1 or SP-A2 and rescue with SP-A1 or SP-A2 at the time of infection. Mouse survival was monitored for 14 days after infection and treatment. Significant differences are indicated for survival *p < 0.05.





Binding of SP-A Variants to Phagocytic and non-phagocytic Cells and Cell Surface Protein Expression by AM From SP-A1 and SP-A2 Mice

Incubation of rat AMs with 2.5 μg/mL purified proteins SP-A1 (6A2), or SP-A2 (1A0) resulted in significant differences in binding between SP-A variants. SP-A2 (1A0) bound significantly more to AMs than SP-A1 (6A2) (Figure 8A). Similarly SP-A2 bound THP-1, a phagocytic cell line, significantly more than SP-A1 but no differences were observed when CHO cells, a non-phagocytic cell line was used (Figure 8A).
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FIGURE 8. Binding of SP-A1 (6A2) and SP-A2 (1A0) variants to phagocytic and non-phagocytic cells and expression of cell surface proteins in AMs of SP-A1 (6A2) and SP-A2 (1A0) mice. (A) depicts binding of rat AM and two cell lines (THP-1, a macrophage-like and phagocytic and the other CHO, non-phagocytic) to SP-A variants expressed by stably transfected mammalian cell lines. Cells (AM, THP-1, and CHO) were adhered to 96-well tissue culture plates and incubated with purified SP-A2 (1A0) and SP-A1 (6A2). Cells were then washed and lysed and the SP-A content of the lysates determined by Western dot blot and densitometry. A significant increase in binding of SP-A2 vs. SP-A1 (p = 0.0007) to AM was seen as was for the phagocytic THP-1 cells (p = 0.0015), but no differences were observed with the non-phagocytic CHO cells. (B) Depicts expression of SP-A binding proteins from AMs of hTG SP-A1 (6A2) and SP-A2 (1A0) mice. Bronchoalveolar lavage was performed on hTG SP-A2 (1A0) and SP-A1 (6A2) mice. AM were stained for SP-A binding proteins CD14 and TLR2 and analyzed by flow cytometry. A significant increase in expression of CD14 (p = 0.036) and TLR2 (p = 0.022) was seen in SP-A2 (1A0) AM vs. SP-A1 (6A2) AM. *p < 0.05, ***p < 0.001.



Next we investigated whether the AM differentially expresses cell surface proteins shown previously to bind SP-A. Expression of SP-A binding proteins such as CD14 and TLR2 on the cell surface of the AMs isolated from SP-A1 (6A2), or SP-A2 (1A0) mice were measured by flow cytometry. Figure 8B shows that the expression of these proteins differed significantly between the two variants. The SP-A2 (1A0) variant showed significantly higher expression of CD14 and TLR2 than SP-A1 (6A2). This differential expression of SP-A binding proteins on the cell surface of AM may play a role in the differential SP-A1 and SP-A2 binding.




DISCUSSION

Differences have been observed between SP-A1 and SP-A2 variants in their ability to enhance association of bacteria with the alveolar macrophage (AM), and SP-A2 variants were more effective than SP-A1 (18, 19, 40). A recent study indicated that the SP-A1 and SP-A2 variants differentially affect airway function in response to K. pneumoniae infection and methacholine challenge (23). In the current study, we wished to investigate whether SP-A variants differentially affect survival and whether rescue of SP-A KO mice with exogenous SP-A1 or SP-A2 improves survival. Toward this: we (a) Infected hTG mice carrying a different SP-A1 or SP-A2 variant or both SP-A1/SP-A2 (co-ex) as well as mice lacking SP-A (i.e., KO) with K. pneumoniae and studied their daily survival over a 14 day period; (b) Rescued K. pneumoniae infected KO mice with exogenous SP-A1 or SP-A2 treatment prior to and/or at the time infection; (c) Carried out pilot binding studies of SP-A1 (6A2) and SP-A2 (1A0) to the AM as well as expression of cell surface proteins from AMs of SP-A1 (6A2) and SP-A2 (1A0) mice. The results showed, (a) Gene-specific survival: co-ex = SP-A2 > SP-A1 > KO (male and female together); (b) Variant-specific survival co-ex (6A2/1A0) = 1A0 > 1A3 = 6A2 > 6A4 (male and female together); (c) Sex differences in survival in SP-A variants and KO mice, with females showing better survival than males; (d) The co-ex (6A2/1A0) did not exhibit sex differences; (e) exogenous treatment of KO mice with SPs (SP-A1 or SP-A2) proteins significantly improved the overall survival; (f) Differential gene-specific SP-A1 and SP-A2 binding was observed with phagocytic but not with non-phagocytic cells, as well as differential expression of cell surface proteins in AM from SP-A1 and SP-A2 mice. The latter may in part contribute to the observed differences.

The SP-A protein is a major component of innate immune system. It has been previously observed that SP-A KO mice are more susceptible to pneumonia and show poor survival compared to the wild type mice (4), and display enhanced susceptibility to pulmonary infections (41, 42). In the present study we observed significant SP-A1 and SP-A2 specific differences, with SP-A2 or co-ex having a better survival than SP-A1. The observed gene- specific differences in survival may be due to structural differences between SP-A1 and SP-A2. The sequence of human SP-A1 and SP-A2 genes differs within the coding region (10, 43). Four amino acid differences located within the collagen-like domain distinguish between SP-A1 and SP-A2 variants. These are Met66, Asp73, Ile81 and Cys85 for SP-A1, and Thr66, Asn73, Val81, and Arg85 for SP-A2. The amino acid at position 85 of the precursor molecule, where SP-A1 has a cysteine and SP-A2 has an arginine (10) is a key difference between SP-A1 and SP-A2. This single amino acid change has a major impact on SP-A oligomerization, lipopolysaccharide (LPS) aggregation, and phagocytosis (20). It was proposed that a cysteine in the collagen-like domain as it is in SP-A1 may cause micro instability resulting in a less stable protein (12). This change may play a key role in the gene-specific differences observed and may modulate functional capabilities mediated by the carbohydrate recognition domain (CRD) region. Thus, structural differences due to Cys85 and other amino acids may underlie the differences in function observed between SP-A1 and SP-A2.

Recently, SP-A1 and SP-A2 variants have been shown to play an important role in the differential outcome of airway function, with significant sex-, gene-, and variant-specific differences in lung function mechanics (23). In the current study, SP-A1 and SP-A2 variants also exhibited sex-, gene-, and variant- specific differences in survival. The 1A3 variant exhibited higher airway hyperreactivity compared to 1A0 for either sex, and the 6A2 and 6A4 variants exhibited diverse changes in both sexes in the lung function parameters studied (23). However, the 1A3 variant in the present study exhibited a decrease in survival than 1A0 in both sexes, and 6A2 and 6A4 variants did not differ in survival in either sex. The apparent discrepancies between SP-A2 variants in survival and lung function may be due to differences in the amount of time mice were exposed to K. pneumoniae, as lung functions were analyzed after 18 h of infection, whereas, the survival was monitored for a period of 14 days. We also speculate that the differences in amino acids at the collagen-like domain (as mentioned above) and in the CRD region of SP-A1 and SP-A2 at amino acid position 219 (Arg for 6A2 and Trp for 6A4) and at position 223 (Gln for 1A0 and Lys for 1A3) (10), may along with the lung microenvironment at the different time intervals further contribute to the apparent discrepancies in survival and lung function.


Sex Differences

In animal models, males exhibit a higher level of susceptibility to infection (Candida albicans and Mycobacterium marinum) (44, 45) and respiratory disease (Mycoplasma pulmonis) (46). Moreover, in clinical studies, sex influences significantly lung disease susceptibility, and males in general are more susceptible than females to lung disease, as observed in neonatal respiratory distress syndrome (RDS) after premature birth (47, 48), IPF, and COPD (49, 50), as well as different types of pneumonia (49, 51–53). This indicates that the relationship between sex and lung disease may be a complex one (50) and requires further investigation.

All SP-A1 and SP-A2 variants studied showed sex differences in survival with females showing a better rate of survival than males. This is consistent with our previous observations with animal models where wild type and SP-A KO mice showed similar sex differences after exposure to pneumonia and/or environmental stress (4, 36, 37). Sex hormones were shown to play a key role in the survival differences between males and females after infection and ozone-induced oxidative stress (38). In line with the sex differences observed in survival in the present study, are our recent findings where hTG SP-A1 and SP-A2 mice showed differences in their respiratory mechanics, with females exhibiting a significantly higher airway hyperreactivity in response to infection compared to males and the pattern was reversed after methacholine challenge (23). However, the SP-A1/SP-A2 (co-ex) mice showed no sex differences in survival, but did show sex differences in lung function mechanics with females to have higher airway hyperreactivity compared to males in response to infection. Interestingly, similar to survival, no sex differences were found in co-ex in response to infection and methacholine challenge (23). These differences (as mentioned above) may be due to (i) experimental differences in terms of the time interval of K. pneumoniae exposure, and (ii) the lung microenvironment at different time intervals after infection. In humans differences in the relative levels of SP-A1 and SP-A2 may further contribute to the observed differences in lung function mechanics and/or survival.

The hormonal mechanism as to how sex hormones regulate SP-A1 and SP-A2 are not known. However, other groups have reported that, SP-A gene expression in fetal lung tissues of various species to be regulated by a variety of hormones and factors, including retinoids, insulin, growth factors and cytokines, glucocorticoids and cAMP (54), estrogen related receptor –α, which is an important mediator of SP-A gene expression and its induction by cAMP (55), and testosterone to positively regulate the expression of SP-A (56). Moreover, human SP-A1 and SP-A2 genes are differentially regulated during development by cAMP and glucocorticoids (24, 25, 57).

E2 has been implicated in the immune response against infection, and involves the transcriptional activation of genes encoding TLR2 (58). SP-A modulates the lung inflammatory response by regulating macrophage TLR activity and specifically by enhancing the expression of TLR2 (59). It was observed that treatment of THP-1 cells (macrophage-like cell line) with E2 resulted in increased TLR2 mRNA and protein levels, indicating that the TLR2 is an estrogen-regulated gene whose expression is upregulated by interaction with ER-α (60). In our previous study, gonadectomy of FA-exposed females resulted in decreased survival, indicating that the female gonadal hormones (E2 and progesterone) are important for protection. Treatment of gonadectomized males with E2 increased the survival similar to intact females and survival of gonadectomized females treated with DHT was similar to that of intact males (38). Thus the available literature not only supports a role of sex hormones in animal survival but also sex hormones may affect expression of SP-A and TLR2 via which SP-A modulates lung inflammatory response.

We and others have shown that SP-A KO mice are more susceptible to pneumonia and show poor survival compared to the wild type mice (4), as well as display enhanced susceptibility to pulmonary infections (41, 42), with females being better than males indicating a role of SP-A in host defense. We have also shown that SP-A2 variants enhance bacterial cell association and phagocytosis more effectively than SP-A1 variants (18, 19), and these SP-A2 variants exhibited a better outcome of airway function (23). These together indicate a role of SP-A in infection and hat SP-A1 and SP-A2 differ in their activities in several lung processes/function and these may in part explain differences observed in the survival of SP-A1 and SP-A2 hTG mice.



Rescue

A single or a double SP-A1 or SP-A2 treatment before and/or at the time of infection significantly improved survival. Also, a single SP-A treatment has been shown previously to nearly restore the AM proteomics profile of SP-A KO mice to that of wild type mice (61). Moreover, a single treatment with exogenous SP-A1 or SP-A2 differentially affected the AM proteome of SP-A KO mice (30). Further, the proteomic expression profile of the AM and the actin cytoskeleton of the AM from SP-A1 and SP-A2 mice are shown to differ (29, 31) as well as the AM miRNome is shown to differ in these mice (32). Together these indicate that the SP-A (SP-A1 and SP-A2) variants not only protect against common pathogens but point to future possibilities of use of SP-A proteins or perhaps peptides of SPs as a modulatory contributor to innate immune function.



Binding and Cell Surface Proteins

Phagocytosis of microspheres by a macrophage-like cell line, indicated that SP-A has a direct effect on the phagocytic cell (35). In the present study we observed that SP-A1 and SP-A2 differentially bind to AM, with SP-A2 binding being more than SP-A1. Similar differential binding was observed for a phagocytic cell line but not for a non-phagocytic cell line suggesting that cell surface molecules present on phagocytic cells mediate differential binding of SP-A1 and SP-A2. In fact in our pilot studies we observed in AMs from SP-A1 and SP-A2 hTG mice, a differential expression of cell surface proteins, CD14 and TLR2, previously shown to bind SP-A (62–64). In line with the above general possibility are our observations, where SP-A2 variants enhanced bacterial cell association and phagocytosis more effectively than SP-A1 variants (18, 19), and this activity was differentially compromised in response to oxidative stress (22). Also higher levels of pro-inflammatory cytokines have been observed in a macrophage-like cell line in response to SP-A2 treatment compared to SP-A1 treatment (13). Collectively these differential functional effects of SP-A1 and SP-A2 on the AM may, in part, contribute to the survival differences observed between SP-A1 and SP-A2 mice.

In summary, the genetics of the innate immunity and specifically the variants of human SP-A1 and SP-A2 affect survival after K. pneumoniae infection in a sex-, gene-, and variant-specific manner with females showing a better survival than males: (a) Gene-specific survival: co-ex = SP-A2 > SP-A1 > KO (male and female together); (b) Variant-specific survival co-ex (6A2/1A0) = 1A0 > 1A3 = 6A2 > 6A4 (male and female together); (c) Treatment with exogenous SP-A1 or SP-A2 before and/or at the time of infection improves survival significantly. We speculate that the differential binding of SP-A1 and SP-A2 to the AM mediated by differentially expressed cell surface proteins on the AM contributes to the observed differences. This study identifies a potential contributor (i.e., SP-A genetics) to differences in individual variability to lung disease susceptibility. Moreover, treatment with exogenous SP-A or SP-A mimics is likely to improve disease outcome in bacterial pneumonia or other types irritant-induced lung disorders.
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Surfactant protein A (SP-A) provides surfactant stability, first line host defense, and lung homeostasis by binding surfactant phospholipids, pathogens, alveolar macrophages (AMs), and epithelial cells. Non-primates express one SP-A protein whereas humans express two: SP-A1 and SP-A2 with core intra- and inter-species differences in the collagen-like domain. Here, we used macrophages and solid phase binding assays to discern structural correlates of rat (r) and human (h) SP-A function. Binding assays using recombinant rSP-A expressed in insect cells showed that lack of proline hydroxylation, truncations of amino-terminal oligomerization domains, and site-directed serine (S) or alanine (A) mutagenesis of cysteine 6 (C6S), glutamate 195 (E195A), and glutamate 171 (E171A) in the carbohydrate recognition domain (CRD) all impaired SP-A binding. Replacement of arginine 197 with alanine found in hSP-A (R197A), however, restored the binding of hydroxyproline-deficient rSP-A to the SP-A receptor SP-R210 similar to native rat and human SP-A. In silico calculation of Ca++ coordination bond length and solvent accessibility surface area revealed that the “humanized” R197A substitution alters topology and solvent accessibility of the Ca++ coordination residues of the CRD domain. Binding assays in mouse AMs that were exposed to either endogenous SP-A or hSP-A1 (6A2) and hSP-A2 (1A0) isoforms in vivo revealed that mouse SP-A is a functional hybrid of hSP-A1 and hSP-A2 in regulating SP-A receptor occupancy and binding affinity. Binding assays using neonatal and adult human AMs indicates that the interaction of SP-A1 and SP-A2 with AMs is developmentally regulated. Furthermore, our data indicate that the auxiliary ion coordination loop encompassing the conserved E171 residue may comprise a conserved site of interaction with macrophages, and SP-R210 specifically, that merits further investigation to discern conserved and divergent SP-A functions between species. In summary, our findings support the notion that complex structural adaptation of SP-A regulate conserved and species specific AM functions in vertebrates.

Keywords: alveolar macrophages, binding, lung, surfactant protein A, receptor


INTRODUCTION

Surfactant protein A (SP-A) is the most abundant lipid binding and immune-surveillance component of pulmonary surfactant. SP-A belongs to the collectin family of proteins consisting of four structural domains that include an amino-terminal tail, a collagen-like domain (CDM) with Gly-X-Y repeats, an α-helical coiled-coil neck domain with heptad repeats, and a Ca++-dependent carbohydrate recognition domain (CRD) (1–3). The neck and collagen-like domains of SP-A trimerize and assemble into higher order deca-octamers via inter-chain disulfide bonds in the amino-terminal tail and non-covalent interactions between trimers. Binding to extracellular ligands depends on the neck-CRD trimer and high avidity multivalent binding of the SP-A deca-octamer. Crystallographic and molecular modeling studies of the rat SP-A CRD revealed that conformational flexibility of the Ca++ coordination site and CRD surface loops impart versatility in the ability of SP-A to bind structurally diverse endogenous and pathogen-derived ligands (2, 4–7). The interaction of SP-A with AMs and epithelial cells is receptor-mediated (8–10). Deletion, site-directed mutagenesis, and ligand competition studies showed that the amino-terminal and collagen-like domains influence receptor occupancy and functional responses in alveolar type II epithelial cells and macrophages, and interaction of the CRD domain with surfactant phospholipids (10–16). SP-A binds dipalmitoyl phosphatidylcholine, the major surfactant phospholipid, that is required for the formation of tubular myelin from secreted lamellar bodies, contributes to the adsorption of surface active phospholipids at the air-liquid interface, and facilitates turnover of spent surfactant vesicles by alveolar type II epithelial cells through the p63 receptor (7, 17–21). In host defense, SP-A binds different pathogen ligands such as the lipid A portion of lipopolysaccharide on Gram-negative bacteria (7), surface proteins and glycolipids on gram positive bacteria (22), mycobacteria (23, 24), and fungi (25, 26). These interactions facilitate pathogen clearance through agglutination, opsonization, and direct killing (22, 26–29). SP-A enhances opsonic and non-opsonic phagocytosis (22, 30–32), and shapes pathogen-dependent polarization of inflammatory responses through the SP-R210 SP-A receptor (aka Myo18A or CD245) (22, 27, 33) in macrophages.

Unlike non-primate amniotes (34), humans express two SP-A protein isoforms, SP-A1 and SP-A2 encoded by different genes SFTPA1 and SFTPA2 (35), and each gene has been identified with several variants. The hSP-A1 and hSP-A2 proteins and their respective variants differ at four core amino acids in the collagen-like domain and the variants of each gene are distinguished among themselves by additional amino acid differences present in domains other than the collagen-like domain (36–38). SP-A1 and SP-A2 differentially modulate macrophage function (39–41) and in suppressing development of idiopathic interstitial pneumonia, fibrosis, and cancer (42–45). Moreover, significant differences have been observed among SP-A1 and SP-A2 variants in survival after infection and lung function (46, 47). The presence of both proteins is required for tubular myelin formation, supra-trimeric assembly of SP-A oligomers, and optimal function of surfactant (21, 48, 49) and one SP-A gene is sufficient to exert these functions in lower vertebrates (19, 50, 51). Both human and rodent SP-As have a discrete kink peptide in the middle of the CDM that confers conformational flexibility, contributes to the quaternary organization of higher order SP-A oligomers, and spatial separation of CRD domains (52–54). The kink sequence is conserved between SP-A1 and SP-A2 but different from rodent SP-A; PCPP in human SP-As and MGLP in rodents (34, 54). The kink peptide and a unique GEC collagen triplet in SP-A1 (GER in SP-A2) result in 2 cysteine residues in the CDM of SP-A1 compared to 1 in SP-A2 and none in rodent SP-A. The GEC triplet contributes to distinct oligomeric structures in SP-A1 and the two proteins distribute differently in interfacial surfactant films (48, 49, 55). Compared to SP-A2, SP-A1 improved the biophysical activity of surfactant in lowering surface tension and resistance to inhibition by serum (56). Recombinant SP-A1 lacking the ability to form oligomers, however, retains anti-inflammatory effects on macrophages (57, 58), whereas SP-A2 variants compared to SP-A1 have been shown to exhibit higher activity in bacterial phagocytosis by AMs (59) and cytokine production in a macrophage-like cell line (39, 60).To better understand SP-A function we used binding assays and molecular modeling to define molecular and functional attributes in rodent and human SP-A.



MATERIALS AND METHODS


Animals

Wild type (SP-A+/+) C57BL/6J mice were purchased from JAX labs and bred locally. Transgenic SP-A−/− and humanized mSftpa−/−,hSFTPA1(6A2) and mSftpa−/−,hSFTPA2(1A0) mice were generated as described previously (21). Sprague-Dawley rats were obtained from Harlan. All animal procedures were performed under IACUC approved protocols.



Production and Purification of Recombinant Proteins

Recombinant rat SP-A proteins were synthesized in insect Sf9 cells via baculovirus expression of rat SP-A WT cDNA or mutant cDNAs generated by nested deletion or site directed mutagenesis as described in detail previously (25, 61). The present studies utilized rat SP-A with C6S, E171A, E195A, R197A, and D215A point mutations and deletion mutants lacking both amino terminal and collagen-like domains (ΔN1-G80), the collagen-like domain (ΔG8-G80), kink (ΔG8-G40) and proximal (ΔG40-G80) halves of the collagen-like domain. Recombinant rat SP-A proteins were isolated by affinity chromatography over mannose-Sepharose. Native rat SP-A was isolated from the bronchoalveolar lavage (BAL) of Sprague-Dawley rats 4 weeks after instillation of 40 mg/Kg of silica-induced alveolar proteinosis Rat BAL surfactant was separated by NaBr-density gradient centrifugation followed by delipidation, affinity and gel exclusion chromatography (12, 19, 25, 61–64). Native human SP-A was isolated from discarded alveolar proteinosis BAL by sequential isobutanol/β-octylglucoside extraction, repeated precipitation/solubilization in 20 mM CaCl2/EDTA, and extensive dialysis in 5 mM HEPES, pH 7.4 (32). Recombinant human SP-A1 (variant 6A2) and SP-A2 (variant 1A0) were expressed in CHO-K1 cells via the pEE14 expression vectors (39). SP-A1 and SP-A2 secreted in media were purified by affinity chromatography over mannose-Sepharose and gel filtration chromatography over Superose 6 (39). The purity of rat and human proteinosis SP-A was >95% and recombinant human SP-A1 and SP-A2 was >95% pure as assessed by 1 and/or 2-dimensional SDS-PAGE (39, 65), respectively. All SP-A preparations contained negligible amounts of bacterial endotoxin lipopolysaccharide below 0.1 pg/mg of protein as assessed by the Limulus Amoebocyte Lysate assay.



Isolation of Alveolar Macrophages From Transgenic Mice and Human Lung

Mouse AMs were isolated by BAL using five sequential intratracheal instillation of 0.5 mL PBS/1 mM EDTA for a total of 2.5 mL. The BAL was centrifuged at 250 × g for 10 min to pellet the macrophages. The macrophages were washed once in PBS, counted, and then suspended in iodination blocking buffer. Human AMs were isolated from donated human lungs which were rejected for transplant ex vivo as described previously (66, 67). All procedures were approved by the Penn State College of Medicine Institutional Review Board. Cell purity was assessed microscopically after cytospin centrifugation and HEMA-3 differential staining (29).



Molecular Dynamics Simulation

The starting coordinates for molecular dynamics (MD) simulations were obtained from the recombinant rat SP-A crystal structure 1R13 (4) (http://www.rcsb.org/pdb/explore.do?structureId=1r13) consisting of the neck and CRD domain with a mutation at the glycosylation site consensus asparagine 187 (N187S) and lacking the amino-terminal and collagen-like domains (ΔN1-80) using Swiss-Pdb Viewer (68). Molecular dynamics simulations were carried out as described previously (69). We tested the impact of alanine point mutations in the primary Ca++ coordination residues of the CRD carbohydrate-lipid-LPS (CLL) binding pocket, E195A, R197A, N214A, and D215A, and E171A in the auxiliary metal ion coordination loop on Ca++- coordination bond length and solvent accessibility surface area. All residues tested are conserved between rodent and human SP-A, except for R197 which is naturally substituted by an alanine in both human SP-A1 and SPA2.



Sequence Alignment and Numbering of Rodent and Human SP-A

Sequence alignments were performed using ClustalW (70, 71) (Figure 1). The amino acid alignment and location of Ca++- coordination residues of rat SP-A and human SP-A2 (variant 1A0) are shown on Figure 1A and part of the CDM on Figure 1B. The numbering of amino acid residues on Figure 1A is based on the mature rat SP-A after cleavage of the respective signal peptide between residues C20-N21 or as stated otherwise (Uniprot Accession No: P08427) (72, 73). In humans, although the signal peptide cleavage has been shown to affect a few amino acids (74), here we based the numbering on one of the cleaved variants in C20-E21 of the SP-A2 variant 1A0 (Uniprot Accession No: Q8IWL1). For the CDM alignments numbering is from the start of respective signal sequences (Figure 1B) to avoid confusion with differences in amino-acid numbering for rat and human SP-A1 and SP-A2 in the literature. The numbering of all rat SP-A point and deletion mutants is based on the mature rat peptide.
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FIGURE 1. Partial sequence alignment of the CRD (A) and CDM (B) domains of rodent and human SP-A. (A) Alignment of the CRD domains of human SP-A2 1A0 variant (hSP-A2) and rat SP-A carbohydrate recognition domain. Amino acid numbering is based on the mature peptide of rat SP-A. Arrows point to Ca++-coordination residues. (B) Alignment of the collagen-like domains of human SP-A1 (6A2) (hSP-A1) and hSP-A2 1A0 variant, mouse SP-A (mSP-A), and rat SP-A (rSP-A). All alignments are made to hSP-A2 (1A0). The aligned sequences shown encompass the kink peptide (bolded residues 66–50) to the end of the CDM. Arrows point to core amino acids in the CDM that distinguish SP-A1 and SP-A2; the numbering is based on the precursor molecule. Residues shown in italicized red font show the sequence of embedded integrin binding motifs in the CDM. Sequence alignments were performed using ClustalW.




Macrophage and Solid Phase Binding Assays

Macrophage binding assays were performed using mouse or human AMs, or the RAW264.7 macrophage cell line and 125I-labeled SP-A as described in detail previously (10, 32). The purified His-tagged SP-A binding neck domain of SP-R210 (32, 75) was used in solid phase binding assays with SP-A. Flat bottomed 96 well ELISA plates were treated with 0.1 M Na2CO3, pH9.3, and coated with 10 μg/mL of purified nSP-R210, and blocked in 0.1% BSA. Recombinant rat SP-A, native rat, or human SP-A1 or SP-A2 were added at increasing concentration in SP-A binding buffer (HBSS not containing phenol red, 20 mM HEPES (pH 7.4), 1 mM CaCl2, 0.2 mM MgCl2, 1% bovine serum albumin) and incubated at 37°C in a humidified chamber. Plates were washed in binding buffer, incubated with HRP-conjugated anti-rat affinity purified polyclonal rabbit anti-SP-A antibody for 1 hr. at room temperature, and then washed. Bound antibody was visualized using 3, 3′, 5, 5′-tetramethylbenzidine (TMB) HRP substrate at 450 nM.



Data Analysis

Graphical analyses of binding data were performed with GraphPad Prism software (GraphPad Software, San Diego, CA). Binding data were analyzed by non-linear regression of saturation curves fitted to a single site equilibrium binding equation using Prism software to calculate the number of SP-A binding sites/cell (Bmax) and binding affinities (Kd). The hill equation embedded in Prizm software was used to calculate the Hill coefficient of cooperativity for human SP-A binding to murine and human alveolar macrophages.




RESULTS


Spatial Interaction of Oligomerization and CRD Domains of SP-A

We used deletion and point mutants of insect cell expressed rat SP-A to map SP-A binding to macrophages and recombinant SP-R210 compared to native human or rat SP-A isolated from BAL. Insect cell expressed SP-A lacks proline hydroxylation of Gly-X-Pro repeats in the CDM of SP-A (rSP-Ahyp) and also exhibits an altered pattern of glycosylation (61). Hydroxyproline imparts thermal stability that influences the degree of oligomerization of the collagen-like domain of SP-A (61). Saturation binding assays demonstrated that lack of hydroxyproline reduced SP-A binding potential to both macrophages (Figures 2A,C,E,F, Table 1) and recombinant SP-R210 (Figures 3A–D, Table 2) as demonstrated by 3–9 fold decreases in both maximal binding (Bmax) and binding affinity (Kd) compared to native SP-A.


[image: Figure 2]
FIGURE 2. Impact of domain deletion and site directed mutagenesis on SP-A binding to macrophages. Binding assays used Raw264.7 macrophages in suspension. Cells were incubated with increasing concentrations of either radiolabeled recombinant rat SP-A proteins (A–D) or human SP-A (E,F) purified from alveolar proteinosis lavage. Binding data were fitted by non-linear regression to generate binding isotherms (A,C,E) or transformed into double reciprocal plots to evaluate SP-A binding behavior (B,D,F). Assays were carried out at 4°C for 1.5 h. at the 50,0000 cells/assay. Bound SP-A was separated by centrifugation over a silicon oil mixture to separate bound from free SP-A. Assays were performed in triplicate and data pooled from 2 independent experiments. Data shown are Means ± SE.



Table 1. Parameters of SP-A binding to macrophages.
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FIGURE 3. Impact of domain deletion and site-directed mutagenesis on SP-A binding to SP-R210. The recombinant SP-A binding domain of SP-R210 was coated onto microtiter well plates, and incubated with increasing concentration of indicated recombinant rat SP-A proteins (A–D), or native human or rat SP-A proteins (C,D). Bound protein was detected using an HRP-conjugated SP-A antibody. Binding data were fitted by non-linear regression to generate binding isotherms (A,C) or transformed into double reciprocal plots to evaluate SP-A binding behavior (B,D). Assays were performed in duplicate or triplicate and data pooled from 2 independent experiments. Data shown are Means ± SE.



Table 2. Parameters of SP-A binding to SP-R210.
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Deletion and site-directed mutagenesis were then used to assess the effect of the amino-terminal and CDM oligomerization domains on the binding of rSP-Ahyp (Figures 1A,B, 2A, Tables 1, 2). Complete CDM deletion (rSP-Ahyp,ΔG8−G80) impaired binding to both macrophages and SP-R210 compared to rSP-Ahyp. Point mutation of cysteine 6 to serine in the amino terminal peptide (rSP-Ahyp,C6S) diminished Bmax with similar binding affinity to both macrophages and SP-R210 compared to rSP-Ahyp. The partial CDM deletion rSP-Ahyp,ΔG8−G40 and rSP-Ahyp,ΔG40−G80 mutants had increased high affinity binding at reduced Bmax in macrophages compared to rSP-Ahyp. The rSP-Ahyp,ΔG40−G80 mutant, however, exhibited reduced affinity to SP-R210, whereas rSP-Ahyp,ΔN1−G80 bound SP-R210 with increased affinity compared to rSP-Ahyp. The Hughes-Klotz double reciprocal plots (Figures 2B,F, 3B) indicated negative cooperativity for rSP-Ahyp, native SP-A (Figure 2F), and the partial CDM deletion mutants rSP-Ahyp,ΔG8−G40 and rSP-Ahyp,ΔG40−G80 compared to non-interacting binding sites for rSP-Ahyp,C6S, rSP-Ahyp,ΔG8−G80 and rSP-Ahyp,ΔN1−G80, indicating that oligomerization modulates the binding behavior of SP-A. Mutants to examine the role of the neck coiled-coil domain are not available. Molecular dynamics simulations with and without the coiled-coil domain showed as the CRD alone did not equilibrate in silico as indicated by the increasing root mean square deviation (RMSD) of the CRD α-carbon atoms compared to the NCRD (Figure 4).


[image: Figure 4]
FIGURE 4. Dynamics of CRD and neck-CRD domains. Plot of root mean square deviation (RMSD) of α-Carbon atoms over time for CRD (red trace) and neck-CRD (black trace).


We then examined the effect of alanine (A) mutagenesis of residues that influence geometry and Ca++ coordination in the CRD domain (4, 5) using binding assays and MD simulations (Table 1). Compared to the crystal structure, the MD simulations indicate that the side chain carbonyl for asparagine (N) 214 and backbone carbonyl of aspartate (D) 215 occupy spaces further away from Ca++ in the WT CRD. The side chain hydroxyl of D215 and both oxygens in the E202 side chain are oriented closer to the Ca++ ion (Table 3). The invariant glutamate 171 (E171) influences Ca++ coordination of the E202 residue side chain, conformation of the double-loop structure surrounding the CRD carbohydrate binding pocket via a side-chain salt bridge with lysine K203, and coordination of an auxiliary ion (4, 5). The E171A substitution mutant (rSP-Ahyp,E171A) exhibited increased binding at high concentrations to macrophages compared to rSP-Ahyp (Figure 2C). The double-reciprocal Hughes-Klotz plot (76) of rSP-Ahyp,E171A showed strongly increased negative cooperativity compared to rSP-Ahyp (Figure 2D), suggesting abortive interaction with macrophages at low concentration. Binding to SP-R210 was not be determined. The E202 side chain of rSP-Ahyp,E171A did not coordinate Ca++, consistent with crystallographic data (4). The average surface area solvent accessibility (SASA) of the Ca++ ion and Ca++ coordination amino acids, however, was not altered by the E171A substitution compared to WT (Tables 4, 5). In previous studies, mutation of residues E195 (rSP-Ahyp,E195A) and D215 (rSP-Ahyp,D215A), two invariant residues that coordinate Ca++, demonstrated critical roles in Ca++-dependent binding and aggregation of DPPC, and binding to alveolar type II epithelial cells (13). E195 coordinates Ca++ via its side chain oxygens. Here, the binding affinity of the rSP-Ahyp,E195A mutant could not be accurately determined from the binding curves (Table 1). The double-reciprocal plot of rSP-Ahyp,E195A binding data, however, revealed atypical sigmoidal behavior suggesting interaction with low and high affinity binding sites in macrophages (Figure 2D), whereas this mutant exhibits negative cooperativity with recombinant SP-R210 (Figure 3D). In the E195A substitution, the R197 backbone carbonyl moved 4.63 Å away from Ca++, and also altered the orientation of asparagine (N) 214, D215, and E202 side chains relative to the Ca++ ion (Table 3 and Figures 5A,B). These changes were accompanied by increased H2O occupancy and average SASA of the Ca++ coordination site residues (Tables 4, 5), suggesting that H2O modifies the ligand binding properties of this mutant. The rSP-Ahyp,D215A mutant, on the other hand, displayed increased Bmax and low affinity non-cooperative binding compared to rSP-Ahyp (Figures 2C, 3C and Tables 1, 2). The D215 residue contributes both its side chain and peptide bond carbonyl to Ca++-coordination. The in silico calculations showed that the D215 backbone carbonyl moves closer to Ca++ by 1.33 Å when the side chain is replaced by Alanine (Table 3). The D215A substitution also influenced the orientation of E195 and E202 side chains, Ca++ proximity of the R197 carbonyl, and increased Ca++-H2O occupancy (Tables 3–5). The arginine (R) 197 residue, which coordinates Ca++-H2O occupancy via its peptide bond carbonyl, is naturally switched with alanine in human SP-A. Interestingly, the R197A substitution increased the binding of rSP-Ahyp,R197A to SP-R210 similar to the level of native rat and human SP-A, neutralizing the negative impact of proline hydroxylation deficiency in the CDM (Figure 3C and Table 2). The computational analysis revealed that the R197A switch brings the hydroxyl oxygens of E195 and N214 side chains and peptide chain carbonyl oxygen of D215 closer to Ca++ by 1-2.5 Å while the hydroxyl oxygen of D215 and both side chain oxygens of E202 orient away from Ca++ (Table 3). The hydroxyl oxygen of the D215 side chain rotated the farthest, 4.15 Å away from Ca++ compared to WT. These adjustments in Ca++ coordination are accompanied by >50% decrease in hydrophilic SASA of the Ca++ coordination shell from 227.38 ± 23.94 to 106 ± 11.50 Å2 of WT and rSP-Ahyp,R197A, respectively, suggesting a more compact structure of the “humanized” CRD (Tables 4, 5).


Table 3. Calcium coordination bond length in WT and mutant rat SP-A NCRD.
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Table 4. Effect of CRD mutation on binding pocket water occupancy.
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Table 5. Effect of mutation on SASA of Ca++ coordination residues.
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FIGURE 5. The E195A substitution alters the Ca++-coordination mode in the CLL binding pocket. Ribbon diagrams depicting the geometry of Ca++-coordination site of the native (A) and mutant E195A NCRD (B). Red arrows point to the carbonyl oxygen in the R197 residue.




Cross-Species Paracrine Effects of Mouse and Human SP-A on AMs

We took advantage of previously developed “humanized” SP-A transgenic mice to determine the impact of SP-A isoforms on AM binding phenotype. The hSP-A1 and hSP-A2 isoforms were expressed in the lungs of SP-A−/− mice. Binding assays were carried out in AMs from WT (SP-A+/+), SP-A-deficient (SP-A−/−), or SP-A−/− mice carrying either expression of human SP-A genes SFTPA1 (6A2) or SFTPA2 (1A0) via the alveolar epithelial Sftpc promoter (21). The coding sequences of 6A2 and 1A0 hSP-A1 and hSP-A2 variants, respectively, differ in four core amino acids in their collagen-like domain plus amino acids 19 and 91 (77), based on the numbering of the precursor molecule. The binding assays in Figures 6A–D and Table 6 show that in vivo expression of hSP-A2 resulted in ligand-induced upregulation of hSPA2 binding to AMs compared to SP-A−/− and hSP-A1 exposed AMs as demonstrated by the 2-2.5 increase in Bmax (Table 6). hSP-A2 also improved the binding potential of hSP-A1 by increasing binding affinity. hSPA1 did not bind SP-A−/− AMs and its expression alone induced only low affinity binding of hSPA1 compared to high affinity binding for hSP-A2, although at lower Bmax compared to the hSPA2 expression. High affinity binding of hSP-A1 was observed only in AMs from hSP-A2 or WT mice. The endogenous SP-A, however, had a hybrid effect enhancing both binding affinity and Bmax with positive cooperativity. Compared to one another, the Bmax of hSP-A1 binding was 2–3-fold lower than that of hSP-A2 binding to murine AMs, indicating that the CDM is responsible for differences in receptor binding capacity of hSP-A isoforms with identical CRD.
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FIGURE 6. Murine and human SP-A variants are paracrine regulators of SP-A binding to alveolar macrophages in postnatal lung. Binding assays were carried out with alveolar macrophages obtained from either murine lung (A–D) or human lung (E,F) using radiolabeled human SP-A1 or SP-A2 in the presence (A,C,E) or absence of calcium (B,D,F). Alveolar macrophages from murine lungs (A–D) were obtained from WT (SP-A+/+), SP-A-deficient (SP-A−/−), or humanized mice expressing either SP-A1 variant 1A0 (SP-A−/−,hSFTPA2(1A0) ), or SP-A2 variant 6A2 (SP-A−/−,hSFTPA2(6A2) ) in the absence of endogenous murine SP-A (Sftpa). Human alveolar macrophages were obtained from 6 month (E) and 20 years old (F) rejected transplant lungs. Assays were carried out at 4°C for 1.5 h at 50,0000 cells/assay. Bound SP-A was separated by centrifugation over a silicon oil mixture. Assays were performed in duplicate and data pooled from 2 independent experiments. Alveolar macrophages from mouse lungs were pooled from 10 mice per genotype to obtain sufficient number of cells per experiment. Binding isotherms were generated using Prizm software by non-linear regression analysis using the Hill equation. Data shown are Means ± SE.



Table 6. Parameters of human SP-A binding to murine alveolar macrophages.
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To address differences in receptor binding properties between mouse and human AMs, we performed binding assays with human AMs obtained from donated non-transplanted lung from a 6 month old newborn and a 20 year old adult individual. Figure 6E and Table 7 demonstrate that the Bmax for hSP-A2 was 3-fold higher in adult AMs than newborn AMs compared to a 1.6-fold increase for hSP-A1. The binding affinities were similar. Non-linear regression analysis of saturation data (Figure 6E, Table 7) revealed a change from non-cooperative to cooperative binding in newborn vs. adult AMs, respectively. The binding assays in mouse AMs exposed to endogenous or human SP-As in vivo indicate that hSP-A2 and endogenous mouse SP-A shaped the positive cooperativity binding phenotype of AMs (Figures 6A,B, and Table 6), whereas hSP-A1 did not. Additional assays in the presence of EDTA revealed that 30–50% of Bmax for hSP-A1 and hSP-A2 represent Ca++-independent binding sites (Figure 6F). The cooperative binding behavior in the absence of Ca++ was not altered. The binding affinities for both hSP-A isoforms were higher in newborn AMs compared to adult AMs, suggesting developmental regulation of SP-A binding in postnatal life.


Table 7. Parameters of human SP-A binding to human alveolar macrophages.
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DISCUSSION

The present studies refine our understanding of structural features that modulate rodent and human SP-A binding properties to macrophages. To our knowledge, the present study is the first direct comparison of rodent and human SP-A variants. Nested deletion mutagenesis, point mutations, and in silico simulations of rat SP-A indicated that high affinity binding to macrophages or SP-R210 depends on inter-domain interactions and binding sites in the CDM and CRD domains. Previous studies reported that the CDM of rat and human SP-A mediates binding to macrophages (10, 14). Here, deletion of the entire CDM abolished high affinity binding to both macrophages and SP-R210, whereas the rSP-Ahyp,ΔN1−80 mutant lacking both domains displayed low affinity binding relative to SP-Ahyp, suggesting that the amino-terminal peptide plays a conformational role in modulating binding distally. Partial CDM deletion, however, indicated that the amino-terminal half of the CDM that follows the kink peptide binds macrophages and SP-R210. On the other hand, site directed mutagenesis in the CRD domain showed that the E171A, D215A, and E195A point mutants altered binding behavior. All three mutations altered the conformation of Ca++ coordination and, furthermore, D215A and E195A increased accessibility to solvent. The E171 residue stabilizes the conformation of the CRD surface loops, while D215 and E195 are critical for binding to carbohydrates, lipids, and LPS (4–7). The present findings support the notion that the SP-R210 binding site on the CRD domain lies outside the CLL binding pocket.

Species adaptation in the CDM domain produced two alternate SP-A isoforms, SP-A1 and SP-A2, and changes in the CRD produced four variants, two for SP-A1 and two for SP-A2. These demarcate differences in ligand-induced modulation of receptor occupancy on AMs in vivo. In the present study we studied two of the CRD variants, one for SP-A1 (6A2) and one for SP-A2 (1A0). The amino-terminal half of the CDM of rat SP-A (Figure 1B) contains contiguous 85RGDKGE90 integrin binding motifs that are partially conserved in mouse SP-A with a corresponding 85HGDKGE90 but diverged in human SP-A with 85CGEKGE90 in SP-A1 and 85RGEKGE90 in SP-A2 (Figure 1B). Although RGD, HGD, and KGE motifs are well-known for binding to integrins (78, 79), other studies have reported interactions with the C2 membrane binding domain of phospholipases and other proteins (80–82). The interaction of this motif with SP-R210 remains to be determined. Evolutionary adaptation in the CRD domain of both isoforms introduced a natural R197A substitution between rodent and human SP-A2 (1A0) (Figure 1A). This substitution appears to isolate the impact of post-translational hydroxylation of proline on receptor occupancy by altering the interaction of the CRD domain with solvent and topology of Ca++ coordination residues in the CLL. These CDM and CRD adaptations may compensate for differences in dietary requirements for ascorbic acid and proline hydroxylation between rodents and humans (83). The present findings, however, indicate that single amino acid changes can profoundly affect CRD conformation, domain-domain interaction, and binding to macrophage receptors via CDM and CRD domains. In this regard, the CRD domain of human SP-A1 and SP-A2 is polymorphic resulting in diverse allelic combinations of SP-A1 and SP-A2 variants. Both coding and non-coding polymorphisms have been associated with increased or decreased risk to lung disease in numerous studies (77, 84). Understanding the structure-function relationship on human SP-A isoforms will require better understanding of copy number variation and biochemical characterization of polymorphic chain composition of SP-A1 and SP-A2 isoforms.

SP-A plays versatile roles in host defense through concomitant interactions with pathogens, surfactant lipids, and immune cells (1). SP-A controls the direction of macrophage activation, suppressing or inducing macrophage inflammatory responses as well as polarization toward either M1 or M2 types of differentiation and intrinsic regulation of innate immune receptor expression and function through the coordination of two SP-R210 isoforms (14, 27, 29, 33, 85, 86). Given present evidence that the SP-A CLL interacts with pattern recognition receptors (87), a distinct receptor binding site could be used to facilitate transfer of diverse SP-A cargo to innate immune receptors on macrophages. The SP-A structural determinants that differentially modulate receptor occupancy and signaling in AMs in the face of diverse immune challenges in the local lung microenvironment are subject to extensive investigation at the molecular level.



CONCLUSIONS

Human SP-A isolated from alveolar proteinosis fluid has been utilized extensively to discern function utilizing rodent alveolar macrophages without knowledge of the donor SP-A genotype. These studies generated invaluable information but also produced controversial as well as disparate results on SP-A immune functions and identity of SP-A receptors. The present findings in mouse AMs exposed to human SP-A isoforms not only support cross-species conservation and validity of ex vivo studies but also indicate genetic origin of SP-A preparations as an important variable in understanding versatility of SP-A function in humans. In this regard, the presence of SP-A1 may attenuate receptor occupancy, which likely regulates functional interactions with AMs at physiologically high levels of SP-A at homeostasis. Furthermore, although the present studies are limited by the small numbers of samples, the findings in newborn and adult AMs suggest increased receptor complexity that is developmentally regulated in humans.

Finally, our simulation and binding data indicate that the auxiliary ion coordination loop encompassing the conserved E171 residue may comprise a conserved site of interaction with macrophages, and SP-R210 specifically, that merits further investigation to discern conserved and divergent SP-A functions between species. In this context, we recognize that there are limitations inherent to MD simulations that impact the behavior of ions. MD simulations, however, have the potential to unveil how structural differences alter dynamic properties that are crucial for understanding the interplay of structure and function as well as providing guidelines for experiments. The purpose of the simulations, however, was not to reproduce the exact theoretical or experimental ion interactions but instead, to carry out a comparative study of wild type and mutated structures and specifically investigate the distances and their stability. This comparative in silico analysis of the R197A mutant in combination with our binding results showing that this species adapted residue modulates binding to the receptor opens exciting questions on future structure-function studies to understand the basis of molecular adaptation of the human SP-A molecules.
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In humans there are two surfactant protein A (SP-A) functional genes SFTPA1 and SFTPA2 encoding innate immune molecules, SP-A1 and SP-A2, respectively, with numerous genetic variants each. SP-A interacts and regulates many of the functions of alveolar macrophages (AM). It is shown that SP-A variants differ in their ability to regulate the AM miRNome in response to oxidative stress (OxS). Because humans have both SP-A gene products, we were interested to determine the combined effect of co-expressed SP-A1/SP-A2 (co-ex) in response to ozone (O3) induced OxS on AM miRNome. Human transgenic (hTG) mice, carrying both SP-A1/SP-A2 (6A2/1A0, co-ex) and SP-A- KO were utilized. The hTG and KO mice were exposed to filtered air (FA) or O3 and miRNA levels were measured after AM isolation with or without normalization to KO. We found: (i) The AM miRNome of co-ex males and females in response to OxS to be largely downregulated after normalization to KO, but after Bonferroni multiple comparison analysis only in females the AM miRNome remained significantly different compared to control (FA); (ii) The targets of the significantly changed miRNAs were downregulated in females and upregulated in males; (iii) Several of the validated mRNA targets were involved in pro-inflammatory response, anti-apoptosis, cell cycle, cellular growth and proliferation; (iv) The AM of SP-A2 male, shown, previously to have major effect on the male AM miRNome in response to OxS, shared similarities with the co-ex, namely in pathways involved in the pro-inflammatory response and anti-apoptosis but also exhibited differences with the cell-cycle, growth, and proliferation pathway being involved in co-ex and ROS homeostasis in SP-A2 male. We speculate that the presence of both gene products vs. single gene products differentially impact the AM responses in males and females in response to OxS.
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INTRODUCTION

Surfactant protein A (SP-A) plays important role in lung innate immunity and surfactant-related functions under basal conditions (1–5) and in response to various insults such as infection and oxidative stress (6–10). The human SP-A locus consists of two functional genes, SFTPA1 and SFTPA2, and one pseudogene (11, 12). The functional genes encode human SP-A1 and SP-A2 proteins, respectively, and each gene has been shown to have several genetic and splice variants (13, 14).

Human SP-A is expressed in alveolar epithelial type II cells (15) and in other tissues (16–19). It has been reported that human SP-A exists as octadecamer with six trimers (20), and that SP-A trimers have two SP-A1 molecules, and one SP-A2 molecule in the ratio of 2:1 (21). Previous studies from our group and others have shown that the ratio of the proposed model at mRNA and protein levels varies (22, 23). In bronchoalveolar lavage (BAL) fluid the ratio between SP-A1 to total SP-A varies as a function of age and health status (23, 24). The SP-A1 and SP-A2 mRNA content was found to vary in explant cultures under different conditions (25–27). Moreover, more SP-A2 mRNA than SP-A1 was observed in lung tissues of adults, whereas more SP-A1 mRNA transcripts were detected in neonates (28).

Several studies demonstrated that single gene products, SP-A1 and SP-A2, exhibit both qualitative (i.e., functional, biochemical and/or structural) (29–43), and quantitative (regulatory) differences (23, 25–27, 44–46). For example, SP-A1 and SP-A2 variants have been shown to differ in their ability to modulate the proteomic expression profile of AM and the AM actin cytoskeleton (47–49). The proteome profile of AM from KO mice, after treatment with exogenous SP-A1 or SP-A2 resulted in significant changes in proteins involved in the oxidative stress response pathway, with females being more responsive to SP-A1 and males to SP-A2 (48), as well as the single cell analysis revealed sex- and age-related differences in alveolar macrophage phenotypes from KO mice in response to SP-A1 and SP-A2 proteins (49). Moreover, sex differences have been observed between SP-A1 and SP-A2 and among variants in survival and lung function mechanics in response to bacterial infection (42, 43), and SP-A1 compared to SP-A2 exhibits a higher efficiency in pulmonary surfactant reorganization (50). The major contributor for at least some of these differences appears to be amino acid 85 of the precursor molecule; where SP-A1 has a cysteine and SP-A2 has an arginine (14). This Cys/Arg is a key difference between SP-A1 and SP-A2. This single amino acid change has a major impact on SP-A oligomerization, lipopolysaccharide (LPS) aggregation, and phagocytosis (38). The replacement of cysteine of SP-A1 with arginine or the arginine of SP-A2 with cysteine resulted in a reversal pattern of SP-A oligomerization and functional activity of both mutants of SP-A1 and SP-A2 (38). Thus, structural differences due to Cys85 and other amino acids may underlie differences in function observed between SP-A1 and SP-A2.

Ozone (O3), a major component of air pollution and a strong oxidizing agent known to cause toxicity in the lower airways, has significant effects on innate host defense and lung function (51). The O3 exposure can cause, edema, contributing to lung injury, and pulmonary surfactant derangement (52). A significant difference in survival has been observed with females being more affected than males in several lung diseases (53–56). In our animal studies, we observed significant differences in survival after infection and O3 exposure, with females being more susceptible to oxidative stress than males (7, 9) and sex hormones have been implicated in the observed differences in survival (57) but the mechanism underlying these differences is unknown. Moreover, during pneumonie infection and bacterial clearance, the ability to limit bacterial dissemination, and the phagocytic activity of alveolar macrophages may play an important role in the differential outcome in survival between males and females in the presence or absence of oxidative stress (7, 9, 58). Previously, we observed significant changes in AM miRNome of SP-A2 males but not in SP-A2 females or in SP-A1 males and females in response to OxS (41).

In the present study, we investigated the hypothesis that male and female mice expressing both SP-A1/SP-A2 gene products (co-ex) differentially regulate the AM miRNome in response to ozone-induced oxidative stress and that this differs from that previously observed in SP-A single gene variants (41). Toward this co-ex male and female mice were exposed to filtered air (FA) or O3 and the expression levels of 307 miRNAs was measured with or without normalizing to miRNAs identified from KO under the same conditions. We found significant differences in the AM miRNome of co-ex in terms of sex, exposure, with or without normalization to KO. Comparison of the co-ex miRNome to that of hTG mice carrying SP-A2 variant showed that the pathways involved in AM SP-A2 share some similarities to that of co-ex, but also exhibit differences.



METHODS


Animals

Humanized transgenic (hTG) mice carrying both gene variants, SP-A1/SP-A2 (6A2/1A0, co-ex), as well as SP-A knockout (KO) mice were used in this study. They were 12 weeks old. hTG mice were generated on the C57BL/6J SP-A (KO) background (59). The animals used in this study were raised and maintained in a pathogen-free environment, at the Penn State College of Medicine animal facility as described previously (43). Both males and females were used. The females were synchronized with regard to the estrous cycle as described previously (43). A total of 44 mice (32 for miRNA analysis and 12 for qRT-PCR analysis) were used in the present study. All the procedures were approved by The Penn State Hershey Medical Center Institutional Animal Care and Use Committee (IACUC).



Filtered Air (FA) and Ozone (O3) Exposure

The animals were exposed to FA or O3 in parallel as described previously (60). A group of 4 animals (males, females) were exposed to FA or O3 for 3 h, and alveolar macrophages (AM) were isolated after 4 h of recovery as described (61).



RNA Preparation, Library Construction, and Sequencing

Total RNA was extracted from AMs using mirVana kit (#AM1560, Ambion, Waltham, MA). The extracted RNAs were quantified and quality checked using a BioAnalyzer RNA 6000 Nano Kit (Agilent Technologies, Santa Clara, CA). Small RNA-seq libraries were generated by NEXTflex Small RNA Library Prep Kit v3 for Illumina (BioO Scientific, Austin, TX), followed by deep sequencing on an Illumina HiSeq 2500 as per the manufacturer's instructions. Briefly, 1-2 ng of total RNA was ligated with chemically modified 3′- and 5′- adapters that can specifically bind to mature micro RNAs, followed by reverse transcription and PCR amplification. Unique index sequence tags were introduced during PCR to enable multiplexed sequencing. Each library was assessed for the presence of desired micro RNA population and approximate library quantity by Bioanalyzer High Sensitivity DNA Kit (Agilent Technologies). Pooled libraries were denatured and loaded onto a TruSeq Rapid flow cell on an Illumina HiSeq 2500 and run for 50 cycles using a single-read recipe according to the manufacturer's instructions. De-multiplexed sequencing reads passed the default purify filtering of Illumina CASAVA pipeline (released version 1.8) and were quality trimmed/filtered using The FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_toolkit). The filtered reads were further trimmed with both 5′ and 3′ adapter sequences and subjected to Chimira suite to align and count miRNA expression (62). The differentially expressed miRNAs (DEG) between FA to O3, males and females were identified by using the edgeR (63) and the TCC v1.14.0 R package (64) with false discovery rate (FDR) adjusted p-value of 0.1 as a significance cutoff.



miRNA Data Analysis

We successfully identified 307 miRNAs with good correlation between mice (3 out of 4, Supplementary Table 1). We used two different parameters (methods) to analyze the identified miRNA expression (fold change). (a) The expression levels (fold change) of miRNAs from co-ex (FA to O3 for males and females) and KO (FA to O3 for males and females) were analyzed and differentially expressed miRNAs in co-ex and KO males and females were identified in response to FA or O3. (b) The changes in miRNA expression in co-ex were calculated by normalizing to KO, i.e., the level of expression of each individual experimental miRNA in co-ex males and females exposed to FA or O3 was divided by the corresponding miRNA in the KO. Next, the differentially expressed miRNAs between co-ex males and females were determined by dividing a specific individual male miRNA by the corresponding female miRNA (Supplementary Table 1).



Gene Expression Analysis

The expression levels of CCND1, CCND2, CCNE1, CDK7, IL-6, IL-10, TLR2, TLR3, STAT3, MYD88, IL-4, IL2RG, EGR2, PTEN, TNFSF12, MDTH, JUN, E2F3, BCL2, TNF, CDK2, SMAD2, MMP2, ARG1, AKT1, PPARA, and MYC genes at mRNA level in the female and male co-ex and KO AM, were validated by qRT-PCR as described previously (41). The RT2 qPCR Primer assays were purchased from Qiagen. The AM cell samples [3 animals/treatment (FA or O3)] were analyzed in triplicates/animal and quantified relative to GAPDH mRNA.



Statistical Analysis

Statistical differences between miRNA expression levels (fold change) in FA vs. O3 and male vs. female were evaluated by two-tailed t-test and nonparametric Mann-Whitney test. For multiple comparison analysis one-way analysis of variance (ANOVA) was employed followed by Bonferroni multiple comparisons. The p-values <0.05 were considered to be significant. All the data points are means ± standard deviation, and analyses were performed using Graph-Pad Prism software version 5.0 (Graph-Pad Software, San Diego, USA).




RESULTS

We have previously studied the AM miRNome in hTG mice carrying either SP-A1 or SP-A2 variants using the qRT-PCR method (41). In this study, because humans have both SP-A gene products, we were interested to a) determine the combined effect of SP-A1/SP-A2 (6A2/1A0, co-ex) on the AM miRNome in response to oxidative stress with or without normalization to KO in males and females; b) identify sex, treatment, and gene (co-ex) impact on the AM miRNome; c) use differentially expressed miRNAs of ≥2 fold in co-ex in response to O3 exposure in Ingenuity Pathway Analysis (IPA) to identify biological functions and regulatory network targets of the identified and differentially expressed miRNAs after normalized to KO and Bonferroni multiple corrections; d) compare the co-ex miRNome (present study) and its targets to that of hTG mice carrying SP-A2 (41) variant under the same condition.


Effect of SP-A1/SP-A2 (6A2/1A0, co-ex) on AM miRNome Regulation
 
Without Normalization to KO

A total of 307 miRNAs from AMs of co-ex and KO in response to FA or O3 were identified from males and females (Supplementary Table 1). We observed significant differences (p < 0.05) in the expression of AM miRNAs in response to FA or O3 in co-ex females and KO males and females (Figures 1A,C,D). No significant differences were observed in co-ex males, after exposure to FA or O3 (Figure 1B). One-way ANOVA and Bonferroni multiple comparison analysis was performed to find the effect of treatment (FA, and O3) and sex (males, and females) as well as the interaction between the two parameters (sex and treatment). In co-ex, there was a significant difference between FA-exposed males and females (Figure 1E) but no significant difference was observed after O3 exposure between males and females (Figure 1E). However, females (but not males) showed a significant difference between FA or O3 exposure (Figure 1E). Whereas, in KO (i.e., in the absence of SP-A altogether), there was a significant difference between male and female after O3 exposure, no significant difference was observed after FA exposure (Figure 1F), indicating a role of SP-A in O3 exposure between sexes. However, similar to what was shown for the co-ex (Figure 1E), the KO females (but not the males) showed a significant difference after FA or O3 exposures (Figure 1F). Moreover, the miRNAs identified from KO females exposed to O3, showed a significant difference compared to KO males exposed to FA (Figure 1F).
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FIGURE 1. Regulation of the AM miRNome in co-ex and KO males (M) and females (F) after Filter air (FA) and Ozone (O3) exposure. Comparisons between miRNAs identified after FA or O3 exposure in co-ex females (A), males (B), and KO females (C), males (D). Significant differences observed between treatment in co-ex females, KO males and females (A,C,D; P < 0.05). (E,F) Depict the Bonferroni multiple comparisons of the miRNAs identified after FA or O3 exposure in co-ex and KO, respectively. A significant difference is observed in co-ex and KO females as a function of treatment (E,F). Significant differences (P < 0.05) in miRNA regulation were observed between sexes in co-ex (F-FA vs. M-FA, E), and in KO (F-O3 vs. M-O3, F-O3 vs. M-FA, F). ns, not significant. *p < 0.05, **p < 0.001, **p < 0.0001.



Normalization to KO

By normalizing the expression of miRNAs in co-ex to KO, i.e., the level of expression of each individual experimental miRNA (i.e., in SP-A1/SP-A2, co-ex) was divided by the level of the corresponding miRNA in the KO (Supplementary Table 1), we found significant differences in the differential expression of miRNAs in both males and females after FA or O3 exposure (Figures 2A,B). The one-way ANOVA and Bonferroni multiple comparison analysis resulted in similar observations as those observed in Figure 1E in the absence of KO normalization. Significant differences in miRNAs differentially expressed were observed in females between FA to O3 exposure and FA-exposed females to FA-exposed males, with no significant difference observed of differentially expressed miRNAs after O3 exposure between males and females (Figure 2C). Unlike in Figure 1E, FA-exposed females differed significantly from O3-exposed males (Figure 2C).
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FIGURE 2. Effect of normalization on the regulation of miRNAs. The miRNAs identified from co-ex were normalized to same miRNAs identified in KO males and females after FA or O3 exposure. (A,B) Depict the differences in miRNA regulation in females and males after FA or O3. Significant differences (P < 0.05) were observed in both sexes after FA or O3 exposure (A,B). (C) Depicts the Bonferroni multiple comparisons of the miRNAs identified after FA or O3 exposure in co-ex. A significant difference (P < 0.05) was observed between co-ex FA or O3 exposed females and between sexes in co-ex (F-FA vs. M-FA, and F-FA vs. M-O3) (C). ***p < 0.0001.



The observations made with or without normalization to KO indicate that the AM miRNome of hTG mice carrying both SP-A1/SP-A2 (6A2/1A0, co-ex), exhibit no differences in miRNA expression between sexes in response to oxidative stress (O3 exposure), but sex differences are observed in controls (i.e., after FA exposure; Figures 1E, 2C). Female co-ex exhibited significant differences between FA or O3 exposure. The presence of the two genes may play a protective role in the outcome of miRNA expression in response to oxidative stress, especially in males.



Regulation of miRNAs That Changed ≥2 Fold in Response to FA, O3, and Sex

We further looked into the AM miRNAs, whose expression compared to control miRNAs is altered ≥2 fold in response to FA or O3 from co-ex and KO males and females, and compared them between males and females.

Without Normalization to KO

First we compared AM miRNAs of FA vs. O3 exposed animals. We found that in co-ex females, 49 miRNAs were changed after FA and 36 miRNAs after O3 exposure, whereas in males, 31 miRNAs were changed in FA and 45 in O3 exposure. The same comparison in KO AM miRNome showed that in females 45 miRNAs were changed ≥2 fold in FA and 94 miRNAs in O3, while in males 34 miRNAs were changed ≥2 fold in FA and 41 miRNAs in O3 (Figure 3A, Supplementary Table 1). In both co-ex and KO, all the miRNAs that had ≥2 fold are specific either to FA or O3 exposure, with no miRNAs in common between FA or O3 in either males or females.
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FIGURE 3. Comparison of miRNAs affected by FA or O3 in co-ex females and males. A. The Venn diagrams show miRNAs with significant changes ≥2 fold in response to FA or O3 in AM of males and female co-ex and KO. Out of the 307 miRNAs identified after FA or O3, 49 miRNAs had ≥2 fold and 36 miRNAs were ≥2 fold after FA or O3 exposure respectively, in co-ex females and in co-ex males 31 miRNAs had ≥2 fold and 45 miRNAs were ≥2 fold after FA or O3 exposure (A). A similar comparison in KO resulted in 45 miRNAs with ≥2 fold and 94 miRNAs with ≥2 fold after FA or O3 exposure, respectively, in KO females, and in KO males 34 miRNAs and 41 miRNAs with ≥2 fold after FA or O3 exposure, respectively. In both co-ex and KO there were no differentially regulated miRNAs found in common after FA or O3 exposure (A). A comparison of differentially regulated miRNAs after O3 exposure in co-ex between females and males, identified 36 miRNAs ≥2 fold in females and of these 29 were specific to females. In males 45 miRNAs ≥2 fold were identified and of these 38 were specific to males. Seven miRNAs were identified to be in common between females and males after O3 exposure (A). Whereas, in KO of the 94 miRNAs ≥2 fold in females, 62 were specific to females, and of the 41 miRNAs ≥2 fold in males, 9 were specific to males. Thirty-two miRNAs were identified to be in common between females and males after O3 exposure (A). (B) The Venn diagrams show the number of miRNAs identified from co-ex after normalization to the same miRNAs identified in KO males and females after FA or O3 exposure. Out of the 307 miRNAs identified after FA or O3, 102 miRNAs ≥2 fold and 50 miRNAs ≥2 fold were observed after FA or O3 exposure, respectively, in co-ex females. In co-ex males, 36 miRNAs ≥2 fold and 59 miRNAs ≥2 fold were identified after FA or O3 exposure, respectively. In both co-ex females and males, there were no differentially regulated miRNAs found in common after FA or O3 exposure. A comparison of differentially regulated miRNAs after O3 exposure in co-ex between females and males, identified 50 miRNAs ≥2 fold in females and of these, 41 were specific to females. In males of the 59 miRNAs ≥2 fold, 50 were specific to males and 9 miRNAs were identified to be in common between females and males after O3 exposure.



Next, we compared males vs. females (co-ex, KO) in response to oxidative stress. In co-ex females, 36 miRNAs were differentially expressed (≥2 fold) compared to 45 miRNAs in males, with 7 miRNAs (≥2 fold) being in common in both males and females. Of these, 29 miRNAs are unique to females and 38 are unique to males (Figure 3A). In KO females after O3 exposure, 94 miRNAs had ≥2 fold expression compared to 41 miRNAs in males. Of these 32 miRNAs were found in common in both sexes (Figure 3A), and 62 miRNAs are unique to females and 9 to males (Figure 3A). Of the seven miRNAs found to be in common between co-ex male and females after O3 exposure only one miRNA is included in the 32 miRNAs found in common between KO males and females (Supplementary Table 1). Of interest the co-ex had a significantly lower number of shared miRNAs between the sexes compared to KO (7 vs. 32), indicating the major effect of sex on co-ex (Supplementary Table 1).

With Normalization to KO

By normalizing the miRNAs identified in co-ex to KO, we found 102 miRNAs to be differentially expressed ≥2 fold in females after FA exposure compared to 50 miRNAs after O3 exposure (Figure 3B). In the case of males, 36 miRNAs are differentially expressed after FA exposure and 59 miRNAs had ≥2 fold after O3 exposure. In both co-ex males and females, all the miRNAs with ≥2 fold are specific to either FA or O3. A comparison of miRNAs from males and females after O3 exposure showed 50 miRNAs ≥2 fold in females vs. 59 miRNAs in males (Figure 3B). Of these, 41 are unique to females and 50 to males, with 9 being found in common. These data indicate that when the expression of the AM miRNome in co-ex, after normalization to KO is compared in males and females, following exposure to FA or O3, the observed changes in miRNA levels are either specific to males or females. However, when the miRNome between males and females co-ex normalized KO is compared after oxidative stress there are few miRNAs that are found in common in co-ex males and females (Supplementary Table 1).



Ingenuity Pathway Analysis (IPA)

We performed IPA to further understand the role of significantly changed miRNAs in co-ex males and females under the studied conditions. After Bonferroni correction, expression of miRNAs in co-ex females exhibited significant differences in response to OxS, but not in males (Figure 2C). However, the IPA analyses before and after the Bonferroni correction were identical because the miRNA data input in IPA was same. We were able to identify biological functions and regulatory network targets of these differentially expressed miRNAs. The targets shown in Figure 4 are involved in anti-apoptosis, cell cycle, cellular growth and proliferation, as well as pro-inflammatory response are affected by differential expression of miRNAs in response to O3 exposure (Supplementary Table 1). These targets include CCND1, CCND2, CCNE1, CDK7, IL-6, IL-10, TLR2, TLR3, STAT3, TNFSF12, MYD88, IL-4, IL2RG, EGR2, PTEN, MDTH, JUN, E2F3, BCL2, TNF, CDK2, MYC, SMAD2, MMP2, ARG1, AKT1, and PPARA mRNAs. The miRNAs that were changed significantly in co-ex females and males in response to O3 exposure and their targets are listed in Table 1.
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FIGURE 4. Schematic representation of the identified miRNAs in co-ex AM and their targets in response to OxS. This diagram depicts the significantly changed miRNAs and their targets in the various pathways. These include pathways of cell cycle, and cellular growth and proliferation as well as, pathways of pro-inflammatory response and anti-apoptosis, (A) males and (B) females. The miRNAs and genes studied in the present study are highlighted with yellow. Up (↑) and down (↓) arrows indicate increase or decrease.





Table 1. Expression levels of co-ex AM miRNAs (males and females) in response to OxS and its mRNA targets identified by IPA analysis.
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In general, we observed largely a downregulation of miRNAs in both males and females and upregulation of their targets in co-ex males but not in females (Figures 4A,B). For example, a significant downregulation of miR-191-5p, miR-155-5p, and miR-92a-3p expression was observed in response to O3 in both co-ex males and females but their target IL-6 mRNA is upregulated in males but downregulated in females. Though most of the miRNAs are downregulated in both males and females, the expression of miR-340-5p, miR455-3p, miR-143-3p, and miR-503-5p in females, and miR1195 and miR101b-3p in males is upregulated (Figures 4A,B).



Validation of miRNA Target Genes

To measure the expression levels of target genes by differentially expressed miRNA in response to FA or O3, we performed qRT-PCR analysis on AM cell samples isolated from co-ex and KO males and females after FA or O3 exposure (Figure 5).


[image: image]

FIGURE 5. Effect of OxS on mRNA targets of co-ex and KO. (A) The expression of level of CCND1, CCND2, CCNE1, CDK7, IL-6, IL-10, TLR2, TLR3, STAT3, MYD88, IL-4, IL2RG, EGR2, PTEN, TNFSF12, MTDH, JUN, E2F3, BCL2, TNF, CDK2, MMP2, ARG1, AKT1, PPARA, and MYC, were significantly upregulated in co-ex males compared to females. The level of SMAD2 did not change between males and females. The expression levels were normalized to GAPDH and significant differences (P < 0.05) between sexes in co-ex are noted by an asterisk (*). (B) Similar analysis of the above genes was performed in KO males and females. Significant upregulation was observed for CCND1, CCND2, CCNE1, CDK7, IL-6, TLR2, TLR3, STAT3, MYD88, PTEN, TNFSF12, MTDH, JUN, E2F3, TNF, CDK2, SMAD2, and AKT1 in KO males, whereas the expression levels of IL-10, MMP2, ARG1, and PPARA were significantly upregulated in KO females. The expression levels were normalized to GAPDH and the significant differences (P < 0.05) between sexes in KO are noted by an asterisk (*).



In response to OxS, the expression level of all target genes studied, with the exception of SMAD2 that remained similar in both sexes under OxS, was significantly upregulated in co-ex males compared to females (Figure 5A, Supplementary Table 2). These included CCND1, CCND2, CCNE1, CDK7, IL-6, IL-10, TLR2, TLR3, STAT3, MYD88, IL-4, IL2RG, EGR2, PTEN, TNFSF12, MTDH, JUN, E2F3, BCL2, TNF, CDK2, MMP2, ARG1, AKT1, PPARA, and MYC. A similar analysis in KO males and females resulted in significant upregulation of CCND1, CCND2, CCNE1, CDK7, IL-6, TLR2, TLR3, STAT3, MYD88, PTEN, TNFSF12, MTDH, JUN, E2F3, TNF, CDK2, SMAD2, and AKT1 in KO males (Figure 5B, Supplementary Table 2), whereas the expression level of IL-10, MMP2, ARG1, and PPARA was significantly upregulated in KO females (Figure 5B). The levels of IL-4, IL2RG, EGR2, BCL2, and MYC remained similar in both sexes under OxS (Figure 5B).

In Summary the collective information of the significantly changed miRNAs and their targets indicate sex specific differences. Females (unlike males) largely failed to upregulate the target genes as expected when regulatory miRNAs are downregulated.




DISCUSSION

Surfactant protein-A (SP-A), is a key molecule in the lung innate immunity and surfactant related functions. The human SP-A locus consists of two functional genes, SFTPA1 and SFTPA2 (11, 12) and encodes two functional proteins, SP-A1 and SP-A2, respectively, and each is identified with several genetics variants (13, 14). Recently, it has been shown that SP-A1 and SP-A2 variants differ in their ability to regulate the AM miRNome in response to ozone (O3)-induced oxidative stress (OxS) (41) as well as in lung function mechanics and survival in response to bacterial infection (42, 43). Because humans express both SP-A gene products, we wished to investigate the combined effect of co-expressed SP-A1/SP-A2 (co-ex) in response to O3 induced OxS on AM miRNome. Toward this, human transgenic (hTG) mice, carrying both SP-A1/SP-A2 (6A2/1A0, co-ex) and SP-A-KO were exposed to filtered air (FA) and O3 and miRNA levels were measured after AM isolation with or without normalization to KO. The observation made include, (i) Significant differences in AM miRNome of co-ex in terms of sex, exposure, with or without normalization to KO, and after Bonferroni multiple comparison analysis; (ii) After normalization with KO, both males and females showed significant differences in response to OxS; (iii) The AM miRNome of females was largely down regulated significantly in response to OxS compared to control (FA) in all comparisons made including the multiple comparison analysis; (iv) The miRNA targets were largely downregulated in females and upregulated in males; (v) Several of the mRNA targets identified of the significantly altered miRNAs in females were involved in pro-inflammatory response, anti-apoptosis, cell cycle, cellular growth and proliferation; (vi) The AM of the SP-A2 male (41) shares similarities with the co-ex, as well as differences.

We studied the AM miRNome in co-ex male and female mice that express human SP-A1/SP-A2 (6A2/1A0, co-ex) after O3 exposure and compared it to that of KO mice lacking SP-A. In response to OxS, AM miRNome changes were observed in both males and females (with or without normalization to KO), although after multiple comparison analysis, AM miRNAs significantly changed only in females. Furthermore, IPA of the differentially expressed co-ex AM miRNome data identified several miRNA targets involved in the pro-inflammatory response, anti-apoptosis, cell cycle, and cellular growth and proliferation, as shown in Figure 4 and discussed below.


Pro-inflammatory Responses

The expression of miR-191-5p, miR-155-5p and miR-92a-3p were decreased significantly in response to O3 in both co-ex males and females (Figures 4A,B). These miRNAs target pro- and anti-inflammatory IL-6 cytokine (41, 65–67). The IL-6 level decreased significantly in co-ex females, whereas this increased significantly in co-ex males (Figures 4A,B) compared to the control mRNA (GAPDH). The latter is consistent with our previous observation with SP-A2 males in response to OxS (41).

IL-6 plays a crucial role in the activation of STAT3 (68–70). In response to OxS, STAT3 gets phosphorylated which results in the activation of genes involved in inflammation and injury (71). miR-17-5p, and miR-1195 that were significantly altered in response to OxS, are known to interact with STAT3 (Figures 4A,B). In co-ex females and males miR-17-5p is downregulated whereas miR-1195 is downregulated in co-ex females but upregulated in co-ex males. Although, the downregulation of these miRNAs in females should have resulted in an increase in the expression of STAT3, the opposite was observed, indicating that either the regulation of STAT3 by these (and perhaps other) miRNAs is dysfunctional or mechanisms other than miRNAs are involved. The downregulation of STAT3 in females was associated with decreased levels of TNF, TNFSF12, IL-6, IL-10, and IL-4 (Figure 4B). In contrast, in male co-ex, although miR-17-5p is decreased, and miR-1195 is increased, STAT3, which is target for both, is increased, as well as the levels of the pro-inflammatory cytokines were increased as one may expect. Also in males the levels of a number of target genes (ARG1, EGR2, and IL2RG) that contribute, via STAT3, to the upregulation of pro-inflammatory cytokines were upregulated. Although, the details of the underlying mechanisms are unknown currently, these data show a disconnect between miRNA expression and target gene expression in females. The emerging picture is that pro-inflammatory cytokines are downregulated in females and upregulated in males (Figure 4A).

Toll like receptors (TLRs) are a family of membrane bound proteins that recognize pathogen-associated molecular patterns and mediate innate immune response (72). SP-A differentially regulates TLR expression (73). We found four co-ex regulated miRNAs (miR-92a-3p, miR-125b-5p, miR-155-5p, and miR-191-5p) that target TLR2, and TLR3. The expression of these miRNAs is significantly downregulated in our study in both males and females, and this is associated with increased mRNA levels of TLR2 and TLR3 in co-ex males but a decrease in co-ex females. Both miR-125b-5p and miR-155-5p are shown in several studies to regulate TLRs (74–77). TLR2 engages the ubiquitous intracellular adaptor MyD88 (myeloid differentiation primary response 88) and TLR3 engages TRIF (TIR-domain containing adaptor protein). In the current study, the level of miR-125b-5p, miR155-5p and miR130b-5 targeting MyD88 are downregulated and the mRNA level of MyD88 is upregulated in co-ex males but decreased in co-ex females. The involvement of TLR2, TLR3, and activation of MyD88 in co-ex males may result in the recruitment of other genes involved in the activation of NF-kB (78, 79), and this may result in the transcription of pro-inflammatory genes, such as TNF, TNFSF12, IL-10, and IL-4, as observed in the present study (Figures 4A,B). Previous studies have provided evidence that SP-A activates NF-kB (80) either through accumulation of inhibitory IkBa (81, 82) or via direct interaction with TLR2 and TLR4 (73, 80, 83–85) or SIRPα and CD91 (86). It has also been shown that, SP-A is unable to activate NF-kB in response to O3 as assessed by the lack of changes in the nuclear p65 subunit and the cytoplasmic IkBa levels as it would have been expected in the classical NF-kB pathway (87). Moreover, it has been shown that decreased levels of MTDH expression attenuate NF-kB signaling (88) and that TNFSF12 regulates NF-kB activity (89). Upregulation of TNFSF12 and MTDH as it occurs in co-ex males in the current study may alter NF-kB signaling, enhance its translocation to the nucleus to facilitate the transcription of pro-inflammatory genes in co-ex males but not in females. The present data support the idea that NF-kB and STAT3-mediated pathways play a role in the pro-inflammatory gene expression in co-ex males, and that these pathways in females are compromised in response to OxS.



Anti-apoptosis, Cell Cycle, Growth, and Proliferation

The expression of two miRNAs miR-16-5p and miR-21a-5p (TargetScan) that bind BCL2 (90–93) was significantly downregulated in both males and females in response to OxS and the BCL2 mRNA levels were increased in co-ex males but decreased in females. An increase in BCL2 is likely to result in the inhibition of apoptosis and cell proliferation in males, but not in co-ex females (Figures 4A,B). These findings together indicate that OxS differentially affects anti-apoptotic pathways in co-ex males and females, and that females seem to have a disconnect between miRNA expression and target gene expression.

A number of miRNAs whose expression was for the most part downregulated significantly in response to OxS were predicted to target CCND1, CCND2, CCNE1, CDK2, CDK7, and E2F3 (Figures 4A,B). miR-16-5p and miR-17-5p, predicted to bind CCND1, CCND2, CCNE1, and E2F3 mRNAs (TargetScan), have been shown in several studies that these genes are regulated by these two miRNAs (94–97). The expression of all the target genes followed a similar pattern as described above, there was an increase in males and decrease in females. These genes are involved in cell cycle, and growth and proliferation, indicating that ozone differentially affects expression of molecules involved in cell cycle and proliferation pathways in co-ex male and female mice. Of interest significant differences in survival have been observed with females being more affected than males in several lung diseases (53–56). In our animal studies, we observed a significant difference in survival after infection and O3 exposure. Females were more susceptible to oxidative stress than males and exhibited lower survival (7, 9). Sex hormones were shown to play a role in the observed survival differences (57).

AKT, PPARA, PTEN, and JUN involved in the MAPK pathway were significantly upregulated in co-ex males but not in females in response to OxS. The miRNAs that targeted these genes, miR-21-5p, miR-103-3p, let-7a-5p, miR-130b-3p, miR-151-5p, and miR-92-3p, were significantly downregulated in co-ex males and females (Figures 4A,B). The upregulation of MAPK pathway genes has the potential to regulate the genes involved in cell cycle, growth and proliferation (as shown in Figure 4), as well as pro-inflammatory and anti-apoptotic genes (not shown) in co-ex males but not in co-ex females in response to OxS.

We have previously studied the effect of a single, SP-A1 or SP-A2 gene, on the AM miRNome after OxS, and found that SP-A2 (but not SP-A1) had a significant impact on AM in males (41). To gain further insight into the contributions of SP-A2 vs. the co-ex on AM miRNome, we compared the data from two studies. This comparison is shown diagrammatical in Figure 6. A number of observations are readily evident. Broadly these show (1) the miRNAs that changed (≥2 fold) significantly in response to OxS were decreased in male SP-A2 and co-ex male and female after normalization to KO. (2) In males (SP-A2 & co-ex) the expression of all validated target genes (except SMAD2), of the significant miRNAs, identified by IPA, is increased but decreased in co-ex females. (3) The common pathways include pro-inflammatory response, and anti-apoptosis. However the SP-A2 males include ROS-homeostasis processes and the co-ex include cell cycle, growth, and proliferation processes. These data show that SP-A2 alone or in combination with SP-A1 may regulate the expression of pro-inflammatory genes via the STAT3-NF-kB pathway and anti-apoptotic genes in response to OxS (Figure 4A). Furthermore, this indicated that these pathways may in part (if not in their entirety) be regulated or driven by SP-A2 and that the presence of SP-A1 does not negatively affect this. However, although SP-A1 by itself did not have any significant effect on AM, in presence of SP-A2 is shown to regulate genes involved in cell cycle, growth and proliferation, whereas SP-A2 alone regulates genes involved in homeostasis of ROS (41).
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FIGURE 6. Overview of the effect of both gene (SP-A1/SP-A2) product and of single gene product (SP-A2) on the regulation AM miRNome on both males and females, and males respectively. The diagram depicts comparison of miRNAs, target genes, and pathways after OxS in AM from mice carrying both (co-ex) SP-A1/SP-A2 variants (male and female, left, current study) and from mice carrying a single SP-A2 (male) gene variant (right) (41). The SP-A2 work has been published (41) and is used here for comparison reasons only. The significantly regulated miRNAs (23 and 11) in co-ex male and female and in SP-A2 male, respectively, in response to OxS were largely decreased (~92% in co-ex male, ~83% in co-ex female, and ~75% in SP-A2 male) with the exception of few miRNAs that were increased (see Figure 4). All the mRNA targets were upregulated in co-ex male and in SP-A2 and are shown in blue arrow (on the right). The mRNA targets in co-ex females were downregulated and are shown in pink arrow (on the left). The pathways that differ in SP-A2 and co-ex in response to OxS are shown in gray background and those that are similar between co-ex males and SP-A2 male are shown in white background.



Although the data of this study are largely in line with our previous observations, the current study has a few limitations: (a) the study is carried out at single time point, (b) validation analysis was performed only for genes which are targeted by significantly changed miRNAs in co-ex males and females after normalizing to KO, and we did not look at the protein levels of the targeted mRNAs, (c) we did not study the molecular mechanisms of the identified pathways, (d) we did not differentiate the impact of varying amount SP-A1 and SP-A2 on miRNA expression in response to OxS. It has been shown that the ratio of SP-A1 to SP-A differs in lung diseases (23, 24), and this may have functional consequences given the varying activities of SP-A1 and SP-A2, (e) we did not study the impact of gonadectomy on the expression of AM miRNAs from co-ex and KO males and females. However, we have previously studied the effect of a single, SP-A1, or SP-A2 gene, on the AM miRNome after OxS, and found that SP-A2 (but not SP-A1) had a significant impact on AM in males (41). In this study, we observed that the regulation of the miRNome of the SP-A2 male mice compared to that of female mice in response to OxS is significantly altered after gonadectomy (41). It has also been shown that different stages of the estrous cycle have significant impact on the lung miRNA expression (98). In addition, a role of sex hormones on survival after Klebsiella pneumoniae infected wildtype (SP-A) mice with or without exposure to ozone has been observed (57). This study indicated that (1) after removal of gonadal hormones, differences in survival in animals after infection, and oxidative stress are minimized in males, and eliminated in females. (2) Treatment of gonadectomized females with DHT and males with E2 resulted in a similar kind of survival compared to the intact male and female animals, respectively. This further supports a role of DHT and E2 in survival after infection and oxidative stress. Based on these observations, we speculate that in co-ex males and females sex hormones play a significant role in the regulation of AM miRNome. However, the result of this study advances our knowledge of the differential impact of co-expressed SP-A1/SP-A2 and sex on the AM miRNome.

We postulate that in males in response to OxS, SP-A2 via its activity in ROS-homeostasis provides some protection from the injurious ROS in its microenvironment. Whereas, the co-ex males via cell cycle, growth, and proliferation process may promote cellular recovery, perhaps a more sustained recovery. We further postulate that in co-ex females the disconnect between the downregulation of miRNAs and the expression of their target genes is responsible or contributes to the reduced ability in females to enhance phagocytosis by AM as well as to the poorer survival we observed in females after OxS and infection (9). Although the details of the underlying mechanisms are unknown, the AM miRNome appears to play a significant role in OxS.

In summary, SP-A1/SP-A2 (6A2/1A0, co-ex) regulate miRNAs that play a role in pathways involved in inflammatory responses, anti-apoptosis, cell cycle, growth, and proliferation. Both gene products are needed to alleviate the deleterious effects of OxS in males and promote cellular recovery. However, in females even in the presence of both SP-A1 and SP-A2 genes, expression of target genes to mitigate the OxS injury is lacking, indicating that other hormone dependent mechanisms are involved. Because the innate immune molecules, SP-A1 and SP-A2 appear to play a differential role in the outcome of males and females after OxS, the potential impact on health of innate immune genetics should be considered separately in males and females.
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Surfactant protein A (SP-A) plays critical roles in host defense, regulation of inflammation and surfactant metabolism in the lung. The human SP-A locus consists of two functional genes, SFTPA1 and SFTPA2 encoding surfactant proteins SP-A1 and SP-A2, respectively. Structural and functional differences exist between SP-A1 and SP-A2 in vitro and in vivo. Ozone is a major air pollutant with a negative impact on many biological processes. In this study we used humanized transgenic (hTG) SP-A1 and SP-A2 mice, and SP-A KO mice to study in vivo effects of SP-A1 and SP-A2 on the bronchoalveolar lavage (BAL) proteomic profile and associated signaling pathways in response to ozone or filtered air (FA) exposure and Klebsiella pneumoniae infection. The BAL samples were harvested 24 h after ozone (2 ppm for 3 h) or FA exposure and infection and analyzed by two-dimensional difference gel electrophoresis (2D-DIGE) and MALDI-ToF/ToF. We found: that (1) Ozone exposure, but not infection, is a major factor for increases in total BAL protein content. (2) A total of 36 proteins were identified, accounting for 89.62% of the BAL proteins resolved by the 2D-DIGE system. (3) The number of proteins in which levels were altered more than 25% following infection and FA exposure was: SP-A2 > SP-A1 > KO for male mice, and SP-A2 ≈ SP-A1 > KO for female mice. (4) The number of proteins with more than 25% increase/decrease after ozone exposure and infection was: SP-A2 > SP-A1 ≈ KO, with the majority being increases in male mice and decreases in female mice. (5) Eleven out of the 36 proteins, including annexin A5, glutathione S-transferase A4, SP-A1/SP-A2, and 14-3-3 zeta protein, exhibited significant differences among SP-A genotypes. The acute phase response (APR) that includes the NF-kB signaling pathway plays a critical role, followed by Nrf2-mediated oxidative response, and others. These associated with SP-A genotype, sex, and ozone-induced oxidative stress in response to infection. We concluded that human SP-A2 and SP-A1 exhibit differential genotype-and sex-dependent innate immune responses to microbial pathogens and/or ozone-induced oxidative stress by modulating proteomic patterns and signaling pathways in the lung.

Keywords: humanized transgenic mice, innate immunity, oxidative stress, proteomic profile, surfactant protein A (SP-A), signaling pathway


INTRODUCTION

Surfactant protein A (SP-A) is a surfactant-associated protein that plays an important role in innate host defense, regulation of inflammation, and surfactant-related physiology in lung (1, 2). SP-A is a member of the C-type lectin (collectin) protein family. Each monomer consists of four domains, N-terminal region, collagen-like domain, neck domain, and carbohydrate-recognition domain (CRD). Native SP-A from bronchoalveolar lavage (BAL) is thought to consist primarily of octadecamers with six SP-A trimers. The literature from SP-A knockout (KO) mouse research revealed that SP-A is a critical factor for host defense (3–7), surfactant metabolism (8, 9), surfactant large-aggregate structure and tubular myelin formation (10–12) in the lung, and survival after infection (13, 14).

The human SP-A locus consists of two functional genes, SFTPA1 and SFTPA2 encoding SP-A1 and SP-A2, respectively, plus a pseudogene and is located on chromosome 10q22-23 (15, 16). Each of the functional genes has been characterized and several genetic variants for each gene have been identified. The SP-A1 variants (6A, 6A2, 6A3, 6A4) and the SP-A2 variants (1A, 1A0, 1A1, 1A2, 1A3, 1A5) are the most frequently found variants in the population (17, 18). Human SP-A is expressed in alveolar epithelial type II cells (19), as well as in other tissues (20–22). SP-A2 expression has been observed in tracheal and bronchial submucosal gland cells in the lung (23, 24). SP-A1 or SP-A2 genetic variants have been associated with several human pulmonary diseases (25). Structural and functional differences between SP-A1 and SP-A2 and among in vitro expressed SP-A genetic variants have been observed using several different approaches (26–37). SP-A2 for the most part appeared to exhibit higher activity in terms of its ability to enhance phagocytosis by alveolar macrophages (29, 31–33), enhance cytokine production by a macrophage-like cell line (27, 30, 38), and inhibit surfactant secretion by alveolar epithelial type II cells (28). Moreover, SP-A1 and SP-A2 differentially enhance aggregation of LPS and phospholipid monolayer formation (26, 35). In a study of humanized transgenic (hTG) mice the function of SP-A1 and SP-A2 was shown to have diverged in terms of tubular myelin (TM) formation, an extracellular form of pulmonary surfactant (39). Recently, in vivo functional differences between SP-A1 and SP-A2 genetic variants were observed in the regulation of alveolar macrophage actin cytoskeleton (40), the alveolar macrophage proteome (37, 41), the alveolar macrophage microRNAome (42), pulmonary mechanics (43) and bacterial-induced mortality (44). However, in a recent study SP-A1 was found to more efficiently affect surfactant structural organization compared to SP-A2 (36).

Ozone is one of the major air pollutants that can have a negative impact on a variety of biological processes including inflammation, increased airway reactivity, and an increased susceptibility to lung infection in humans (45–49). Ozone exposure can affect innate immunity, epithelial integrity, impair phagocytosis, and compromise mucociliary clearance (45, 50), and therefore can modulate risk for many respiratory diseases including asthma (47). Furthermore, a large population study demonstrated a significant increase in the risk of death from respiratory causes, with an increase of ozone concentration (51). Differences among individuals in ozone-induced symptoms have also been observed and polymorphisms in genes related to oxidative stress may underlie these differences Ozone-exposure has shown to have a negative impact on SP-A function (52). Differential effects on the function of SP-A1 and SP-A2 in vitro (28, 30, 33, 38) and in vivo (42, 52) have been observed.

In the present study we used gel-based proteomic analysis as a discovery tool to study potential molecular mechanisms, Specifically we used the 2D-DIGE proteomic approach along with MALDI-ToF/ToF to analyze global changes of proteins in lung BAL fluid to study the BAL proteome in hTG mice, each carrying an SP-A1 or SP-A2 variant, in response to K. pneumoniae infection and in the presence or absence of ozone.



MATERIALS AND METHODS


Animals

We have generated and characterized hTG SP-A1 (6A4) and SP-A2 (1A3) mice on the SP-A−/− (KO) C57BL/6 genetic background (39). These mice express human SP-A1 or SP-A2 and secrete it into BAL fluid. In this study, we used these hTG SP-A1 and SP-A2 mice, as well as SP-A KO C57BL/6 mice from the same litters as controls. The mice used in these experiments were 10–12 weeks old and ~25 g in body weight. The mice were bred and maintained under pathogen-free conditions and fed rodent chow and tap water ad libitum in the animal core facility. This study was approved by the Institutional Animal Care and Use Committee at the Pennsylvania State University College of Medicine.



Bacterial Strain

Klebsiella pneumoniae bacteria (ATCC 43816) were purchased from the American Tissue Culture Collection (Rockville, MD). Bacteria were cultured in 250 ml flasks with 50 ml of 3% tryptic soy broth (TSB) for 18 h at 37°C with shaking at 100 rpm. The bacterial culture was diluted in TSB to obtain an OD660 of 0.4 and then 200 μl of the diluted bacterial suspension was added to 50 ml of TSB medium and shaken for 3 h to reach mid-log phase of growth (OD660 ~0.4, corresponding to ~2 × 108 CFU/ml). Bacteria were placed on ice to stop their growth and then serially diluted in PBS to obtain ~9 × 103 CFU/ml. Mice were infected by the intratracheal instillation of 50 μl of the suspension with ~450 CFU/mouse.



Experimental Design and Mouse Model

A total of forty-eight 10–12 week old mice (8 male and 8 female hTG SP-A1mice, 8 male and 8 female hTG SP-A2 mice, and 8 male and 8 female SP-A KO mice) were divided into 12 groups with 4 animals per group (Table 1).



Table 1. Experimental design.
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Mice were exposed to either 2 parts/million (ppm) ozone or to filtered air (FA) for 3 h as described previously (13, 53). In brief, four mice were put into a glass exposure vessel with stainless steel wire mesh lids and then placed in a closed glass exposure chamber. Exposures to FA were conducted in parallel at room temperature and 50% humidity using the ozone exposure system as described previously (50, 53, 54). After FA or ozone exposure, the mice were immediately infected with K. pneumoniae bacteria. This was done by anesthetizing the mice, surgically exposing the trachea, and instilling 50 μl of bacterial suspension. The mice were sacrificed 24 h after infection by anesthetizing them with an intramuscular injection of a 40 μl mixture of Ketamine/HCl a (Ketaset, Fort Dodge Animal Health, IO) and Xylazine (XYLA-JECT, Phoenix Pharmaceuticals Inc., St. Joseph, MO) and exsanguination. The lungs were lavaged with normal saline.



Cell Counts and Total Protein Assessment in BAL

BAL was obtained by instilling 0.6 ml of saline into the lungs three times through a tracheal cannula using a volume equal to 80% of lung vital capacity (for a total of 1.5 ml). Total BAL fluid recovery was ~90% of the instilled volume and did not differ significantly between experimental groups. The BAL was centrifuged (150 × g, 10 min, 4°C) and the cell pellet was resuspended in saline (0.9% sodium chloride). Total cell counts were performed using a hemocytometer and cytocentrifuge (Cytospin) preparations were used to obtain differential cell counts. The cell-free BAL supernatant was frozen at −80°C for subsequent proteomic studies. Total protein concentrations in BAL were determined using the Bio-Rad protein assay (Bio-Rad, Hercules, CA).



TCA/Acetone Precipitation

One volume of ice cold 100% trichloroacetic acid (TCA) was added to four volumes of BAL, mixed and incubated overnight at 4°C. Following overnight incubation, samples were centrifuged (15,000 × g, 15 min, 4°C) and the protein pellets washed with 250 μl of chilled acetone, centrifuged again, and resuspended in a minimum volume of standard cell lysis buffer (30 mM Tris-HCl, 2 M thiourea, 7 M urea, 4% CHAPS, pH 8.5). The concentration of protein was adjusted to 2 mg/ml for CyDye labeling.



2D-DIGE Labeling (Minimal Labeling) and Electrophoresis for 2D-DIGE

Information about the 2D-DIGE is provided in a form that complies with the most recent version <http://www.psidev.info/sites/default/files/MIAPE_GE_1_4.pdf> of Minimum Information About a Proteomics Experiment—Gel Electrophoresis (MIAPE-GE) standards developed by the Human Proteome Organization Proteomics Standards Initiative (55) (Supplemental File 1). 2D-DIGE has been widely used to study the proteomic profiles (37, 41, 50, 54, 56–59). The methods of 2D-DIGE labeling and electrophoresis for 2D-DIGE used in this study have been described in previous publications (37, 41, 50, 54, 56, 59, 60).

For preparative (picking) gels an aliquot of 500 μg of sample was diluted with an equal volume of 2X sample buffer (2 M thiourea, 7 M urea, 2% IPG buffer (pH 4–7) and 1.2% DeStreak reagent) and then brought up to a volume of 450 μl with rehydration buffer (DeStreak™ Rehydration Solution and 0.5% IPG buffer (pH 4–7). Proteins were focused using the following voltages and times: 14 h at 0 V (passive rehydration); 6 h at 30 V (active rehydration); 3 h at 300 V (step and hold); 3 h at 600 V (gradient); 3 h at 1,000 V (gradient); 3 h at 8,000 V (gradient); 4 h at 8,000 V (step and hold). Each of the strips was equilibrated as described above and applied to a 10% polyacrylamide preparative picking gel (26 cm-w × 20 cm-h × 1 mm thick). After the completion of electrophoresis the preparative picking gels were stained with Deep Purple Total Protein Stain (GE, Healthcare) as described (50, 56, 60).



Gel Scanning and Image Analysis

Information about the acquisition and processing of data from the 2D-DIGE studies are provided in the form that complies with the most recent version of the guidelines established for Minimum Information about a Proteomics Experiment—Gel Informatics (MIAPE-GI) developed by the Human Proteome Organization Proteomics Standards Initiative http://www.psidev.info/sites/default/files/MIAPE_GE_1_4.pdf (Supplemental File 2). 2D-gels were scanned as described previously (50, 56, 60).

Gel images were imported into the Progenesis SameSpots v3.0 (Nonlinear Dynamics, Durham, NC) for analysis as described previously (50, 60). Gel alignment was conducted automatically and then checked manually to ensure correct alignment. A reference gel with minimum distortion and streaks was then selected from the Cy2 gels. Detection and matching of protein spots across all the gels was conducted automatically, then manually checked and edited to ensure correct matching, merging, and splitting of spots. All the included spots were transported to Progenesis PG240 module of the Progenesis SameSpots v3.0 software. Quantization of spots was accomplished by comparing the ratio of each Cy3 and Cy5 value to the values obtained from the normalization pool/Cy2 channel present on each gel.



Protein Identification by Mass Spectrometry

To identify specific proteins we collected spots from the preparative picking gel. We digested the gel pieces with trypsin and then eluted the digested peptides from the gel and analyzed them by MALDI-ToF/ToF as described previously (50, 56, 60). Peptides were analyzed by MALDI-ToF/ToF in the Mass Spectrometry Core at the Penn State University College of Medicine. A total of 5 μl of ZipTip cleaned samples (1 μl at a time) was applied onto a 384-well MALDI plate (Opti-TOF™ 384 Well Insert, Applied Biosystems, Foster City, CA) and then 0.7 μl of 2 mg/ml ACH cinnamic acid in 73:27 (acetonitrile:water) was then spotted on each well containing peptide. All 13 calibration wells on the MALDI plate were spotted with (1:12 diluted) 4700 calibrant. Autolytic trypsin peptides were also used to internally calibrate the spectra to an accuracy of 20 ppm. Peptides were then analyzed by MALDI-ToF/ToF mass spectrometry using a 4800 Proteomics Analyzer (Applied Biosystems), calibrated with Applied Biosystems 4700 Proteomics Calibration Mix. Using GPS Explorer 3.0 software (Applied Biosystems), the MS and MS/MS data were submitted to a MASCOT (v2.0.00) search engine for identification. The NCBI nonredundant database with the Mus musculus taxonomy and a concatenated, reversed “decoy” version were used for the searches with a mass accuracy of 50 ppm, 1 missed trypsin cleavage, fixed carbamidomethylation of cysteine residues and variable oxidation of methionine residues. A protein was considered identified if the MASCOT confidence interval was >95th percentile and those proteins with a MASCOT confidence interval <95% were excluded from the subsequent analyses.

The PANTHER database and the scientific literature were used to assign molecular function and biological process to each identified protein. As in our previous publications (37, 41, 50, 56, 59–61), we assigned the identified proteins to three broad functional groups in this study: (1) host defense proteins (DEF); (2) proteins involved in redox metabolism and balance (RED); (3) proteins involved in protein metabolism and modification (PMM). It should be noted that some proteins are involved in multiple functional groups in this study. In addition, the Ingenuity Pathway Analysis program (Ingenuity Systems, Redwood City, CA) was used to analyze the identified proteins and their changes between different types of mice in order to gain additional insight into the functional significance and the signaling pathway(s) involved.



Determination of NRF2 Levels in the Lungs of Ozone-Exposed Mice

In a separate study, C57BL/6J mice were exposed to 2 PPM of ozone for either 1, 2, or 3 h with 0, 1, 2, or 3 h of recovery time after ozone. Lungs were then harvested and nuclear and cytoplasmic extracts were prepared using Thermo Scientific NE-PER Nuclear and Cytoplasmic Extraction Reagents and following the manufacturer's instructions. Ten micrograms of each extract were then separated by SDS-PAGE and the proteins transferred to nitrocellulose for detection and quantitation of NRF2 levels by Western ECL and densitometry.



Statistical Analysis

Initial statistical analysis was performed in Progenesis SameSpots v3.0 by Student's t-test to confirm the level of significance among various groups. For identified proteins having multiple isoforms, the normalized volumes of all isoforms of a given protein were added together and statistical analysis was repeated on the totals. In the following analysis, all the data were expressed as mean ± SEM and analyzed by one-way analysis of variance or student's t test using the standard program software SigmaStat (version 3.5, SPSS). Differences were considered statistically significant at p < 0.05.




RESULTS

As stated in the section of Materials and Methods (Table 1), all mice in this study were infected with K. pneumoniae. Three types of mice used are: (1) hTG SP-A2 (1A3); (2) hTG SP-A1 (6A4) mice; (3) SP-A KO mice. Equal numbers of males and females were used in this study. Mice were sacrificed 24 h after bacterial infection.


Cell Counts and Total Protein Concentrations in the BAL

Total cell and differential cell counts in the BAL of each group with varying genotypes, sex, and exposure conditions are listed in Table 2. The data indicate significant differences between FA-exposed and ozone-exposed KO or hTG SP-A2 mice of both sexes. Typically there was a two- to three-fold increase in the ozone-exposed mice. Differences were less pronounced and not significantly different between FA- and ozone-exposed hTG SP-A1 mice of both sexes. Much of the increase in all markers was likely due to an influx of neutrophils, ranging from 14.4 to 37.8% in FA-exposed mice, and from 63.8 to 79.3% in ozone-exposed animals (Table 2). While some of this increase is due to the effect of ozone (53), most of it is probably due to the K. pneumoniae infection (56). There were no significant differences in the percentages of neutrophils or macrophages between male and female mice of each genotype and under both exposure conditions.



Table 2. Total cells and its composition from mouse BAL.
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We also determined the total protein concentration in the BAL of each group. The data from male and female mice of each genotype showed no remarkable differences, therefore, the data from male and female mice of each group were combined in this analysis. The results (Figure 1) indicated that total protein concentration of each ozone-exposed group was significantly higher (approximately three times) than that of the corresponding FA-exposed group (p < 0.01). These levels, and the ozone-induced increases, are consistent with observations we have published previously (53) indicating that these are largely a consequence of the ozone exposure rather than the infection. There were no significant differences among the three types of mice of FA-exposed groups, or among the ozone-exposed groups. To better understand the effect of ozone-induced increase of total proteins in BAL, three additional groups, which were not used for other analyses of this study, were used as controls. These were hTG SP-A1 mice with exposure to either ozone (SP-A1_O3_Saline) or FA (SP-A1_FA_Saline), in which 50 μl of saline were instilled instead of the bacterial suspension, as well as SP-A KO mice without any treatment. These results demonstrate that ozone exposure of mice was the major factor influencing the total protein concentration of the BAL under the present experimental conditions.
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FIGURE 1. Comparison of total protein concentration in the BAL fluid from exposed and infected mice. Three genotypes of mice (hTG SP-A1 and SP-A2 mice and SP-A KO mice) were exposed to ozone (3 ppm) or filtered air for 3 h and then intratracheally infected with 50 μl of bacterial solution (containing about 450 CFU of K. pneumoniae, control with 50 μl of saline). After 24 h of infection the mice were sacrificed and the lungs were subjected to BAL. Total protein concentration was determined in the supernatant of BAL. The results indicate that the total protein level of ozone-exposed mice, regardless of bacterial infection or saline control was significantly higher than that of FA-exposed mice (**p < 0.01). No significant difference is found among FA-exposed mouse groups regardless of infection or saline control, or among ozone-exposed mouse groups regardless of infection or saline control. In addition, no significant differences in total protein level in the BAL fluid are observed between KO background control and FA-exposed mice regardless of infection or saline control (The experimental groups and controls were separated by a vertical line).





Protein Identification of BAL by 2D-DIGE Analysis of hTG and KO Mice

BAL samples of the 12 experimental groups were subjected to 2D-DIGE and analyzed with Progenesis SameSpots. For 2D-DIGE analysis, BAL samples were labeled with Cy3 or Cy5 dye. A normalization pool consisting of equal aliquots of all samples was labeled with Cy2. Samples were separated by isoelectric focusing (pH 4–7) and then 10% PAGE-gel electrophoresis (2-D) as described in the Materials and Methods. A total of 36 proteins from 201 spots were identified by MALDI-ToF/ToF in this study (Table 3). The 36 identified proteins accounted for 89.62% of BAL proteins resolved in our gel system. Figure 2 shows a reference gel in which the 36 identified proteins are circled and numbered. In the case of proteins consisting of multiple isoforms, positive identification by MALDI-ToF/TOF was made on each isoform and statistical analysis was done on the sum of all isoforms. All identified proteins are shown in Table 3.



Table 3. List of identified proteins.

[image: image]





[image: image]

FIGURE 2. A representative reference gel with identified proteins. Protein spots identified by MALDI-ToF/ToF are circled and numbered, and the names of all the proteins and the corresponding numbers are given in Table 3. Many proteins have multiple isoforms in the 2-D gel and all isoforms of these proteins are identified and confirmed by MALDI-ToF/ToF.



To gain insight into the changes in protein levels, the identified proteins (n = 36) were assigned into three broad functional groups as described previously (37, 41, 50, 54, 56, 59–61). One group contained proteins (n = 24) involved in defense and immunity functions (DEF), including proteins playing roles in host defense, regulation of inflammatory processes, and other immune processes. The second group consisted of proteins (n = 15) playing a role in the regulation of redox balance in the lung (RED). These proteins are involved in the generation of reactive oxygen and nitrogen species (RONS), neutralization of RONS, or are proteins that bind molecules such as iron, copper, and heme. The third group consisted of proteins (n = 20) that we broadly categorized as being involved in protein metabolism and modification (PMM), including a number of proteases and antiproteases, several chaperones, proteins involved in molecular signal, and transportation processes (Table 3). It should be noted that many of the proteins studied have been assigned into more than one of the three groups because these proteins play roles in multiple biological processes. To perform 2D-DIGE, the same amount of protein from each sample was loaded on gels. However, because total BAL protein concentration was about 3 times higher in ozone-exposed mice than in FA-exposed mice, in order to have the same amount of protein from both FA- and ozone-exposed samples on gels we loaded a much smaller fraction of the total amount of BAL from the ozone-exposed samples on each gel. To compensate for this we corrected all values for normalized volumes of all spots so that they represented the quantity of each protein spot in the total amount of BAL. These corrected normalized volumes, representing a constant proportion of the total BAL in both ozone-exposed and FA-exposed mice, were used for all subsequent analyses.



Comparisons of BAL Proteomic Profiles of SP-A Genotypes in Response to FA or Ozone

This study included three experimental variables, e.g., SP-A genotype (SP-A1 or SP-A2), sex (male or female), and exposure (FA or ozone). To compare the influence of each genotype on the BAL proteomic profile 12 group comparisons were studied (Table 1S). The effect of each genotype in these comparisons was studied by examining the 6 male (first set) and 6 female (second set) comparisons separately. The percent change of each of the 36 identified proteins between two samples was calculated with the following formula. For example, to compare sample A to sample B, the % change = 100 × (the average content of A—the average content of B)/the average content of B. The % change of each of the 36 identified proteins, as well as significant difference between groups (p < 0.05) are shown in Table 1S. In addition, according to suggestions from previous publications (62, 63), a 25% protein content change (increase or decrease) was used as a threshold, because this is one of the criteria used for defining acute-phase response proteins. Therefore, the 25% change (increase or decrease) was used as a threshold in the subsequent analysis.

Infected Male Mice After Exposure to FA or Ozone

Comparison of FA-exposed and infected SP-A1 or SP-A2 vs. KO male mice

Based on Tables 1S, 2S, when compared to KO male mice, out of the 36 identified proteins, 15 proteins (42%) in SP-A1 male mice and 30 proteins (83%) in SP-A2 male mice, exhibited marked increases (% change >25%; pink highlighting). In addition, three proteins (i.e., Annexin A5, Glutathione S-transferase A4, and serum amyloid p-component) in SP-A1 male mice and complement component 3 in SP-A2 male mice were markedly decreased (% change > −25%; green highlighting) compared to KO male mice.

Comparison of ozone-exposed and infected SP-A1 or SP-A2 vs. KO male mice

In the comparison between infected SP-A1 and KO male mice and in response to ozone, only haptoglobin (no comparison of SP-A was done due to a lack of SP-A expression in KO mice) showed a pronounced increase of 33.6%, but the 14-3-3 zeta protein and the pregnancy zone protein exhibited a decrease by 31 and 26.1%, respectively (Table 1S). However, with ozone exposure, infected SP-A2 male mice exhibited marked increases in 16 (44%) of the 36 proteins compared with infected KO male mice, with 13 of the 16 proteins being in the host defense and immunity category (DEF) (Tables 1S–3S).

Comparison between FA- and ozone-exposed and infected SP-A2 and SP-A1 male mice

The results showed that 18 out of the 36 proteins exhibited increases between infected SP-A2M_FA vs. SP-A1M_FA mice (Table 1S), of which 12 of the 18 proteins were involved in host defense and immunity (Table 2S). With ozone exposure, more than half of the proteins (19 of the 36 proteins) showed increases, but one protein (hemopexin) showed a decrease by 27.7% between infected SP-A2M_O3 vs. SP-A1M_ O3 mice. Thirteen of the increased proteins were also found in the 18 increased proteins in FA exposure and in the 19 increased proteins in ozone exposure, indicating that the observed changes are primarily due to infection and not to ozone exposure. These findings indicate that the SP-A2 (compared to SP-A1) male mice directly or indirectly regulate levels of many proteins in response to FA and ozone.

Infected Female Mice After Exposure to FA or Ozone

Fewer differences in the BAL proteomic profile among SP-A genotypes in infected female mice were observed in response to FA or ozone.

Comparison of FA- and ozone-exposed and infected SP-A1 or SP-A2 vs. KO female mice

Of the 35 proteins (excluding SP-A due to its absence in KO mice), 14 (40%) proteins and 13 (37%) proteins in FA-exposed and infected SP-A1 and SP-A2 female mice, respectively, showed profound increases compared to KO female mice (data shown in the second set of Table 1S). However, if exposed to ozone, of the 35 proteins, 4 and 12 proteins in infected SP-A1 and SP-A2 mice, respectively, showed marked decreases, and only two proteins (annexin A5 with increase of 145.3% and glutathione S-transferase A4 with increase of 55.3%) in infected SP-A2 female mice were expressed at higher levels than infected KO female mice. These indicate that the infected SP-A2 female mice are profoundly affected and more responsive to ozone exposure than the infected SP-A1 female mice.

Comparison of FA- or ozone exposed and infected SP-A2 and SP-A1 female mice

The results demonstrated that out of the total 36 proteins, 4 (11%) proteins (annexin A5, heat shock protein 1A, Kpnb1 protein, and SP-A) with marked increase and 4 (11%) proteins (glutathione S-transferase A1, 14-3-3 zeta protein, glutathione S-transferase A4, and Sec14-like 3) with marked decrease in infected SP-A2 female mice compared to infected SP-A1 female mice exposed to FA (Tables 1S, 2S). If exposed to ozone, infected SP-A2 female mice showed increases in 3 proteins (annexin A5, glutathione S-transferase A4, and SP-A), and decreases in 5 proteins (complement component 3, heat shock protein 1A, Kpnb1 protein, murinoglobulin-1, and Serpin A1 compared to infected SP-A1 female mice (Tables 1S, 2S).



Specific Proteins With Significant Differences in SP-A Genotypes

Several of the 36 identified proteins exhibited statistically significant differences in the level of protein expression in several comparisons in SP-A genotypes. It should be noted that comparisons between ozone-exposed to FA-exposed infected mice were excluded because of about two thirds of the 36 proteins were found to be significantly different between ozone-exposed and FA-exposed mice. Below we focus on comparisons of infected males and females, exposed to FA or to ozone.

Statistically significant differences were observed primarily in males with only two protein changes in female mice (i.e., SP-A level between SP-A1F_FA and SP-A2F_FA, and haptoglobin level between SP-A1F_O3 and KOF_O3) (Figure 3). In male mice, three specific proteins exhibited significant differences in at least two of the 6 comparisons (Figure 4). These proteins include annexin A5, 14-3-3 zeta protein, and glutathione S-transferase A4. These are involved in host defense (annexin A5, 14-3-3 zeta protein, and glutathione S-transferase A4), redox balance (glutathione S-transferase A4), and protein metabolism (14-3-3 zeta protein) in lung physiology and pathophysiology (64).
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FIGURE 3. Representative graphs of significant protein changes among genotypes in female mice. Two proteins (haptoglobin and SP-A) exhibit significant differences in comparisons among SP-A genotypes of female mice after exposure to ozone (O3) or filtered air (FA). Histograms depicting levels of each specific protein are shown in (A) (Haptoglobin) and (B) (SP-A). Comparisons between groups that were statistically significant (p < 0.05) are indicated with a bracket.
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FIGURE 4. Representative graphs of significant protein changes among genotypes in male mice. The proteins shown exhibit significant differences in at least 2 group comparisons among genotypes of male mice [SP-A1 (A1), SP-A2(A2), KO] after exposure to O3 or filtered air (FA) following bacterial infection. Histograms depicting levels of each specific protein includes: (A) annexin A5; (B) glutathione S-transferase A4; (C) 14-3-3 zeta protein. Comparisons between groups that were statistically significant (p < 0.05) are indicated with a bracket.



Proteins with significant differences in male mice after ozone exposure that are found only in one comparison out of 6 comparisons made are shown in Figure 5, and include SP-A, (similar to) glutathione S-transferase A1, glutathione S-transferase, omega 1, and Rho GDP dissociation inhibitor, alpha. As stated in the introduction, SP-A plays a critical role in host defense, regulation of inflammation, homeostasis, and anti-oxidative damage in lung (1, 65). Ozone-exposed SP-A2 mice had higher level of glutathione S-transferase A1 than ozone-exposed KO mice and had higher levels of glutathione S-transferase, omega 1, and Rho GDP dissociation inhibitor, alpha, than ozone-exposed SP-A1 male mice. Thus, the SP-A2 mice in response to ozone not only express a higher level of SP-A protein compared to SP-A1 mice (Figure 5A), but they appear to directly or indirectly regulate/influence the expression of other proteins (also see Figure 4). Of interest, SP-A content in SP-A1 and SP-A2 male mice in response to a single insult (infection) is the same, but in response to a double insult (infection and ozone exposure) the SP-A content in the SP-A2 mice is significantly higher (p < 0.05) than that in SP-A1 mice (Figure 5A). On the other hand, in female FA infected SP-A2 mice the SP-A content is significantly increased (p < 0.05) by 137.3% compared to SP-A1 female mice, but no differences were observed in SP-A levels between SP-A1 and SP-A2 female mice after ozone exposure (Figure 3B). In addition, four proteins (complement C5, haptoglobin, hemopexin, and lactate dehydrogenase 2) exhibited small but significant changes in FA-exposed SP-A1 mice compared to FA-exposed KO male mice (Figure 6).
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FIGURE 5. Representative graphs of specific protein changes among genotypes of ozone-exposed male mice. Histograms depict levels of each specific protein, (A) SP-A; (B) (Similar to) glutathione S-transferase A1; (C) glutathione S transferase, omega 1; (D) Rho GDP dissociation inhibitor (GDI) alpha. These proteins exhibit significant differences in one group of comparisons of male mice with different genotypes (A1, A2, KO) after exposure to O3 and bacterial infection. Comparisons between groups that are statistically significant (p < 0.05) are indicated with a bracket.
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FIGURE 6. Representative graphs of specific protein changes among genotypes of FA-exposed mice. Histograms depicting levels of each specific protein are included in (A) complement C5; (B) haptoglobin; (C) hemopexin; and (D) Lactate dehydrogenase 2. These proteins exhibit significant differences in one of the comparisons of male mice with different genotypes (A1, A2, KO) after exposure to filtered air (FA) and bacterial infection. Comparisons between groups that were statistically significant (p < 0.05) are indicated with a bracket.





Signaling Pathways Associated With Ozone Exposure and Infection

To explore signaling pathways involved in this experimental model the 36 identified proteins were analyzed with the Ingenuity Pathway Analysis program. The results indicate that 11 proteins (albumin, ceruloplasmin, complement C5, complement component 3, haptoglobin, hemopexin, Serine protease inhibitor A1, Serine protease inhibitor A1c, Serine protease inhibitor A1e, serum amyloid P-component, transferrin) of the 36 proteins are related to the acute phase response (APR) signaling pathway (p-value = 4.17E-11), in which most of them were associated with the ERK1/2 and NF-IL6 signaling pathways (Figure 7). Most of the 11 proteins found with a marked change in the present study were members of the NF-IL6 pathway. For example, the comparison between SP-A2M_FA and KOM_FA (shown in Figure 7), revealed that 8 (ceruloplasmin, haptoglobin, hemopexin, serine protease inhibitor A1, serine protease inhibitor A1c, serine protease inhibitor A1e, serum amyloid P-component, transferrin) of the 11 proteins increased more than 25% (marked in red) and one (complement component 3) decreased more than 25% (marked in green); the other two (marked in gray) exhibited <25% change. As shown in Figure 7 the three proteins encoded by serine protease inhibitor A1, serine protease inhibitor A1c, serine protease inhibitor A1e are shown together as “SERPINA1.” The differences in the levels of protein expression of the 11 proteins between SP-A2 and KO male mice provide evidence that the SP-A2 protein could regulate/influence the expression of other proteins that are involved in the APR signaling pathway, specifically in the ERK1/2 and NF-IL6 pathways in this experimental model.
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FIGURE 7. The APR signaling pathway is associated with ozone exposure and bacterial infection. A total of 36 proteins were identified in this study and were used for Ingenuity Pathway Analysis. The canonical “APR signaling” pathway was found to be associated with these proteins (p < 4.17E-11). An example of the comparison among SP-A genotypes is shown for the SP-A2M_FA vs. KOM_FA comparison where proteins with increases in (>25%) expression are shown in red, proteins with decreases (>-25%) are shown in green, and proteins with changes <25% are shown in gray. ERK1/2 and NF-IL6 in the pathway are indicated with red arrows.



The SP-A1M_FA vs. KOM_FA comparison revealed a similar number of proteins with changed levels (>25%) (8 in the SP-A1 comparison vs. 9 in the SP-A2 comparison described above). Six of the changing proteins; ceruloplasmin, haptoglobin, hemopexin, serine protease inhibitor A1c, serine protease inhibitor A1e, and transferrin were the same between the SP-A1M_FA and SP-A2M_FA, when each of them was compared to KOM_FA. All showed a similar trend (either increase or decrease) with the exception of serum amyloid P-component which was decreased in the SP-A1M_FA and increased in the SP-A2_FA. However, in FA-exposed females of either genotype or in response to ozone a considerably fewer number of proteins in the APR pathway exhibited changes (>25%) for FA: SP-A1 n = 1 (albumin with increase); SP-A2 n = 1 (haptoglobin with decrease); for ozone: SP-A1 n = 1 (complement C5 with decrease); SP-A2 n = 3 (all decreases of complement component 3, haptoglobin, and serine protease inhibitor A1c). The results indicate that the role of SP-A genotype in response to bacterial infection and FA or ozone exposure may be through the APR (ERK1/2 and NF-IL6) signaling pathway, especially for males in response to infection and FA exposure.

Furthermore, four additional pathways were identified to be related to the BAL protein changes although only a few proteins were associated with these pathways. These include the Nrf2-mediated oxidative stress response pathway (p-value = 3.98E-4) with 4 changed proteins (gamma-actin, glutathione S-transferase A1, glutathione S transferase, omega 1, and glutathione S-transferase A4), the glutathione metabolism pathway (p-value = 2.2E-5) with 3 changed proteins (glutathione S-transferase A1, glutathione S transferase, omega 1, and glutathione S-transferase A4), the aryl hydrocarbon receptor signaling pathway (p-value = 1.81E-4) with 4 proteins (heat shock protein 1A, glutathione S-transferase A1, glutathione S transferase, omega 1, and glutathione S-transferase A4), and the xenobiotic metabolism signaling pathway (p-value = 2.47E-4) with 5 proteins (heat shock protein 5, glutathione S-transferase A1, glutathione S transferase, omega 1, and glutathione S-transferase A4, esterase 1). The three members (glutathione S-transferase A1, glutathione S transferase, omega 1, and glutathione S-transferase A4) of the glutathione S-transferase family were determined to be associated with all the identified pathways. We observed differences in the levels of expression of several members of glutathione S-transferase family in several comparisons among SP-A genotypes, indicating that there may be an important effect of the SP-A genotype on the activation of these in response to bacterial infection and FA/ozone exposure.



Experimental Confirmation of Nrf2 Signaling Activation

Nrf2 has been identified as an important pathway in proteomics studies of this study, as well as previous studies (41, 59, 61), where the alveolar macrophage proteome in hTG SP-A1 and SP-A2 mice was studied in response to ozone-induced oxidative stress and/or infection. Here we performed a pilot experiment to confirm its involvement in ozone-induced oxidative stress. Nuclear and cytoplasmic extracts of the lung tissue from treated mice, exposed to ozone (2 ppm) for 1, 2, and 3 h with a post-exposure recovery period of 0, 1, 2, and 4 h were used to study the change of Nrf2 level. Figure 8 shows a time-dependent translocation of Nrf2 to the nucleus following ozone-induced oxidative stress, indicating that Nrf2 does play a role in the system.
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FIGURE 8. Nuclear and cytoplasmic levels of NRF2 in lung tissue after ozone exposure. Mice were exposed to 2 PPM ozone for 1, 2, or 3 h and then allowed to recover for either 0, 1, 2, or 3 h after exposure. Lungs were then removed, and nuclear and cytoplasmic extracts prepared and run on SDS-PAGE gels. NRF2 levels were quantitated by Western blot ECL and densitometry (• nuclear, ■ cytoplasmic). The results indicated the time-dependent translocation of Nrf2 from cytoplasm to nucleus after ozone exposure (*P < 0.05; **P < 0.01).






DISCUSSION

SP-A plays critical roles in host defense, regulation of inflammation, and surfactant-related physiology in the lung. Structural and functional differences have been observed between human SP-A1 and SP-A2 proteins expressed in vitro by insect or mammalian cells (26–34) and in vivo, ex vivo, or in vitro (36, 37, 39–44). In the present study we have used hTG SP-A1 and SP-A2 and SP-A KO mice, and studied in vivo the effect of human SP-A1 and SP-A2 genotypes on BAL proteomic profile and associated signaling pathways in response to bacterial infection in the presence or absence of ozone.

All the data from this study are summarized in Figure 9. This Figure shows that after FA exposure and infection, when compared to KO, the number of proteins with increased level (>25%) are SP-A2 > SP-A1 > KO in male mice, and SP-A2 ≈ SP-A1 > KO in female mice, and after ozone exposure and infection, SP-A2 > SP-A1 ≈ KO in male mice, and SP-A2 > SP-A1 ≈ KO (decrease) in female mice. These observations indicate genotype and sex differences in the BAL proteome under the studied conditions. A greater number of proteins were found with altered levels in SP-A2 male mice compared to SP-A1 and this was independent of the presence or absence of ozone exposure. This is consistent with in vitro observations, where SP-A2 variants had a higher ability than SP-A1 variants to stimulate cytokine production by macrophage-like THP-1 cells (27, 30, 38), to enhance phagocytosis of bacteria by macrophages (29, 31–33), and to interact with LPS and phospholipids (26, 35). Female mice, on the other hand, showed no differences between SP-A2 and SP-A1 mice under the same conditions. However, if in addition to infection, these were exposed to ozone, the SP-A2 mice had a higher number of proteins with altered levels compared to SP-A1 or KO mice, with no major differences observed between SP-A1 and KO mice in either males or females. This general observation is in line with recent findings showing that the alveolar macrophage miRNome from male SP-A2 mice in response to ozone-induced oxidative stress, differs significantly from that of the SP-A1 (42).
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FIGURE 9. A summary of the BAL proteome and signaling pathways in this study. This figure, following synthesis of all the data, depicts patterns of male (M) and female (F) mice of SP-A1 vs. KO, SP-A2 vs. KO, and SP-A2 vs. SP-A1 after FA or ozone exposure and bacterial infection. An up (↑) arrow (red) and down (↓) arrow (green) indicate increases (>25%) and decreases (>-25%), respectively. The percentage of changed proteins (>25% increase or >-25% decrease) is shown under M and F. In the signaling pathway of related proteins, up (↑) arrows (red) indicate that the number of proteins involved in the signaling pathways with increases (>25%) is more than that of the proteins showing decreases (>-25%). The number in double up (↑↑) arrows (red) is more than in single up (↑) arrows (red). Down (↓) arrows (green) indicates that the number of decreased proteins (>-25%) is more than the number of increased proteins. “=” means no marked changes of proteins (<25%). Based on this model, we found differential effects of SP-A genotypes and sex on the patterns of BAL proteomes and signaling pathways in response to ozone exposure and bacterial infection.



In vitro ozone exposure of SP-A variants has been shown previously to decrease the functional activity of SP-A1 and SP-A2 variants (28, 30, 33, 38). Although ozone exposure has been shown to affect the functional activity of SP-A2 relatively more compared to SP-A1, at low physiological concentrations no difference was observed in SP-A2 and SP-A1function after ozone exposure (33) indicating a concentration-dependent effect of ozone-induced oxidation. Whether the differences in the proteomic profiles between hTG SP-A1 and SP-A2 mice may reflect regulatory differences in the translation between SP-A1 and SP-A2 (66) and/or qualitative functional differences between SP-A1 and SP-A2 remains to be determined. For example, there are 15 DEF proteins with marked increase in ozone-exposed hTG SP-A2 male mice compared to ozone-exposed SP-A1 male mice (Table 1S). These proteins could play a critical role in the host defense and inflammatory regulation in the lung in the presence of pneumonia and/or oxidative stress.

Increased levels of proteins related to APR signaling pathway were found in the FA-exposed SP-A1 and SP-A2 mice (except for SP-A2 female where it may decrease) compared to the FA-exposed KO mice; SP-A2 males showed an increase compared to SP-A1 males with no differences between SP-A1 and SP-A2 females. After ozone exposure, SP-A1 and SP-A2 male mice exhibited increased levels of APR related proteins compared to KO male mice, and SP-A2 male mice showed increased APR protein level compared to SP-A1 male mice. Recently as noted above, ozone exposure was shown to differentially affect the microRNAome of the alveolar macrophage in SP-A1 and SP-A2 mice, with SP-A2 mice exhibiting a more robust response (42). However, after ozone exposure, SP-A1 and SP-A2 female mice showed decreased levels of proteins related to the APR signal pathways compared to KO female mice; SP-A2 females showed decreased levels when compared to SP-A1 female mice. Together, these indicate that the BAL proteome is SP-A genotype- and sex-dependent in response to environmental insults.

The APR (ERK1/2 and NF-IL6) signal pathway has been shown to play a critical role in host defense against various infections and in the regulation of inflammation, as well as in oxidative stress (67). The ERK1/2 signaling pathway was involved in an SP-A-enhanced response of macrophages to mycobacteria (68). In the present study SP-A2 and SP-A1 mice compared with SP-A KO mice showed a regulatory effect on BAL protein expression that are associated with the activation of APR (ERK1/2 and NF-IL6) signaling pathways. After ozone exposure, however, only SP-A1 and SP-A2 male mice, but not females, could maintain this regulatory ability (Figure 9). This is of interest and consistent with survival studies where females showed decreased survival after O3 exposure of infected mice (13, 14, 69, 70), allowing us to speculate that the regulatory changes observed in males are positive with regards to survival. The present findings indicate that male mice may have a dominant effect or greater ability to regulate the APR (ERK1/2 and NF-IL6) signaling pathway that does not occur in female mice. It is likely that other sex-related factors such as sex hormones are involved in the regulation of the APR (ERK1/2 and NF-IL6) signaling pathway in the response to infection and ozone-induced oxidative stress (14, 42, 43, 71). NF-kB signaling is a critical part of the APR pathway and a few proteins were associated with the NF-kB pathway from the 36 proteins identified in this study. NF-kB signaling is essential for bacterial infection and inflammatory regulation. Previous studies have provided evidence that SP-A activates NF-kB (72) through accumulation of inhibitory IkB-a (73, 74) or direct interaction with cell receptors like TLR-2 and TLR-4 (72, 75–77) or SIRP alpha and CD91 (78). In response to ozone the ability of SP-A to activate NF-kB is decreased as assessed by the lack of changes in the nuclear p65 and cytoplasmic IkB-a levels (79). Furthermore, the data from this in vivo study are consistent with the results in WT mice exposed to ozone (14, 50, 56), as well as in vitro findings (33, 38), where ozone-exposed SP-A1 and SP-A2 mice reduced (for male) or abrogated (for female) the ability to enhance APR (ERK1/2 and NF-IL6) signaling pathway activation.

Four other signaling pathways including the Nrf2 signaling pathway appeared significant but had fewer proteins than the APR. The Nrf2 signaling pathway has been shown to be a cellular defense mechanism against oxidative stress and inflammation (80, 81). Under normal conditions, Nrf2 is sequestered in the cytoplasm via binding to its repressor molecule Keap1, but under oxidative ER stress, the Nrf2 is released from its repressor and translocated into nucleus to regulate antioxidant molecules. Experimental evidence has shown that the Nrf2 signaling pathway is important for oxidative stress and inflammation (80–82), and Nrf2 signal is a critical regulator of innate immune response and survival during sepsis (83, 84). Nrf2-deficient mice exhibit enhanced susceptibility to severe airway inflammation and asthma (85) and to cigarette smoke-induced emphysema (86). Nrf2 has been shown to be an important pathway in a rescue experiment where SP-A KO mice were treated with exogenous SP-A and the proteomes of the alveolar macrophages from the KO and rescue mice were studied (59, 61). The findings from this study indicate that SP-A1 and SP-A2 infected mice exhibit higher levels of Nrf2-related protein expression than KO mice, suggesting that SP-A plays protective roles against infection and oxidative stress. SP-A1 mice exhibit sex differences in this regard. After ozone exposure the effect of SP-A1 was eliminated, but SP-A2 males (but not females) still showed increased level of proteins associated with the Nrf2 pathway (Figure 9). This is consistent with recent findings where the SP-A2 male miRNome of the alveolar macrophage exhibited a robust response after ozone exposure compared to SP-A1 males and females and SP-A2 females (42). Furthermore, male mice after ozone exposure and infection had been shown to have a better survival compared to females (13, 14, 52) and these sex differences were minimized or eliminated after gonadectomy (71) implicating sex hormones. Therefore, it is possible that sex hormones play a role in this SP-A1/SP-A2 genotype-sex interaction.

Of interest, the Nrf2 pathway is part of the xenobiotic metabolism signaling pathway, which was also associated with protein changes in this study. In addition, the glutathione metabolism pathway and the aryl hydrocarbon receptor signaling pathway are associated with the protein changes in this model. These pathways share three proteins, i.e., glutathione S-transferase A1, glutathione S transferase, omega 1, and glutathione S-transferase A4, which are present in the Nrf2 and the xenobiotic metabolism signaling pathways. The major function of the glutathinone S-transferase superfamily is to detoxify xenobiotics by catalyzing the nucleophilic attack by GSH on electrophilic carbon, sulfur, or nitrogen atoms of nonpolar xenobiotic substrates, thus preventing the damage of crucial cellular proteins and nucleic acids in cells (87).

Eleven proteins were observed to be statistically significant different among mice with different SP-A genotype and with or without ozone exposure. SP-A2 mice showed higher levels of annexin A5, SP-A, 14-3-3 zeta protein, and glutathione S-transferase A4 than SP-A1 and KO mice in response to ozone and infection (Figure 4). These proteins are involved in host defense, immunity functions, and redox balance. Therefore, higher levels of defense and immunity proteins are likely to enhance the ability of SP-A2 mice to protect the lung from bacterial infection and ozone-induced oxidative stress. Annexin A5 regulates the permeability of the channel pore to ions and plays a central role in the machinery of membrane repair (88, 89). In addition, 14-3-3 zeta protein is an important regulator for a wide range of regulatory processes, such as mitogenic signal transduction, and apoptotic cell death (64). Although members of the 14-3-3 family regulate SP-A2 expression by directly binding at the 5′UTR, the 14-3-3 zeta isoform did not appear to be involved (66). In infected SP-A2 mice the 14-3-3 zeta protein level was higher than in infected SP-A1 and KO mice (Figure 4C). Whether this higher level could improve neutrophil cell apoptosis and benefit apoptotic cell clearance in the alveolar space remains to be determined. Moreover, as mentioned above, infected SP-A2 mice could increase the expression levels of the Nrf2 signaling pathway-related proteins, such as members of glutathione S-transferase family. The higher levels of these Nrf2-related proteins may enhance the defense ability in hTG SP-A2 mice against various infection and environmental insults such as oxidative stress and LPS exposure (80, 85, 90). Although SP-A1 mice have a lower level in host defense-related protein expression compared to SP-A2 mice, about one half of the 36 identified proteins in SP-A1 mice increased when compared to KO mice after infection. However, these increases were abrogated after ozone exposure. This indicates that the biological function mediated by these proteins in hTG mice could be significantly impaired in vivo by ozone-induced oxidation. In fact, SP-A oxidation in WT mice after ozone exposure has been observed (52, 53) and this may result in a reduction of function (52).

In summary, the findings of the present study, where the in vivo differential effects of SP-A genotypes were investigated on the BAL proteomic patterns and associated signaling pathways in response to ozone or FA exposure and bacterial infection, revealed: (a) ozone exposure significantly increases the level of total BAL proteins compared to bacterial infection alone; (b) of the 36 proteins identified in BAL fluid, 11 were found with significant differences in one or more comparisons of the study groups; (c) APR and Nrf2 related signaling pathways were identified as important pathways in response to SP-A genotype, sex and ozone/FA exposure in this bacterial infection. The NF-kB signaling, a critical part of the APR pathway may also play an important role. These findings may provide new insight into molecular mechanisms of human SP-A1 and SP-A2 genetic variants in response to environmental insults.
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Surfactant proteins (SP) are involved in surfactant function and innate immunity in the human lung. Both lung function and innate immunity are altered in CF, and altered SP levels and genetic association are observed in Cystic Fibrosis (CF). We hypothesized that single nucleotide polymorphisms (SNPs) within the SP genes associate with CF or severity subgroups, either through single SNP or via SNP-SNP interactions between two SNPs of a given gene (intragenic) and/or between two genes (intergenic). We genotyped a total of 17 SP SNPs from 72 case-trio pedigree (SFTPA1 (5), SFTPA2 (4), SFTPB (4), SFTPC (2), and SFTPD (2)), and identified SP SNP associations by applying quantitative genetic principles. The results showed (a) Two SNPs, SFTPB rs7316 (p = 0.0083) and SFTPC rs1124 (p = 0.0154), each associated with CF. (b) Three intragenic SNP-SNP interactions, SFTPB (rs2077079, rs3024798), and SFTPA1 (rs1136451, rs1059057 and rs4253527), associated with CF. (c) A total of 34 intergenic SNP-SNP interactions among the 4 SP genes to be associated with CF. (d) No SNP-SNP interaction was observed between SFTPA1 or SFTPA2 and SFTPD. (e) Equal number of SNP-SNP interactions were observed between SFTPB and SFTPA1/SFTPA2 (n = 7) and SP-B and SFTPD (n = 7). (f) SFTPC exhibited significant SNP-SNP interactions with SFTPA1/SFTPA2 (n = 11), SFTPB (n = 4) and SFTPD (n = 3). (g) A single SFTPB SNP was associated with mild CF after Bonferroni correction, and several intergenic interactions that are associated (p < 0.01) with either mild or moderate/severe CF were observed. These collectively indicate that complex SNP-SNP interactions of the SP genes may contribute to the pulmonary disease in CF patients. We speculate that SPs may serve as modifiers for the varied progression of pulmonary disease in CF and/or its severity.

Keywords: surfactant protein, SP-A, SP-B, SP-C, SP-D, cystic fibrosis


INTRODUCTION

Cystic fibrosis (CF) is an autosomal multi-organ recessive inherited disease. Mutations in the cystic fibrosis transmembrane conductance regulator (CFTR) protein are key in CF pathogenesis (1). CFTR is activated via cAMP through β2 adrenoceptor stimulation; coding sequence polymorphisms in the CFTR result in CF (2). CFTR functions as a chloride channel on the surface of airway epithelial cells. In patients with CF, loss of CFTR channel function at the cell surface results in impermeability and increased sodium absorption (3, 4). Depletion of the airway surface liquid causes reduced mucus clearance resulting in bacterial colonization, recurrent infections, chronic inflammation, and irreversible damage to the airway epithelium.

Pulmonary function deterioration is one of the primary complications of CF and pulmonary surfactant is essential for normal lung function. Pulmonary surfactant, a surface-active lipoprotein complex, is composed of 90% lipids and 10% surfactant proteins. The latter includes plasma proteins and surfactant proteins SP-A1, SP-A2, SP-B, and SP-C. The surfactant proteins comprise a hydrophobic group of proteins (SP-B and SP-C) and a hydrophilic group of proteins (SP-A1 and SP-A2). The SP-D, although co-isolates with surfactant, is not an integral part of the surfactant complex, but it is grouped with SP-A1/A2 based on its structural similarity and function (5, 6). Pulmonary surfactant is synthesized and secreted by the alveolar epithelial Type II cells of the lung and maintains the stability of the pulmonary tissue by reducing the surface tension of fluids that coat the lung. Broadly speaking the hydrophobic surfactant proteins (SP-B and SP-C) are primarily involved in surface properties of surfactant and are important for normal lung function (7); the hydrophilic proteins (SP-A1, SP-A2, and SP-D) are primarily involved in host defense (6, 8, 9), although SP-A1 and SP-A2 exhibit differential effects on the surfactant structural reorganization (10), on the organization of phospholipid monolayers containing SP-B (11), and lung mechanics (12). Moreover, lipid-mediated interactions of SP-A/SP-B may contribute to normal lung surfactant function (13).

Unlike in rodents that have a single gene encoding surfactant protein A (SP-A), in humans SP-A consists of SP-A1 and SP-A2 encoded by SFTPA1 and SFTPA2, respectively; each gene has been identified with several genetic variants (14), and these have been shown to associate with several pulmonary diseases (15, 16). The human SP-D locus is linked to the SP-A locus and is located proximal to the centromere at approximately 80–100 kb from the SFTPA2 gene (14). Genetic associations between SFTPD SNPs and lung disease have also been identified (17, 18). Although SP-A1, SP-A2, and SP-D are molecules of the innate immunity of the lung, there may be differences in the mechanisms via which host defense is achieved (19, 20). Surfactant proteins SP-B and SP-C play a key role in lung function in normal lung. SP-B is essential for life (21), and both SP-B and SP-C via their role in surfactant function may contribute to CF.

Lung surfactant proteins may contribute to the outcome in CF (22). Bronchoalveolar lavage levels of SP-A have been shown to be increased early in the course of the CF (23), but decrease as disease progresses. Lower levels are correlated with more inflammation and diminished lung function (22, 24–27). Although, the level of SP-B (encoded by SFTPB) was unchanged in BAL from CF patients (24, 28, 29), in CF patients with mild lung disease (30) SP-B was found to be increased, but SP-A did not change. No changes were observed in the levels of SP-C and SP-D, encoded by the SFTPC and SFTPD genes, respectively. However, increased levels of SP-D were observed in serum of CF patients (31).

Moreover, in CF patients with well-conserved lung function (26), SP-C was increased, SP-A was decreased but SP-B and SP-D were not changed. Recently, it was reported that in CF patients, complex forms of SP-A were associated with better lung function. This indicates that the structural organization of SP-A affects its functional activity and this is linked to disease severity (32). SP-A1, shown previously to form higher size oligomers compared to SP-A2 (33), was shown recently to affect more efficiently (than SP-A2) the structural organization of surfactant, which in turn may affect lung function (10). Furthermore, genetic associations of SFTPA1 and SFTPA2 with CF have been observed (34). Moreover, different size SP-D oligomers have been associated with functional differences in patients with chronic lung disease such as CF (35).

Because individuals with identical CFTR mutations may differ in their pulmonary disease, it has been postulated that other genetic factors (i.e. gene modifiers) as well as the microenvironment may contribute to the variable outcome of pulmonary disease (36–41). Surfactant proteins play an important role in surfactant function (7, 34, 42), pulmonary mechanics (12), and innate immunity (6, 8, 9). Furthermore, disruption of these functions can compromise normal lung health. Therefore, we postulated that the surfactant proteins contribute to the progression of the pulmonary disease in CF. We hypothesized that multiple genetic variants of the surfactant protein genes, SFTPA1, SFTPA2, SFTPB, SFTPC, and/or SFTPD, are associated with CF or disease severity subgroups (mild and moderate/severe) through single genetic variations within a gene, and through intragenic or intergenic interactions between variants of a single gene or variants of two different genes. Allele frequencies and linkage disequilibrium of these loci in races and ethnic groups has been previously studied (43). We further hypothesized that some of the associations are unique to patients with mild CF and moderate/severe CF. The observations made indicate that complex SNP-SNP interactions of the surfactant protein genes may contribute to the pulmonary disease in CF patients, and the SPs could serve as modifier genes in lung CF.



MATERIALS AND METHODS


Study Samples

The patient samples were collected with informed and written consent from patients and/or parents under an approved protocol by the institutional review board from the Human Subject Protection Office of the Pennsylvania State University College of Medicine. The clinical data of the study samples are given in Supplementary Table 1 and summarized below.

Seventy-two pedigrees (family trees) were studied, of which, 43 pedigrees had one case with two parents, 21 pedigrees had one case with a single parent, five pedigrees had 2 cases with 1 or 2 parents, and 3 pedigrees had 1 or 2 cases in 3 generations. There were a total of 205 study samples in the 72 pedigrees and of these 79 were CF cases. Their ethnicity was as follows: 198-White, 7-Hispanic; 196-American, 6-Mexican, and 3- Unknown (Supplementary Table 1). A correction for ethnicity and sex was performed in the analysis but no correction was made for age. The lung function was assessed by standard spirometry, and for children, <5 years of age, assessment of disease severity was done by the clinical scoring of CXR by the Wisconsin Scoring System (44, 45). CF disease severity was classified as mild, moderate, and severe by lung function impairment based on percent predicted forced expired volume in 1 sec (FEV1). FEV1/FVC: mild = 70–89%; moderate = 40–69%; severe ≤ 40% (Cystic Fibrosis Foundation). The number of patients in the present study under this classification is as follows: severe in 4 cases, moderate in 11 cases, and mild in 64 cases.



DNA Isolation

Genomic DNAs were prepared from blood samples using QIAamp Blood kit following the manufacturer's instructions (Qiagen, Valencia, CA, United States).



Selected Genetic Variations for This Study

The target surfactant protein genes, SFTPA1, SFTPA2, SFTPB, SFTPC, and SFTPD, were selected based on gene function and association with lung diseases (especially with CF) from our findings and other published data as described above. A total of 17 genetic SNPs were selected. These SNPs were previously shown to associate with various lung diseases, be important in function or structure, or other: 5 SNPs from SFTPA1, rs1059047, rs1136450, rs1136451, rs1059057, and rs4253527; 4 SNPs from SFTPA2, rs1059046, rs17886395, rs1965707, and 1965708; 4 SNPs from SFTPB, rs7316, rs2077079, rs3024798, and rs1130866; 2 SNPs from SFTPC, rs4715 and rs1124; and 2 SNPs from SFTPD, rs721917 and rs2243639. The SNP ID, other used name, nucleotide change, and association with human disease as well as related references are given in Table 1. The genotype frequencies of these SNPs in mild and moderate CF compared to controls are given in Supplementary Table 2.



Table 1. Genetic variations of surfactant proteins SFTPA1, SFTPA2, SFTPB, SFTPC, and SFTPD association with disease.
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Genotype Analysis

The PCR-based RFLP or cRFLP (135) method was used for genotyping as described in previous publications for SFTPA1, SFTPA2, and SFTPD (136, 137), SFTPB (133, 137), and SFTPC (61). The PCR primer sequences and restriction enzymes used are given in Table 2. Briefly, PCRs were performed at 95°C for 2 min, 5 cycles of 95°C for 30 seconds, 50°C for 1 min, and 70°C for 1 min, then 25 cycles of 95°C for 30 s, 55°C for 1 min, and 70°C for 1 min, followed by an extension at 70°C for 4 min. Five microliter of each PCR products were used for appropriate restriction enzyme digestion (Table 2). The digested PCR product was separated by 8 or 10% of PAGE gel (based on the length of digested PCR fragments). The genotyping was done blindly. As samples (CF and Controls) were received, each was given a sequential laboratory number with no other identifiers and were genotyped all together without knowledge as to which sample is CF or Control. Therefore we believe that there was no bias in the genotyping. The genotype was scored based on the pattern of the digested PCR products for each sample.



Table 2. PCR primers for the SNPs Study.
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Statistical Analysis

We used the Wang et al.'s (138) approach (provides computer code (written in R) for public use), which is a more efficient approach compared to more traditional methods (139) to test and estimate genetic effects of each pair of the 17 SNPs. This approach integrates the principle of quantitative genetics, enabling the decomposition of the overall genetic effect into different components: the additive (a) and dominant genetic effects (d) of each SNP and additive x additive (aa), additive x dominant (ad), dominant x additive (da), and dominant x dominant epistatic effects (dd) between the two SNPs. By estimating the role of each of these components, this approach can provide a better understanding of inheritance mode by which SNPs impact the disease. By analyzing each SNP pair, we calculated p-values for each genetic component. A Bonferroni correction was used to adjust for multiple comparisons.




RESULTS


Association of the Surfactant Protein Genes With CF

Associations of single SNPs or SNP-SNP interactions with CF discussed below are shown in Tables 3, 4. The SNPs studied here are not rare alleles (136). The column “interaction type,” in Table 3 as well as in subsequent relevant tables, is the type of the SNP-SNP interaction (interaction between two SNPs within a given gene - intragenic, or interaction between SNPs of two genes-intergenic). The letter a or d is for additive effect or dominant effect. The number 1 or 2 is for the SNP1 or SNP2. In Table 3 the d1 stands for a dominant effect for SNP1, and d2 stands for a dominant effect for SNP2. If it is a1d2 (Table 4), the interaction type is additive effect for SNP1 and dominant effect for SNP2. For example in Table 4, (1) SFTPC rs1124 has a significant dominant effect (d2) (P = 0.0053). This means that the heterozygote is beyond the mean of two homozygotes in the degree of severity at this SNP. (2) SFTPA1 rs1059047 × SFTPC rs1124 has a significant additive x dominant epistatic effect (a1d2) (P = 0.0014). This means that the combination of the homozygote at the first SNP and the heterozygote at the second SNP is significantly different from other combinations. (3) SFTPA1 rs1059047 × SFTPC rs1124 has a significant dominant x dominant epistatic effect (d1d2) (P = 0.0021). This means that the combination of the heterozygote at the first SNP and the heterozygote at the second SNP is significantly different from other combinations. In general, it looks like SFTPB and SFTPC have a dominant effect in most of the interactions, whereas the genes encoding the hydrophilic proteins exhibit primarily an additive effect (Table 4). We speculate that the surfactant related functions imparted by SP-B and SP-C variants play a critical differential role in pulmonary CF and that functions imparted by SP-A1/SP-A2 and SP-D variants further enhance the CF disease progression.



Table 3. Genetic association of surfactant protein genes SFTPA1, SFTPB, and SFTPC with CF.
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Table 4. Genetic association of surfactant protein genes SFTPA1, SFTPA2, SFTPB, SFTPC, and SFTPD with CF by intergenic interactions.
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Single SNP or Intragenic Interactions

The data in Table 3 showed that (1) SFTPB SNP rs7316 is associated with CF (X2 = 6.9689, p = 0.0083); (2) another two SFTPB SNPs rs2077079 and rs3024798 are associated with CF through an intragenic interaction (X2 = 3.2688, p = 0.0325). (3) SFTPC SNP rs1124 is associated with CF (X2 = 5.8674, p = 0.0154); (4). Although no single SFTPA1 SNP by itself is associated with CF, the SFTPA1 rs1136451 SNP in an intragenic interaction with either SNP rs1059057 or rs4253527 is shown to associate with CF (X2 = 2.7329, 9 = 0.0469 or X2 = 3.5625, p = 0.0238, respectively) (Table 3).

Intergenic Interactions Among the Surfactant Protein Genes

A total of 34 intergenic interactions of different combinations between SNPs of the studied genes were observed to associate with CF after Bonferroni correction. Significant interactions that include each of the studied genes are as follows: 19 interactions for SFTPB (X2 is 2.045–8.3123, p = 0.0398–0.0043); 18 interactions for SFTPC (X2 is 2.2285–8.4508, p = 0.0487–0.0007); 13 interactions for SFTPA1 (X2 is 2.2285–7.8947, p = 0.0487–0.0007), 9 interactions for SFTPA2 (X2 is 2.4172–6.4974, p = 0.0485–0.0038), and 10 interactions for SFTPD (X2 is 2.2285–8.4508, p = 0.0487–0.0007). Below, we present significant interactions where each interaction contains a SNP from a given gene.

Intergenic interactions that contain SFTPB SNPs

All of the 4 studied SFTPB SNPs, rs7316, rs2077679, rs3024798, and rs1130866, are associated with CF through 18 intergenic SNP-SNP interactions with 3 SNPs in SFTPA1, 4 SNPs in SFTPA2, 4 SNPs in SFTPC, and 7 SNPs in SFTPD (X2 is 2.045–8.3123, p = 0.0398–0.0043) (Table 4). Of the 18 intergenic SNP-SNP interactions that included SFTPB SNPs, only 4 contain SNPs from SFTPC encoding the other hydrophobic surfactant protein, whereas 14 interactions are with genes encoding the hydrophilic surfactant proteins, seven are with SFTPA (3 for SFTPA1 and 4 for SFTPA2) (Figure 1A) and seven with SFTPD (Figure 1B).
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FIGURE 1. Genetic interactions between SP genes and associations with CF (A). Genetic association of SFTPB and SFTPC with CF by single SNP, and intragenic and intergenic SNP-SNP interactions between SFTPB and SFTPC, and with SFTPA1 and SFTPA2. On the left SNPs of the surfactant genes SFTPA1 and SFTPA2 encoding the hydrophilic surfactant proteins, SP-A1 and SP-A2 and on the right SNPs of the surfactant genes SFTPB and SFTPC, encoding the hydrophobic proteins, SP-B and SP-C, are shown (B). Genetic association of SFTPB and SFTPC with CF by single SNP, and intragenic and intergenic SNP-SNP interactions between SFTPB and SFTPC, and with SFTPD. On the left SNPs of SFTPD and on the right SNPs of SFTPB and SFTPC are shown: In Figure, the star depicts a single SNP association with CF, the black dash line depicts intragenic interactions associated with CF, and the black solid line depicts intergenic interactions associated with CF.



SFTPB SNP rs7316 is associated with CF by itself as noted above (Table 3), and by intergenic interactions with 3 SNPs in SFTPA1 (n = 3), one SNP in SFTPA2, one SNP in SFTPC, and one SNP in SFTPD. SFTPB SNP rs2077079 is associated with CF by intragenic interaction with rs3024798, and by intergenic interaction with SNPs in SFTPA2 (n = 2), SFTPC (n = 1), and SFTPD (n = 2). SFTPB SNP rs3024798 is associated with CF, in addition to the intragenic interaction with rs2077079 (noted above), by intergenic interactions with SFTPD (n = 2). SFTPB SNP rs1130866 is associated with CF by intergenic interaction with SFTPA2 (n = 1; Figure 1A), SFTPC (n = 2), and SFTPD (n = 2; Figure 1B).

Intergenic interactions that contain SFTPC SNPs

Both of the SFTPC SNPs studied, rs4715 and rs1124, are associated with CF through 18 intergenic SNP-SNP interactions with SNPs in SFTPA1, SFTPA2, SFTPC, and SFTPD (X2 is 2.2285–8.4508, p = 0.0487–0.0007) (Table 4). Of the 18 intergenic SNP-SNP interactions associated with CF, eight are with SFTPA1, three are with SFTPA2, four are with SFTPB (Figure 1A), and three are with SFTPD (Figure 1B).

Of the 18 intergenic SFTPC SNP-SNP interactions, only 4 are with SFTPB the gene that encodes the other hydrophobic surfactant protein, whereas 14 interactions are with genes encoding the hydrophilic surfactant proteins (8 for SFTPA1, 3 for SFTPA2, and 3 for SFTPD). SNP rs1124 as noted above (Table 3) is associated with CF by itself, and by 11 intergenic SNP-SNP interactions of the surfactant protein genes, SFTPA1, SFTPA2, SFTPB (Figure 1A), and SFTPD (Figure 1B). SNP rs4715 is associated with CF by 7 intergenic SNP-SNP interactions with SFTPA1, SFTPA2, SFTPB (Figure 1A), and SFTPD (Figure 1B).

Intergenic interactions that contain SFTPA1 SNPs

All of the 5 studied SFTPA1 SNPs are associated with CF through 13 intergenic SNP-SNP interactions with SNPs in SFTPA2 (n = 2), SFTPB (n = 3), and SFTPC (n = 8) (X2 is 2.2285–7.8947, p = 0.0487–0.0007) (Table 4, Figure 1A). Of interest, no SNP-SNP interaction was observed with SFTPD. Each SFTPA1 SNP is shown to have 1–3 intergenic SNP interactions with the other surfactant protein genes. 1) SNP rs1136451 exhibits a significant association with CF through interactions with another two SFTPA1 SNPs (rs1059057 and rs4253527), as well as with both SFTPC SNPs (rs1124 and rs4715). 2) SNPs rs1136450 and rs4253527 are associated with CF through interaction with SNP rs1059046 of the SFTPA2.

Of the 13 intergenic SFTPA1 SNP-SNP interactions, 11 are with SFTPB and SFTPC encoding the hydrophobic surfactant proteins, and only two interactions are with SFTPA2 that encodes the hydrophilic surfactant protein A2 (Figure 1A), whereas no interactions are observed with SFTPD.

Intergenic interactions that contain SFTPA2 SNPs

Each SFTPA2 SNP is shown to have 1–3 intergenic SNP interactions with other surfactant protein genes. Table 4 shows that the SFTPA2 gene is associated with CF through 9 intergenic SNP-SNP interactions with SFTPA1 (n = 2), SFTPB (n = 4), and SFTPC (n = 3) (X2 is 2.4172–6.4974, p = 0.0485–0.0038, Figure 1A). Similarly to SFTPA1, no interaction of SFTPA2 with SFTPD was found to be associated with CF. SFTPA2 SNP rs1059046 appears to stand out from the other SFTPA2 SNPs studied, as this SNP (1) is associated with CF via five of the total nine interactions observed with the other SP genes, (2) is the only SNP that shows interactions with two SFTPA1 SNPs, and (3) shows interactions with both hydrophobic surfactant proteins SFTPB and SFTPC (Figure 1A). Of the 9 intergenic interactions, 7 are with the SFTPB and SFTPC hydrophobic surfactant proteins genes, and only two interactions are with the hydrophilic surfactant protein gene, SFTPA1, and no interactions were observed with SFTPD.

Intergenic interactions that contain SFTPD SNPs

Table 4 shows that SFTPD is associated with CF through 10 intergenic SNP-SNP interactions with SNPs in SFTPB and SFTPC, but as noted above no interactions were observed with SFTPA1 or SFTPA2. Of the 10 intergenic SFTPD interactions associated with CF, seven of these are with SFTPB and three with SFTPC (X2 is 2.2285–8.4508, p = 0.0487–0.0007) (Figure 1B). SFTPD SNP rs721917 is associated with CF through 5 intergenic interactions with SFTPB (n = 3) and SFTPC (n = 2); rs2243639 is associated with CF also through 5 intergenic interactions but four of these are with SFTPB and only one with SFTPC (Figure 1B).

In summary, when we studied the entire CF cohort, we observed a) Two SNPs (one from SFTPB and the other from SFTPC) to be individually associated with CF; b) Three intragenic interactions (2 of SFTPA1 and one of SFTPB) to associate with CF; c) A total of 34 intergenic interactions of different combinations between the various genes studied, except between SFTPD and SFTPA1 or SFTPA2, to associate with CF; A summary of all the significant intragenic and intergenic interactions is shown in Supplementary Table 3, and Figure 2. Moreover, our results have a potential clinical impact. For example, since SFTPA1 rs1059047 x SFTPC rs1124 has a significant additive x dominant epistatic effect (a1d2) (P = 0.0014), the combination of the homozygote at the first SNP and the heterozygote at the second SNP is significantly different from other combinations. Thus, we can make a prediction of patients' severity based on their genotypes at these two SNPs.
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FIGURE 2. Summary of SNP interactions between genes encoding the surfactant proteins. The cartoon in this figure depicts the observed associations and reveals the following: (a) No association between SFTPD and SFTPA1 or SFTPA2. (b) Out of the 34 intergenic interactions, 28 are between genes encoding the hydrophobic and the hydrophilic surfactant proteins. Only four are between genes (SFTPB and SFTPC) encoding the hydrophobic surfactant proteins and two are between genes (SFTPA1 and SFTPA2) encoding the hydrophilic SP-A1 and SP-A2. (c) SFTPC has the highest number of interactions with SFTPA1 (n = 8), while SFTPB has the highest number of interactions with SFTPD (n = 7). (d) SFTPB has a total of 14 intergenic interactions with genes encoding hydrophilic proteins, seven with SFTPD, four with SFTPA2, and three with SFTPA1. SFTPC also has 14 intergenic interactions, eight with SFTPA1, three with SFTPA2 and only 3 with SFTPD. (e) SFTPA1 has two intergenic interactions with SFTPA2, as well as intragenic interactions. (f) SFTPB is the only other gene (other than SFTPA1) that has an intragenic interaction. (g) Only SFTPB and SFTPC have each a single SNP association with CF.





Association of the Surfactant Protein Genes With CF Disease Severity Subgroups

To gain insight into the contribution of the SP genes to CF disease severity, we separated the CF cohort into two subgroups, mild (n = 64) and moderate/severe (n = 15). The data showed that after Bonferroni correction a single SFTPB SNP (rs7316) to be associated with mild CF and no other SNPs were found to associate with either CF subgroup. However, there are a number of intergenic SNP interactions (p < 0.01 prior to Bonferroni correction) that associated with each CF subgroups (Supplementary Table 4).

Given the smaller number of subjects in each CF subgroup, and as we wished to gain further insight into the interactions observed, we focused our attention on significant associations (p < 0.01) observed in each subgroup that were also significant after Bonferroni correction in the entire CF group. These are shown in Table 5 and Figure 3. Eight intergenic interactions were observed for the mild subgroup and only one for the moderate/severe subgroup. In the mild group, SNPs of the SFTPB exhibited the same number of interactions with SFTPD (n = 4) as they did with SFTPA1+SFTPA2 (n = 4). More interactions were observed between SFTPB and SFTPA1 (n = 3) than SFTPA2 (n = 1) in the mild subgroup. No significant associations with SFTPC were observed with either disease severity group. In addition similar to the entire CF group, no associations were found between SFTPD and SFTPA1 or SFTPA2 in either subgroup.



Table 5. Interactions in mild and moderate/severe CF subgroups with p < 0.01.
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FIGURE 3. Interactions in mild and moderate/severe CF subgroups with p-value < 0.01; these interactions were significant in the entire CF group after Bonferroni correction. Mild CF: Significant interactions between SFTPA1, SFTPA2, SFTPB, and SFTPD are shown with black arrows. Green box indicates the only SNP that remained significant after Bonferroni correction. Star (*) indicates that this SNP is significant at p < 0.03 by itself. Moderate/severe CF: Red arrow shows the only significant interaction at p < 0.01 that is also significant in the entire CF groups after Bonferroni correction. No significant interactions that include SNPs of the SFTPC are observed in either severity group.






DISCUSSION

In this study, we investigated the genetic contribution of the surfactant protein genes, SFTPA1, SFTPA2, SFTPB, SFTPC, and SFTPD to CF and disease severity subgroups by genetic association analysis of single SNP and intragenic and intergenic SNP-SNP interactions. (a) For the entire CF group, we observed that all 5 surfactant protein genes are associated with CF by single SNP association, intragenic (Table 3), and/or intergenic SNP-SNP interactions (Table 4).( b) For the CF severity subgroups, we observed after Bonferroni correction a single SFTPB SNP to be associated with mild CF and several interactions (p < 0.01) to associate with mild or moderate/severe CF subgroups (Supplementary Table 4 and Table 5).

Human diseases are complex and determined by environmental factors and genes. Single genetic mutations or multiple mutations in a single gene, constitute a part or a small part of disease mechanisms. To study the full spectrum of gene(s) contributing to a disease either by being the primary cause or by modifying disease expression, an integrated genetic approach is needed to understand genetic control and clinical therapy. By integrating quantitative genetic principles (138) a statistical method was developed to test associations of pairwise SNPs and disease in a case-control setting. This method can decompose the overall genetic effect into its underlying components and test the significance of each component, gaining insight into the mechanisms of how SNPs affect disease. It has been used in our previous studies in human inflammatory bowel diseases (IBD) that included both case-control and case-trios studies, and targeting SNPs in one gene and in multiple genes of a metabolic pathway (140, 141). Because this method is powerful and helps understand genetic contribution to a disease via interactions of genes in a metabolic pathway or gene network, we used it in the present study.


Association of the Surfactant Protein Genes With the Entire CF Group

Association of the Hydrophobic Surfactant Protein Genes, SFTPB and SFTPC, With CF

Surfactant proteins SP-B and SP-C are hydrophobic membrane proteins that increase the rate that surfactant spreads over the alveolar surface, and are required for proper biophysical function of surfactant and lung function. SP-B is also important for SP-C processing, as indicated in SP-B deficient states where an aberrant SP-C was observed (7, 142, 143).

All four of the SFTPB SNPs studied showed significant interactions with SNPs of one or more SP genes. The rs7316 is located in the 3′-UTR and could affect regulation of polyadenylation (133) and has previously been associated with acute lung injury (77). This SFTPB SNP is not only significant by itself but interacts with SNPs of all 4 SP genes. The rs2077079 interacts with SNPs of all SP genes, except SFTPA1. It is located at 11 nt downstream of the TATA box and could affect gene transcription. The rs1130866, which also interacts with SNPs of SP genes, except SFTPA1, is a missense mutation that changes the encoded amino acid (Ile/Thr) and an N-linked glycosylation site of the protein, shown previously to be indeed glycosylated in the Thr-containing variant (1580_C) (134). This is a significant change and may be an important contributing factor in various diseases and/or in response to environmental oxidative stress. Moreover, the SFTPB 1580_C (rs1130866) genetic variant has been observed to be a risk factor in several lung disease, such as idiopathic pulmonary fibrosis (IPF) (61), chronic obstructive pulmonary disease (COPD) (17), acute respiratory distress syndrome (ARDS) (137), septic shock and those with risk of respiratory failure after community acquired pneumonia (144), as well as increases mortality, apoptosis, and lung injury in mice carrying the human SP-B 1580_C variant compared to those with the 1580-T variant (145). On the other hand, the SP-B1580-T/T (rs1130866) is associated with protection against interstitial lung disease (ILD) with systemic sclerosis (64). The rs3024798 is located within the splicing sequence of intron 2–exon 3, and although its effect on splicing is unknown (65) it has previously been associated with invasive pneumococcal disease (IPD) (71). This SNP, in addition to an intragenic interaction, is the only SNP that interacts with a single SP gene, the SFTPD. Together these SNP variations in SFTPB could affect SP-B function by altering N-linked glycosylation and/or affect regulation at several levels including transcription and splicing.

SP-C is a hydrophobic surfactant protein and plays an important role in surfactant function. Mutations in SP-C have also been shown to associate with a number of pulmonary diseases (15), such as ILD and pulmonary alveolar proteinosis (PAP). Both SFTPC variants are missense, where amino acids 186 and 138 are changed, Ser/Asn in rs1124, and Thr/Asn in rs4715, respectively. While both SNPs associate with CF through numerous intergenic interactions with the other SPs, the rs1124 is also associated with CF by itself. The potential mechanisms via which these may affect function are not known. The two SP-C variants (rs1124, Ser/Asn and rs4715, Thr/Asn) have previously been associated with RDS (86, 88, 89), and children infected with respiratory syncytial virus (RSV) (90).

In summary, the observations made indicate that the hydrophobic proteins, shown previously to be key in surfactant function and homeostasis and consequently in lung function may play a central role in CF. The only two individual SNPs to associate with CF by themselves were SNPs of SFTPB rs7316 (p = 0.0083) and SFTPC rs1124 (p = 0.0154) (indicated by star in Figure 1A). Moreover, of the 37 interactions shown to associate with CF, SFTPB or SFTPC was part of the 35 interactions. Given the importance of SP-B and SP-C in surfactant function and lung function, and the fact that lung function deterioration is a major issue in CF, it is likely that the SFTPB and SFTPC genes are modifier genes for CF lung function, by modulating surfactant structural organization and stability.

Association of Hydrophilic Surfactant Protein Genes SFTPA1/A2 and SFTPD With CF

The SP-A1, SP-A2, and SP-D mediate innate immunity in the lung and via interactions with the alveolar macrophage the sentinel cell of innate lung host defense, promote, among others, bacterial and viral phagocytosis, and cytokine production, as well as affect lung inflammatory processes. The mechanisms implicated in these processes may differ among these molecules (19). Of interest in the present study, there were no significant interactions between SNPs of SFTPD and SFTPA1 or SFTPA2 and only two significant intergenic interactions were observed between SFTPA1 and SFTPA2 (Figure 1A). A single SNP in SFTPA2 (rs1059046) interacted with two different SNPs in SFTPA1 (rs1136450, aa 50 Leu/Val and rs4253527, aa 219 Arg/Trp). The SFTPA2 SNP (rs1059046) changes the amino acid (Thr/Asn) at codon 9 of the precursor molecule which is part of the signal peptide, having the potential to affect processing of the SP-A2. This SNP was previously shown to associate with increased risk in RSV (47). The two SFTPA1 SNPs (rs1136450, rs4253527) that interact with this SFTPA2 SNP are located in the collagen-like domain and in the carbohydrate recognition domain (CRD), respectively, of the SP-A2 and change the encoded amino acid (rs1136450, aa 50 Leu/Val, rs4253527, aa 219 Arg/Trp). Moreover, higher- or lower-order of oligomerization of SP-A and SP-D is known to affect their functional capabilities (146–149), and has been observed that naturally occurring SP-A and SP-D oligomers have functional relevance in patients with chronic lung diseases such as CF (32, 35). Thus, each of the surfactant protein variants may differentially affect innate immune functions and in CF may each differentially modify lung host defense.

Multiple interactions between the hydrophobic and the hydrophilic protein genes were observed indicating that these two groups of proteins may co-operatively or synergistically contribute to the expression of pulmonary CF. As depicted in Figure 2, SFTPD SNPs are primarily found in interaction with SNPs of SFTPB (n = 7), whereas SNPs of SFTPA1 are primarily found in interactions with SNPs of SFTPC (n = 8). The latter is of interest because SP-A1 has been shown to affect more efficiently (compared to SP-A2) the structural organization of surfactant (10), indicating that SP-A1 and SP-C may cooperatively affect surfactant structure, which in turn may affect surfactant function and lung function. Moreover, the large number of SNP interactions between SFTPD and SFTPB is puzzling and not intuitively understood as far as surfactant structure or function is concerned. This is because, although SP-D is generally found in the bronchoalveolar lavage fluid and significantly less in alveolar epithelia, and grouped with SP-A1/A2 based on its structural similarity and function with these proteins (5, 6), it is not found in the surfactant lipoprotein complex.



II. Association of the Surfactant Protein Genes With CF Subgroups

When we studied disease severity subgroups (mild and moderate/severe), we found after Bonferroni correction a single SFTPB SNP (rs7316) to associate with mild CF. This SNP has also been shown to associate with acute lung injury (77). Lack of SP-B is not compatible with life, and SP-B deficiency affects SP-C processing (7, 142, 143). This SFTPB SNP is located within the 3′UTR and may affect regulation of polyadenylation (133). Thus, this SFTPB SNP may contribute to CF either by affecting its regulation (133) and/or by affecting SP-C processing (7, 142, 143). In the CF subgroups of the eight significant intergenic interactions (p < 0.01) that were also significant in the entire CF group after Bonferroni correction, seven were for the mild group and one for the moderate/severe subgroup. The ones for the mild group all were between SFTPB SNPs and SNPs of the genes encoding the hydrophilic surfactant proteins.

The SFTPB SNP (rs7316) that is significant by itself in mild CF after Bonferroni correction was the only SFTPB SNP that interacted with SNPs of SFTPA1 or SFTPA2, whereas the SNP-SNP intergenic interactions between SFTPB and SFTPD include three of the four SFTPB SNPs studied. These indicate the importance of SFTPB in mild CF which may provide protection in the sense of enabling a milder form of pulmonary CF through its surfactant-associated function or perhaps other currently unknown function. Based on the differences of SNP-SNP interactions; it is likely that the mechanisms via which the hydrophilic proteins contribute to mild CF may differ. The SFTPA1 SNP (rs4253527) was also significant by itself (p < 0.03) (Supplementary Table 4) in the mild CF group. SP-A and SP-D bind via their carbohydrate recognition domains (CRD) to the carbohydrate motifs on bacteria, viruses, fungi, etc. (150–152). Thus, SNPs in CRD may differentially affect binding to various ligands to trigger the host's innate immune response. The SFTPA1 SNP (rs4253527) is located in the CRD and changes the encoded amino acid (Arg/Trp) holding the potential to differentially affect innate immunity under various conditions including oxidative stress, since Trp is more sensitive to oxidation than Arg (33). In fact SP-A1 variants that differ in CRD at rs4253527 have been shown to differ in their ability to enhance phagocytosis (153) and cytokine production (154). Moreover, SP-A1 has been shown to more efficiently affect surfactant reorganization (than SP-A2) in the alveolar space (10). Whether this SNP provides protection in CF via its role in surfactant function or innate immunity or both remains to be determined. Recently, SP-A1 and SP-A2 have been shown to differentially affect lung mechanics (12) indicating another role of the SP-As beyond innate immunity.

For the moderate/severe group the only significant interaction is between the SNP rs1136450, (aa 50 Leu/Val) of SFTPA1 and SNP rs1059046 (aa 9 Thr/Asn) of SFTPA2. This interaction may be unique to moderate/severe disease group because it was not identified in the mild group even in interactions with p < 0.05 (Supplementary Table 4). Similarly, interactions 1, 3, 4, 7, and 8 in the mild group (Table 5) were not identified in the moderate/severe disease group even in interactions with p < 0.05 (Supplementary Table 4), indicating that these may be unique to the mild CF group.

In summary, a single SNP of the SFTPB is a marker for mild pulmonary disease in CF. A number of intergenic interactions that all include SNPs of SFTPB as well as a single intragenic SFTPA1 and SFTPA2 interaction are likely to be markers for mild and moderate/severe pulmonary disease in CF, respectively.

Limitations of the study include: (a) The small number of subjects especially after the CF group was divided in the mild and moderate/severe subgroups. This also precluded analysis of the individual components of FEV1 and FVC; (b) The limited clinical information; the samples were collected at an earlier time using only FEV1 as a discriminator for the severity subgroups. However, this is still the main biomarker to assess disease severity. (c) The lack of associations with bacterial strain and correction for age. (d) The CFTR mutation is not known although most of the subjects are expected to carry the ΔF508, which is approximately found in 70% of the CF patients.

However, in spite of these limitations the present findings indicate that both groups of surfactant proteins, those involved in innate immunity, and those affecting surfactant functions, associate with CF via complex interactions. These may contribute to pulmonary disease progression in CF, by affecting surfactant structure and function and/or by affecting innate immunity functions. Altered surfactant leads to a compromised lung function, and lung function deterioration is a major setback in CF pulmonary disease. Similarly host defense and inflammatory processes are partially affected in CF and SPs may play a role in these. Thus, based on the collective information with regards to their function and the observations made here, the SP genes are likely to be significant gene modifiers of CF and must be studied further. As gene modifiers, SPs may explain the varied progression of the pulmonary disease in CF in terms of lung function and host defense.
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Surfactant proteins (SPs)-A and -D are C-type lectins of the collectin family and function in the clearance of infectious particles in the lungs. Some polymorphisms of SPs that give rise to amino acid changes have been found to affect their function. Several SP-A gene polymorphisms have been reported to be associated with respiratory infection diseases, such as tuberculosis (TB). However, the relationship between surfactant proteins D (SP-D) polymorphisms and TB is still unclear. To study the associations between SP-D polymorphisms and TB, the correlations of SP-D polymorphisms with TB were examined in a case–control study, which included 364 patients with TB and 177 control subjects. In addition, we cloned two major SP-D exonic polymorphism C92T (rs721917) and A538G (rs2243639) constructs and used these for in vitro assays. The effects of SP-D polymorphisms on agglutination and other interactions with Mycobacterium bovis bacillus Calmette–Guérin (M. bovis BCG) were evaluated. In comparison with SP-D 92C (amino acid residue 16, Threonine), our results showed that SP-D 92T (amino acid residue 16, Methionine) had a lower binding ability to M. bovis BCG, a lower capacity to inhibit phagocytosis, lesser aggregation, poorer survival of bacillus Calmette–Guérin (BCG)-infected MH-S cells, and less inhibition of intracellular growth of M. bovis BCG. The case–control association study showed that the 92T homozygous genotype was a risk factor for TB. However, a lesser effect was seen for polymorphism A538G. In conclusion, the results of functional and genetic analyses of SP-D variants consistently showed that the SP-D 92T variant increased susceptibility to TB, which further confirmed the role of SP-D in pulmonary innate immunity against mycobacterial infection.

Keywords: infection, Mycobacterium, single-nucleotide polymorphisms, surfactant protein D, tuberculosis


INTRODUCTION

Pulmonary tuberculosis (TB), caused by Mycobacterium tuberculosis (MTB), is a global public health issue, as it is the leading cause of death among infectious diseases in many countries. Though TB has diminished over a long period of time, it has reappeared and has become a serious concern once again in many regions. The resurgence of TB is also accompanied by increasing numbers of cases of multidrug-resistant TB due to the development of extensively drug-resistant bacterial strains (1, 2). A study estimated that more than 30% of the world’s population has been infected with MTB, and the infection kills approximately two million people annually (3). In Taiwan, there were more than 12,000 cases (55/100,000 population) of TB in 2011 alone, and at least 600 deaths (2.8/100,000 population) were caused by TB (4). The development of and susceptibility to TB involves complicated host environment–pathogen interactions, and genetic components have been suggested to be involved in the process. Recently, more evidence has been uncovered to indicate that individuals with certain genetic chrematistics are particularly vulnerable to TB. In addition, data accumulated from different types of studies, such as twin studies (5, 6), genome-wide linkage analyses (7–10), and genome-wide association studies (11–13), have demonstrated that individuals with particular genetic variations are at high risk of TB (14). In fact, among people infected with TB, only 10% develop active pulmonary TB, implying that polymorphisms of genes associated with host immune responses may be key to the development of pulmonary TB (15).

C-type lectins, collagen-like calcium-dependent pulmonary collectins, are some of the molecules correlated with innate host immune responses. These include lung surfactant proteins (SP)-A and -D and pattern recognition molecule–mannose-binding lectin/protein (MBL or MBP) (16). These molecules play important roles in the host cellular response against mycobacterial infections (17). During the course of MTB infection, SP-A mediates the adherence of MTB to human alveolar macrophages and induces mannose receptor activity, which further increases their phagocytic uptake of MTB (18). Surfactant proteins D (SP-D), however, directly interacts with MTB, resulting in reduction of MTB phagocytosis (19), and the inhibition effect on MTB uptake by macrophages is not associated with the bacterial agglutination process (20). Incubation of MTB with SP-D results in reduced uptake of the bacteria by macrophages (19) and limits MTB growth inside cells by facilitating the fusion of MTB phagosomes with lysosomes of cells (21). Allelic variations of SP-A and SP-D genes have been reported to be target candidates in several infectious diseases, including TB, as they are directly involved in the process of lung pathogen clearance (22). A study of patients of a Mexican population showed that several SP flanking marker alleles are associated with an increased risk of susceptibility to TB (23). Intronic single-nucleotide polymorphisms (SNPs) in the collagen region of SP-A2 and intragenic SNPs in SP-A1 and SP-A2 have also been demonstrated to contribute to the risk of susceptibility to TB (24, 25). Thus, based on the aforementioned research and other previous studies, it has been proposed that surfactant polymorphisms may alter splicing regulation and impact on mRNA maturation (25). However, many of the underlying mechanisms are still unclear. Recently, Yang et al. (26) reported that SNPs in SP-A, particularly at alleles of amino acids 91 (G) and 140 (T), are associated with TB in the Han population in China. Studies of protein constitution in bronchoalveolar lavage and surfactant gene polymorphisms have suggested that SP-D is directly linked to several pulmonary inflammatory diseases (16, 27). SP-D polymorphisms have also been found to be connected to severe respiratory syncytial virus infection, with the rs721917 SP-D allele coding for methionine (28). Our previous study also showed that genetic variants of pulmonary SP-D could determine serum levels of SP-D and predict the outcome of chronic obstructive pulmonary disease in a Chinese population (29). To the best of our knowledge, only one study of a Mexican population has identified an association between SP-D polymorphisms and susceptibility to TB (23). However, this research only investigated selective loci, without whole SP-D gene analysis, and lacked functional study of the correlations between SP-D polymorphisms and MTB infection. In fact, little comprehensive work has been carried out to analyze the relationships between genetic variants of SP-D proteins and host immunity against MTB infection.

In this study, the effects of functional (in exon, non-synonymous) polymorphisms of SP-D on the interaction between SP-D and Mycobacterium bovis bacillus Calmette–Guérin (M. bovis BCG) were investigated. Furthermore, the associations between SP-D functional polymorphisms and susceptibility to TB were also investigated. This work provides evidence that utilizing functional DNA variants of SP-D in clinical association studies, instead of markers of SNPs, advances our understanding of surfactant genetic susceptibility and innate defense mechanisms to pulmonary TB and other lung diseases.



MATERIALS AND METHODS


Clinical Sample Collection

A total of 364 patients who were treated for active TB at the General Taoyuan Hospital (Taoyuan, Taiwan) and National Cheng Kung University Hospital (Tainan, Taiwan) between 2010 and 2012 were surveyed consecutively. The inclusion criteria were: adult patients newly diagnosed with active TB, evident lesions of TB on simple X-ray and computed tomography images, and positive results of sputum smears and cultures for mycobacteria. Patients with HIV infection were excluded from this study. The control group comprised 177 volunteer subjects without active TB or a history of TB. Written informed consent was obtained from each patient and volunteer enrolled in this study. The study protocol conformed to the ethical guidelines of the 1975 Declaration of Helsinki and was approved by the Ethics Committees of Taoyuan General Hospital and National Cheng Kung University Hospital.



DNA Extraction and SNP Genotyping

Genomic DNA was extracted from oral swabs collected from the enrolled TB patients and non-TB subjects using a QIAamp DNA Mini Kit (QIAGEN, Valencia, CA, USA) according to the manufacturer’s instructions. The extracted genomic DNA was analyzed using agarose gel electrophoresis, quantitatively determined by spectrophotometry, and stored at −80°C until use. Genotyping was performed on the two major non-synonymous SNPs of SP-D, rs721917 (C92T) and rs2243639 (A538G), for genetic association analysis. The SNPs were genotyped using the high-throughput, 384-microtiter plate MassARRAY System, SEQUENOM, according to the manufacturer’s protocol. In brief, DNA containing the SNP site of interest was amplified, followed by performance of the homogenous MassEXTEND assay, in which label-free primer extension chemistry was used to generate allele-specific diagnostic products. The allele-specific diagnostic products have a unique molecular weight, and this can be distinguished through the application of matrix-assisted laser desorption ionization time-of-flight mass spectrometry.



Chemicals and Plasmids

QIAprep Miniprep and QIAGEN plasmid Midi Kit for plasmid preparation were obtained from QIAGEN. Restriction enzymes including Hind III and Sac II were obtained from TaKaRa Bio. Dpn I for site mutagenesis was obtained from New England Biolabs. The vector pcDNA3.1/myc-His B was purchased from Invitrogen.



Site-Directed Mutagenesis of Human SP-D

The cDNA fragment encoding human SP-D was amplified by PCR using primers (forward: 5′-CCCAAGCTTGCCATGCTGCTCTTCCTCCTCTCTG-3′ containing a 5′ HindIII adaptor; reverse: 5′-GCTCTAGATCAGAACTCGCAGACCACAAG-3′ containing a 5′ SacII adaptor) and cloned into HindIII and SacII sites, leading to the formation of recombinant plasmid pcDNA3.1/myc-His B-SP-D (92T/538G). Site-directed mutagenesis was performed using mutagenic primers of SP-D 92T (forward: 5′-GACCTACTCCCACAGAACAACGCCCAGTGCTTG-3′; reverse: 5′-CAAGCACTGGGCGTTGTTCTGTGGGAGTAGGTC-3′ and SP-D538G forward: 5′-GTGGAGTCCCTGGAAACACAGGGGCAGC-3′; reverse: 5′-CAAGCACTGGGCGTTGTTCTGTGGGAGTAGGTC-3′). The recombinant plasmids were then transformed into Escherichia coli XL-1 Blue competent cells (Invitrogen) by the heat shock method, and grown in LB broth at 37°C. Colonies of transformed cells were selected for further gel electrophoresis.



Construction and Expression of Recombinant SP-D (rSP-D) Site-Directed Mutants

The construction of recombinant plasmid pcDNA3.1/myc-His B-SP-D (92T/538G) is illustrated in Figure 1A. Site-directed mutagenesis of pcDNA3.1/myc-His B-SP-D (92T/538G) resulted in four variants (Figure 1B). SNPs in residues 92 and 538 resulted in changes in amino acids (Figure 1C). Gel electrophoresis of the four mutagenic DNA products after transformation with Hind II and Sac II diagnosis digestion is demonstrated in Figure 2A. The results of DNA sequencing of the four variants of SP-D are illustrated in Figure 2B. Expression and quantification of the four rSP-D site-directed mutants were confirmed by western blot (Figure 2C) and SP-D ELISA analysis (data not shown).
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FIGURE 1 | (A) Illustration of the construction of recombinant full-length human surfactant proteins D (SP-D) plasmid into which the SP-D gene was inserted at the multiple cloning site of a pcDNA 3.1/myc-His B vector between Hind III and Sac II. (B) Four recombinant SP-D (rSP-D) plasmids that carried two major single-nucleotide polymorphisms under four different combinations (92T/538A, 92T/538G, 92C/538A, and 92C/538G) were created using gene cloning and site-directed mutagenesis. (C) Corresponding sites of nucleotides and amino acids in different polymorphisms of SP-D variants.
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FIGURE 2 | (A) Double digestion of the vector and four surfactant proteins D (SP-D) gene variant plasmids using the restriction enzymes Hind III and Sac II for diagnostic digestion (TA: 92T/538A, TG:92T/538G, CA: 92C/538A, and CG: 92C/538G). (B) Sequencing chromatograms of the pcDNA3.1-SPD variant constructs confirmed the generation of four recombinant SP-D (rSP-D) genes using site-directed mutagenesis. (C) Western blots of the four rSP-D proteins from transfected HEK 293 cells showing the correct sizes of the proteins.




Expression and Quantification of Four Variants of rSP-D

Four variants of the rSP-D gene were transfected into human embryonic kidney 293 (HEK 293) cells (ATCC No. CRL-1573) using Lipofectamine LYX™ Reagent (Invitrogen). Culture medium (serum-free Dulbecco’s Modified Eagle Medium) from transfected HEK 293 cells was collected for further western blot analysis. An SP-D ELISA kit (Hycult) was used for final quantification of the four rSP-D variants.



Cell and Bacterial Culture

The alveolar macrophage cell line derived from BALB/c mice (MH-S cells; American Type Culture Collection, Rockville, MD, USA) used in the study was a continuous cell line of murine alveolar macrophages established after transformation of cells obtained by bronchoalveolar lavage from BALB/c mice with simian virus 40. The cells were cultured in RPMI 1640 medium (Gibco BRL, Gaithersburg, MD, USA) supplemented with 10% fetal bovine serum, 50 U/ml penicillin, 0.05 mg/ml streptomycin, 20 mM L-glutamine, 10 mM HEPES, 10 mM sodium pyruvate, 1% glucose, and 50 μM 2-mercaptoethanol at 37°C in 5% CO2/95% air. M. bovis BCG was cultured on Middlebrook 7H11 agar (BD) at 37°C in an incubator. Bacteria were harvested, and pellets were suspended in PBS plus 10% glycerol. Aliquots (~5 × 108/vial) were stored at −80°C. Before infection, the bacteria supplemented with glycerol were replaced with a final concentration of 0.05% v/v Tween 80 and 2 mM CaCl2 PBS to reduce bacillus Calmette–Guérin (BCG) clumping and for subsequent preparation for SP-D binding. To avoid effects on the viability of M. bovis BCG, penicillin and streptomycin were not added to the culture medium of the MH-S cells (Sigma-Aldrich, St. Louis, MO, USA) that were prepared for infection.



M. bovis BCG Infection

A multiplicity of infection (MOI) of 1 (1 bacterium per MH-S cell) was used for all the experiments, with the exception of the phagocytosis assay, in which an MOI of 5 was used. Quantitative bacteria in different cell culture plates (6-well: 105, 12-well: 5 × 104, 24-well: 2.5 × 104, and 96-well: 5 × 103) were supplemented with 100 mM glucose or 100 mM maltose, with or without 10 mM EDTA, and with one of the four variants of SP-D (0.5 or 1 μg/ml). One hour after infection, un-infected MH-S cells were washed twice with PBS, and the same conditional medium was used for subsequent analysis.



Solid-Phase Bacterial ELISA

Lipoarabinomannan (LAM) from M. bovis BCG, which belongs to the class of LAMs capped with mannosyl residues, has a similar structure and immune-regulatory function to MTB (19). LAM also serves as a major binding molecule for SP-D (30). Based on this, we examined the roles of the four variants of rSP-D in the binding to M. bovis BCG. In experiments designed to determine the saturable binding activity of the four SP-D variants to M. bovis BCG, bacterial suspensions (106 bacteria in 100 μl TBS) were first dried at 37°C in an incubator for 7 h, and then exposed to ultraviolet light for 2 h to kill any viable bacteria. After blocking with 3% BSA overnight at 4°C, 1 and 10 μg/ml of the four variants of SP-D in PBS with 2 mM CaCl2 were added with or without 10 mM EDTA, and with 100 mM maltose or 100 mM glucose. The results from 1 and 10 μg/ml of the four variants of SP-D were similar, then 1 μg/ml was used to further experiments. After incubation for 1 h at room temperature, the bacterial suspensions were washed and then incubated with a 1:5,000 dilution of anti-SP-D antibody for 2 h at room temperature. After incubation, the suspensions were washed again and then incubated with a 1:3,000 dilution of goat anti-mouse IgG conjugated to HRP for 2 h at room temperature. Finally, TMB substrate was added after washing. Substrate development was stopped after 12 min by 2N H2SO4, and the absorbance of individual wells was determined at O.D. 450 nm using a SpectraMax M2 ELISA reader (Molecular Devices, Sunnyvale, CA, USA).



Phagocytosis of M. bovis BCG by MH-S Cells

A Vybrant Phagocytosis Assay Kit (V6694; Invitrogen™, Thermal Fisher Scientific) was used to measure the phagocytosis of mycobacteria by MH-S cells. Briefly, bacteria (109/ml) were labeled by incubation with FITC (Sigma-Aldrich) at 1 μg/ml in PBS for 2 h at 37°C. Thereafter, FITC-labeled bacteria were washed twice with PBS, then opsonized, and used for infection as described above. Macrophages infected by FITC-labeled M. bovis BCG were analyzed and gated using flow cytometry to assess the effects of the four rSP-D variants on the phagocytosis of MH-S cells. Briefly, MH-S cells (105) were incubated with FITC-labeled M. bovis BCG (5 × 105 CFU) in a 6-well cell culture plate (BD, Franklin Lakes, NJ, USA) in the absence or presence of the four SP-D variants at concentrations ranging from 0.5 to 1 μg/ml. After incubation for 1 h, MH-S cells were scraped out after fixation with 4% formaldehyde PBS (pH 7.2) and examined using a flow cytometer (FACSCalibur; BD, San Jose, CA, USA) equipped with an argon laser that emits at 488 nm. At least 1 × 104 of cells with FITC-labeled bacteria were counted in the FACS analysis.



Agglutination and Cell Migration of M. bovis BCG-Infected MH-S Cells

To further characterize the effects of the four SP-D variants on the agglutination of MH-S cells after mycobacterial infection as described above, micrographs were taken 2 days after infection using an Olympus IX-71 inverted microscope. The area of the agglutinates was measured using ImageJ 1.39g software (National Institutes of Health, Bethesda, MD, USA). The diameter was estimated from the area based on the circular form of the aggregates according to the formula Area = (R × D2)/4, where R = ratio of a circle’s circumference to its diameter and D = diameter. To determine the effects of the four variants of SP-D on macrophage cell migration, 2.5 × 104 MH-S cells were seeded in a 24-well cell culture plate and infected with M. bovis BCG as described above. The culture medium was harvested 2 days after infection and added into a new 24-well cell culture plate equipped with Millicell Hanging Cell Culture Inserts (3 μm pore size, Millipore). Each insert was seeded with 5 × 104 MH-S cells. After 1 day of culture, the inserts were removed and observed using an Olympus IX-71 inverted microscope to count the cells migrated through the membrane. The chemoattractive MH-S cells were quantified using ImageJ 1.39g software.



M. bovis BCG-Infected MH-S Cells Survival Assay

Quantitative bacteria in a 96-well cell culture plate (5 × 103 MH-S/100 μl medium) were infected with M. bovis BCG as described above. Two days after infection, surviving MH-S cells were evaluated using a Cell Counting Kit-8 (CCK-8) (Dojindo Laboratories, Kumamoto, Japan) with a SpectraMax M2 ELISA reader (Molecular Devices).



M. bovis BCG Intracellular Growth Assay

To determine the effects of the four SP-D variants on the intracellular viability of bacteria after phagocytosis by macrophages, 100 μl RIPA buffer (10×, Millipore) were added to the culture plate 2 days after MH-S cells had been infected (5 × 104 in a 12-well cell culture plate). Aliquots of MH-S cell lysate were then plated onto 7H11 agar (BD) to quantify the intracellular growth of viable M. bovis BCG. Colony-forming units were counted after 28 days of bacteria culture.



Statistical Analysis

Results are given as means ± SEs. ANOVA was used to compare the rSP-Ds. All P values less than 0.05 were considered significant. Statistical analysis was carried out using Prism, version 5 (GraphPad Software, San Diego, CA, USA). In the genetic association study, the quality of the genotype data was evaluated by Hardy–Weinberg equilibrium proportion tests. χ2 tests were used for association analyses. Odds ratios and 95% confidence intervals were calculated from contingency tables. SNPs showing significant associations (P value ≤ 0.05) in the tests were further evaluated using logistic regressions adjusted for age and gender in odds ratio analysis. Statistical analyses for the association study were performed using SPSS 17.0 software (SPSS Inc., Chicago, IL, USA).




RESULTS


Subject Characterization

Surfactant proteins D genetic polymorphisms are most often associated with pulmonary diseases, and our hypostatized genetic variants of SP-D may have different levels of contribution to the pathogenesis of TB. Therefore, we analyzed the genotype and allele frequencies of SP-D in TB- and non-TB-infected patients. 364 case subjects with diagnosed TB and 177 control subjects without a history of TB infection were enrolled. The mean age of the cases and controls was 55.22 and 57.75 years, respectively (Table 1). Cases were more likely to be male (P < 0.0001). There was no significant difference between the groups regarding age (P > 0.05).


TABLE 1 | Demographic data of the study subjects.
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Variants of SP-D Associated With TB

The genotype and allele frequencies of C92T (SNP ID: rs721917) and A538G (SNP ID: rs2243639) could not be derived from the Hardy–Weinberg principle. The association between TB and rs721917 genotypes was marginally significant (P = 0.050), and this significance was reduced after adjusting for age and gender (Table 2). However, odds ratio analysis showed that subjects with TT homozygous rs721917 alleles had an increased risk of susceptibility to TB (OR = 1.95, P = 0.045; Table 2), as the homozygous methionine amino acid at SP-D polypeptide position 11 was more frequent in TB patients than in non-TB subjects. The statistically significant association between rs2243639 and TB was increased when the results were adjusted for age and gender (from 0.061 to 0.033; Table 2). The homozygous AA (amino acid 160 threonine) genotype of rs2243639 was protective against TB.


TABLE 2 | Genotyping results and odds ratio analysis of the associations between surfactant proteins D single-nucleotide polymorphisms (SNPs) and tuberculosis (TB).
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Binding Activities of Four Variants of rSP-D to M. bovis BCG

To confirm that SP-D 11Thr/160Thr (amino acid residues 11 and 160, both threonine) confer greater protection against TB infection as per the genetic analysis, as well as to further investigate the protective effects of four genetic variants of rSP-D in the progression of TB infection to TB disease, we constructed four genetic variants of SP-D, and then, respectively, measured their protective ability against M. bovis BCG in vitro (SP-D binds to the surface of pathogens as a first line of defense to prevent pathogens binding before TB infection). We analyzed the binding activities of the four genetic variants of rSP-D with M. bovis BCG and found that all four genetic variants of rSP-D bound to M. bovis BCG in a dose-dependent and specific manner that could be inhibited by 10 mM EDTA or 100 mM maltose, but not by 100 mM glucose (Figures 3A,B). At particular concentrations (1 μg/ml) of these four SP-D mutants, a change in the amino acid at residue 11 [from Met to Thr, i.e., rSP-D (92C/538A) and rSP-D (92C/538G)] led to higher binding activities with M. bovis BCG when compared with the other variants of rSP-D [rSP-D (92T/538A) and rSP-D (92T/538G)] (Figure 3B). Double reciprocal plot analyses revealed that the dissociation constant of rSP-D (92C/538A) binding to M. bovis was approximately sevenfold less than that for rSP-D (92T/538A) [4.5 × 109 M for rSP-D (C/A), 3.1 × 108 M for rSP-D (92T/538A)], indicating that the avidity of SP-D binding to M. bovis is affected by the change in amino acid at residue 11. By contrast, the change in amino acid residue 160 (from Thr to Ala) did not lead to a significant difference in binding ability to M. bovis BCG.
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FIGURE 3 | (A) Dose-binding curves of native and four genetic variants of recombinant SP-D (rSP-D) proteins to Mycobacterium bovis bacillus Calmette–Guérin (M. bovis BCG). rSP-D protein (1 and 10 μg/ml) were added to wells coated with ultraviolet-killed M. bovis BCG (106 bacteria), then quantitated using solid-phase bacterial ELISA. (B) Inhibition effects of maltose and EDTA on the binding activity of four variants of rSP-D to M. bovis BCG. Surfactant proteins D (SP-D) protein (1 μg/ml) in PBS with 2 mM CaCl2 was added into M. bovis BCG-coated wells alone, or with 10 mM EDTA, or 100 mM maltose, or 100 mM glucose. The binding activity to M. bovis BCG of rSP-D with residue 11Thr [(92C/538A) and (92C/538G)] was significantly higher than that of rSP-D with residue 11Met [(92T/538A) and (92T/538G)] (*P < 0.05). C/A: 11Thr/160Thr; C/G: 11Thr/160Ala; T/A: 11Met/Thr; T/G: 11Met/160Ala.




Effects of the Four rSP-D Variants on Phagocytosis of MH-S Cells

All rSP-D variants inhibited phagocytosis by alveolar macro_phages following M. bovis BCG infection, but with different potencies. As the results presented in Figure 4A show, the change in amino acid at residue 11 (from Met to Thr, i.e., 92T→92C) led to significant inhibition of phagocytosis. The SP-D variant 11M/160A (92T/538G) showed a weaker inhibition effect than the other variants (Figure 4A). The inhibitory effect of rSP-D could be attenuated by adding maltose as a competitor for bacterial binding.
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FIGURE 4 | (A) Inhibition of alveolar macrophage phagocytosis of Mycobacterium bovis bacillus Calmette–Guérin (M. bovis BCG) by native and four genetic variants of recombinant SP-D (rSP-D) protein. Macrophages infected with FITC-labeled M. bovis BCG were analyzed using flow cytometry to assess the effects of the four rSP-D variants on the phagocytosis of MH-S cells. rSP-D with residue 11Thr [(92C/538A) and (92C/538G)] inhibited phagocytosis of M. bovis BCG by MH-S cells to a significantly greater extent than rSP-D with residue 11Met [(92T/538A) and (92T/538G)] (*P < 0.05). (B) Inhibition of agglutination of M. bovis BCG-infected MH-S cells by native and four genetic variants of rSP-D proteins. The method of assessment of agglutination of MH-S cells after mycobacterial infection is described in Section “Materials and Methods.” rSP-D with residue 11Thr [(92C/538A) and (92C/538G)] inhibited the aggregation of MH-S cells to a significantly greater extent than rSP-D with residue 11Met [(92T/538A) and (92T/538G)] (*P < 0.05). (C) Inhibition of cell migration of M. bovis BCG-infected MH-S cells by native and four genetic variants of rSP-D proteins. All four rSP-D variants inhibited cell migration of infected MH-S cells to nearby responsive cells in a concentration-dependent manner, but no significant difference was found between the four variants of rSP-D proteins. C/A: 11Thr/160Thr; C/G: 11Thr/160Ala; T/A: 11Met/Thr; T/G: 11Met/160Ala.




Determination of Aggregation and Chemotaxis of Infected MH-S Cells to Nearby Responsive Cells

Aggregation of infected MH-S cells, an event in which a collection of macrophages is formed during mycobacterial infection, was also evaluated. The rSP-D variant 11Thr/160Thr (92C/538A) inhibited the aggregation of infected MH-S cells more obviously than the other variants (Figure 4B). The protein with Thr at residue 11 [rSP-D (92C/538A) and (92C/538G)] showed a significantly stronger inhibitive effect than that with Met at residue 11 [rSP-D (92T/538A) and (92T/538G)]. The protein with Thr at residue 160 showed stronger inhibition than Ala 160 only when residue 11 was Thr and under the following conditions: 1 μg/ml SP-D or 1 μg/ml SP-D + 100 mM glucose.

We further analyzed the associations between aggregation of MH-S cells and various rSP-D mutants through a chemotaxis assay. However, the recruitment of nearby MH-S cells after mycobacterium infection did not differ between the four rSP-D variants (Figure 4C).



The Associations Between the Four Variants of rSP-D and Viability of Infected MH-S Cells

When immune cells first encounter a pathogen in the host, macrophages are one of the major cell types to confront the bacterial invasion, and the response of the cells is crucial, as it controls the outcome of infection. To further elucidate the effect of rSP-D on MH-S cells infected by M. bovis BCG, a cell survival assay was performed using CCK-8. All variants of rSP-D improved the survival of infected MH-S cells in a concentration-dependent manner (Figure 5A). 1 μg/ml rSP-D with residue 11Thr [(92C/538A) and (92C/538G)] demonstrated the most significant protection of infected MH-S cells from cell death. In the rSP-D variants supplemented with 100 mM maltose, a protective effect was not found, and no change to cell survival was observed with treatment supplemented with 100 mM glucose.
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FIGURE 5 | (A) Cell survival of Mycobacterium bovis bacillus Calmette–Guérin (M. bovis BCG)-infected MH-S cells by native and four genetic variant recombinant SP-D (rSP-D) proteins measured using a Cell Counting Kit-8 assay. rSP-D with residue 11Thr [(92C/538A) and (92C/538G)] exhibited significantly better survival of infected MH-S cells than rSP-D with residue 11Met [(92T/538A) and (92T/538G)] (*P < 0.05). (B) Intracellular variability of M. bovis BCG after phagocytosis by alveolar macrophages treated with native and four genetic variants of rSP-D proteins. rSP-D with residue 11Thr [(92C/538A) and (92C/538G)] inhibited M. bovis BCG intracellular growth significantly more than rSP-D with residue 11Met [(92T/538A) and (92T/538G)] (*P < 0.05). TT: 11T/160T; TA: 11T/160A; MT: 11M/160A; MA: 11M/160A.




The Effects of rSP-D Variants on Intracellular M. bovis BCG Growth

The TB survival rate within macrophages is a hallmark of persistent (TB) pathogenesis. Aliquots of infected MH-S cell lysate were plated onto 7H11 agar to evaluate the effects of the four rSP-D variants on intracellular bacteria growth. Our results showed that all four variants of rSP-D inhibited intracellular M. bovis BCG growth (Figure 5B). The addition of 100 mM maltose reversed the inhibition, while no effect was observed with the addition of 100 mM glucose. Compared with residue 11Met [(92T/538A) and (92T/538G)], rSP-D variants with residue 11Thr [(92C/538A) and (92C/538G)] significantly inhibited the intracellular growth of M. bovis BCG (Figure 5B). There was no difference in growth whether residue 160 was bearing Ala or Thr.




DISCUSSION

In this study, we used M. bovis BCG, a good surrogate representing MTB, to study the role of SP-D polymorphism in mycobacterial infection and the connection with TB. Our results showed that M. bovis BCG interacted with the different rSP-D variants at various levels; these effects were abolished following the addition of maltose or EDTA, which causes a competitive effect with the lectin domain of SP-D or depletion of calcium. At first glance, it appeared that interaction of SP-D with MTB was dependent on its carbohydrate recognition domain (CRD). However, a closer look at the comparison of innate immunity against TB infection of genetic variants in the N-terminal and collagenous regions of rSP-D showed different degrees of activity. We found that SP-D residue 11 polymorphism, Thr (92C) and Met (92T), affected the binding activity of SP-D to M. bovis BCG, phagocytosis of infected MH-S cells, aggregation of infected MH-S cells, cell death of infected MH-S cells, and intracellular growth of M. bovis BCG. By contrast, the effects of SP-D 160 polymorphism, Ala (538G) and Thr (538A), were weaker than those of residue 11 polymorphism, and did not appear distinctly. From the results of SP-D variant functional and genetic analysis, residue 11 Met (92T) appeared likely to cause susceptibility to TB, which was validated in our TB-infected patients.

The SP-D gene contains a total of eight exons, seven of which are coding. Coding and non-coding SNPs (rs721917, rs6413520, rs2243639, rs3088308, rs1051246, rs1923537, rs2245121, rs911887, rs2255601, and rs7078012) are also found within the SP-D gene (31, 32); most of these have been found to be associated with a number of diseases (23, 33, 34). Among the known SP-D SNPs, two major polymorphisms, C92T (rs721917) and A538G (rs2243639), were chosen for analysis in this study. The rs721917 SFTPD SNP, known as C92T and SP-D A11, located on exon 1 and a short non-collagen-like N-terminal section, is associated with serum levels of SP-D (35), and explains 39% of the phenotypic variation (36), the Met11 (92T) allelic variant being associated at the highest level (37). Consistent with genetic determination of SP-D levels, the constitutive distribution of multimerized (high molecular weight, HMW) and non-multimerized (low molecular weight, LMW) SP-D in human body fluids is also genetically determined, with individuals homozygous for the Met11 allele having a relative predominance of HMW SP-D, and Thr11 (92C) allele homozygotes having more LMW SP-D (37). This change in the multimerization of SP-D may also affect its biological functions in vitro and in vivo (36). In fact, several studies have linked rs721917 with diseases (38), indicating involvement of SP-D level and/or size variation in disease pathogenesis. Study has shown that amino acid position 343 of SP-D has a critical role in the selective binding of glycolipids from MTB (39); however, no polymorphism exists in this genetic position.

Another coding single-nucleotide variation is located on exon 4, and the collagen-like region in the mature protein is rs2243639, known as A538G and SPD A160. As with other genetic alleles, the two-marker SP-D/SP-A haplotype, DA160_A/SP-A2 1A, is protective against the development of neonatal respiratory distress syndrome (40). SP-A2/SP-D haplotypes were also found to protect against bronchopulmonary dysplasia: 1A2-Ala160 (rs2243639) and 1A2-Thr11 (rs721917)-Ala160 (rs2243639) (41). It has been suggested that the protective effect of SP-D Ala160 in bronchopulmonary dysplasia is likely due to interactions with other gene(s). In our study of the interaction with M. bovis BCG, residue 160 Ala (92C/538G) showed a lesser binding activity than 160 Thr (92C/538A) when residue 11 was Thr, but not when it was Met. The SP-D variant 11M/160A (92T/538G) showed weaker inhibition of phagocytosis than the other variants at an SP-D concentration of 1 μg/ml. Our results implied that polymorphism A539G (160 residue Ala/Thr) has less impact than C92T (11 residue Thr/Met) and may exhibit an effect only under specific conditions or through interaction with other genetic factors. The protective effect of homozygous 538A (160 residue Thr) against TB was consistent with the results of functional studies mentioned above.

Surfactant proteins D binds to the bacterial surface and reduces the uptake of bacteria by alveolar macrophages (19). Also, SP-D polymorphisms have been demonstrated to be associated with the risk of TB (23, 42). A genetic study of a Mexican population identified that SP-D A11C (amino acid residue 11, risk allele threonine) was associated with subgroups of patients with TB by comparing a TB group and a tuberculin–skin test-positive group (symptom-free and normal chest radiographs). The association was not found when the TB group was compared with a control group (23). Our association study revealed that homozygous residue 11 Met was a risk genotype for TB, but this is not in agreement with the conclusions of the above study.

In this study, we demonstrated that the genetic variants of rSP-D in the N terminal and collagenous region confer different degrees of innate immunity against TB infection in vitro. Therefore, it is likely that SP-D polymorphisms C92T and A538G affect susceptibility to TB, which is in agreement with our findings in an association study of clinical TB patients. There were some limitations to our study. First, we were not able to differentiate whether or not these genetic variants of rSP-D undergo multimerization (HMW vs LMW) under our experimental conditions. HMW SP-D multimers are only partly dependent on disulfide crosslinking of the N terminal region, and some SP-D subunits are non-covalently associated depending on the protein concentration in the solution (36). Several studies have shown some discrepancies in binding characteristics and activities between HMW and LMW SP-D (36, 37, 43). Second, we were not able to demonstrate in vivo effects of the genetic variants of rSP-D in a TB-infected animal model due to a small yield of recombinant full-length human SP-D from HEK 293 cells. Third, although high antigenic and structural similarities exist between MTB and M. bovis BCG, use of M. bovis might not wholly represent the infectious nature of MTB in hosts. MTB could not be utilized in this study due to a lack of availability of the necessary safety equipment in our laboratory.

However, to evaluate the influences of SP-D polymorphisms in vivo and in lung diseases, wild-type and transgenic Sftpd−/− mice expressing either the human SP-D Met11 or Thr11 allelic variants were generated (44–46). In an acute model of allergic asthma, transgenic mice were sensitized and challenged with ovalbumin, and the results showed that murine expression of human polymorphic SP-D variants in the N-terminal region does not significantly influence the severity of allergic airway inflammation (46). Other studies also showed that low transgene expression levels and differences in the distribution of human rSP-D in the lung made comparison of phenotypes between wild-type and transgenic mice difficult (44, 45). In fact, a 60-kDa recombinant trimeric fragment of SP-D, without the N-terminus but maintaining part of the collagen region, appeared to have comparable effects to native SP-D in in vivo and in vitro studies, which implies that the homeostatic and anti-microbial effects of SP-D are primarily mediated by its CRD region (47, 48).

In conclusion, our results demonstrated the role of SP-D in innate immunity against TB infection. Although this mostly depends on the binding of CRD with MTB, this study elucidates that it is also influenced by the genetic variants in the N-terminal and collagenous domains of SP-D. The two major SP-D polymorphisms C92T and A538G, and especially C92T, appeared to affect susceptibility to TB. Our association study of the susceptibility to TB infection in patients also supported this hypothesis.
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Influenza A viruses (IAVs) continue to pose major risks of morbidity and mortality during yearly epidemics and periodic pandemics. The genomic instability of IAV allows it to evade adaptive immune responses developed during prior infection. Of particular concern are pandemics which result from wholesale incorporation of viral genome sections from animal sources. These pandemic strains are radically different from circulating human strains and pose great risk for the human population. For these reasons, innate immunity plays a strong role in the initial containment of IAV infection. Soluble inhibitors present in respiratory lining fluids and blood provide a level of early protection against IAV. In general, these inhibitors act by binding to the viral hemagglutinin (HA). Surfactant protein D (SP-D) and mannose-binding lectin (MBL) attach to mannosylated glycans on the HA in a calcium dependent manner. In contrast, surfactant protein A, ficolins, and other inhibitors present sialic acid rich ligands to which the HA can bind. Among these inhibitors, SP-D seems to be the most potent due to its specific mode of binding to viral carbohydrates and its ability to strongly aggregate viral particles. We have studied specific properties of the N-terminal and collagen domain of SP-D that enable formation of highly multimerized molecules and cooperative binding among the multiple trimeric lectin domains in the protein. In addition, we have studied in depth the lectin activity of SP-D through expression of isolated lectin domains and targeted mutations of the SP-D lectin binding site. Through modifying specific residues around the saccharide binding pocket, antiviral activity of isolated lectin domains of SP-D can be markedly increased for seasonal strains of IAV. Wild-type SP-D causes little inhibition of pandemic IAV, but mutated versions of SP-D were able to inhibit pandemic IAV through enhanced binding to the reduced number of mannosylated glycans present on the HA of these strains. Through collaborative studies involving crystallography of isolated lectin domains of SP-D, glycomics analysis of the HA, and molecular modeling, the mechanism of binding of wild type and mutant forms of SP-D have been determined. These studies could guide investigation of the interactions of SP-D with other pathogens.
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INTRODUCTION

Innate immunity plays a key, and surprising complex, role in host defense against influenza A virus (IAV) infection (1). The innate response is especially important in the first days after viral infection with a new strain of IAV. The response includes both soluble and cellular factors, some of which are constitutively present in the respiratory tract and others of which are elicited in response to infection. The main target cells for IAV infection are respiratory tract lining cells. Soluble innate factors intrinsically present in respiratory lining fluids have the ability to limit attachment of the virus to respiratory epithelium and thus, reduce the infectious process at the outset. Once the virus infects epithelial cells, Type 1 interferons are elicited, and these can potently limit viral infection in a non-inflammatory manner. Of interest, the virus has encoded the NS1 protein which counteracts type 1 interferon at multiple levels, and viruses lacking this protein have marked loss of fitness and infectivity (2–5). If these responses fail to adequately contain the virus, then a sometimes profound pro-inflammatory response occur consisting of cytokines and recruitment of innate immune cells including neutrophils, monocytes, and other cells. This level of response can be protective but may also lead to inflammatory injury in some instances.

Influenza A virus mainly occurs in epidemics and pandemics, either of which can cause substantial morbidity and mortality (6, 7). The current influenza season (2017–2018) has shown a sharp increase in incidence and hospitalization due to influenza, in part due to an overall vaccine effectiveness of 36% (8). Pandemics are of great concern since they reflect more marked shift in viral antigenicity and an even greater challenge for the innate immune system. Since the majority of people recover from IAV uneventfully, it is very important to identify why some develop much more severe disease. It is likely that variations in innate immunity will turn out to explain the particular susceptibility of some subjects to severe outcomes like viral pneumonia, bacterial superinfection, or cardiovascular events. Comorbid illnesses like various lung diseases, diabetes mellitus, and immune deficiencies constitute one subset of patients susceptible to severe IAV. Young children and older adults also show increased susceptibility to severe IAV, but this can vary depending on the viral strain. As an example, older adults were relatively protected from mortality during the 1918 and 2009 pandemics due to immunity acquired to remote prior exposure to similar strains (9, 10). Pandemics have been of particular concern with regard to causing mortality in young, otherwise healthy individuals (11), although the 2017–2018 seasonal epidemic already caused 63 confirmed deaths in children by early February (8).

This review will focus on the soluble factors in respiratory lining fluids that contribute to initial viral containment. The respiratory tract is the principle battle field during influenza, and it is remarkable that a virus which remains confined to the respiratory tract is able to cause such substantial morbidity and mortality. In fact, the majority of deaths caused by influenza are not the result of viral pneumonia per se but rather bacterial superinfection due to virus mediated blunting of antibacterial immunity (12). When IAV causes profound systemic inflammation, this may account for cardiovascular deaths during epidemics (13). For the infected host, the optimal outcome of the initial innate response includes limiting viral replication while also blunting potential excess inflammation. Several innate inhibitors, prominently including surfactant protein D (SP-D) and SP-A, mediate both of these desired activities.



THE ROLE OF SOLUBLE INHIBITORS IN AIRWAY LINING FLUID IN THE INITIAL DEFENSE AGAINST IAV

We and others have characterized a variety of IAV inhibitors present in respiratory lining fluid, including SP-D, surfactant protein A (SP-A), mannose-binding lectin (MBL), H-ficolin, LL-37, and other anti-microbial peptides (14). SP-D, SP-A, and H-ficolin are constitutively present in bronchoalveolar lavage fluid (BALF). In mice, SP-D levels were shown to increase in response to IAV infection, whereas SP-A did not (15, 16). LL-37 is mainly expressed in the lung during infection or inflammation (17, 18). Whether levels of H-ficolin increase post-IAV infection has not been studied, but it is present at sufficient quantities human resting human BALF to partially reduce IAV infectivity (19). The soluble inhibitors bind to IAV and limit infectivity by different mechanisms. SP-D and MBL have been shown to bind to high mannose oligosaccharides on the viral hemagglutinin (HA) and reduce viral uptake into epithelial cells (20–23). This mechanism has been referred to as β-inhibition of IAV. A variety of other inhibitors, including SP-A, H-ficolin, pentraxins, gp-340, and mucins contain sialic acid rich attachments on their surface to which the viral HA can bind limiting the ability of the virus to reach and attach to cellular sialic acid receptors (19, 23–28). This mechanism has been termed γ-inhibition. In general, the activity of γ-inhibitors is limited somewhat by the ability of the viral neuraminidase to free the virus from attachment to them. This is evidenced by potentiation of γ-inhibitor activity by the neuraminidase inhibitor oseltamivir (25, 29, 30). This effect of most dramatic for mucins since the virus rapidly escapes attachment to these, but also evident to a lesser extent with SP-A and H-ficolin. LL-37 has a different mechanism of action from either SP-D or SP-A, which does not involve inhibition of viral HA attachment to cell (31). LL-37-treated virus is still taken up by epithelial cells but replication is limited in the early stages of the intracellular life cycle of the virus. The collectins and H-ficolin strongly induce viral aggregation, which appears to be one important of their antiviral activity. This is especially true for SP-D. LL-37, in contrast, does not induce viral aggregation.

The key role of SP-D and SP-A in limiting IAV replication and associated inflammation has been confirmed in many in vivo studies in mice (15, 16, 22, 32–34). Human BALF from healthy donors has strong inhibitory activity for seasonal strains and removal of SP-D significantly reduces this activity (23, 35). H-ficolin is closely related to the MBL in structure and like MBL can fix complement directly. Ficolins are abundant in blood as well but H-ficolin is present in BALF of healthy volunteer donors and removal of H-ficolin from human BALF or serum reduces antiviral activity for IAV (19). The IAV neutralizing activity of SP-D greatly exceeds that of SP-A or Ficolins (e.g., for SP-D 50% inhibition occurs at ≈10 ng/ml vs ≈10 μg/ml for SP-A or ficolins) suggesting that the mechanism of action of SP-D is more effective. This is in agreement with murine studies in which absence of SP-D has a greater impact on viral replication and inflammation than absence of SP-A (15, 16, 33, 34).

An important limitation of the action of human or rodent SP-D vs IAV is that it depends on presence high mannose oligosaccharides relatively near the sialic acid binding site of the HA. This appears to account for the relative inability of SP-D or MBL to inhibit pandemic strains IAV strains from 1918 (H1N1), 1957 (H2N2), 1968 (H3N2) and 2009 (H1N1), and avian strains like H5N1 (36). These strains have a relative lack of glycosylation their HA, especially in the region close to the sialic acid binding site (32, 37–39). H1 and H3 that cause seasonal epidemics have evolved over time within the human populations to express more glycans on the binding head of their HA and as a result are more strongly inhibited by SP-D or MBL (32, 37, 40). It has been shown that such glycans protect this critical region of the HA from recognition by antiviral antibodies. Apparently this evolutionary pressure is not as strong in avian or porcine hosts. There are actually 16 different HA subtypes most of which occur in animal reservoirs (especially birds). Most of these are resistant to inhibition by SP-D (41). Apart from the H1, H2, and H3 subtypes none of the other subtypes have established themselves in a sustained way in the human population. The H5, H7, and H9 subtypes have infected humans with relatively high mortality rates. These are, therefore, of particular concern, but fortunately they have not established sustained transmission from human to human thus far. Overall, it seems likely that the resistance of human pandemic and avian strains to SP-D may be one factor in their pathogenicity for humans, although it is clear that other properties of the HA or other genes are involved in pathogenicity as well (41).

Factors which counteract the action of SP-D, like elevated glucose in diabetes mellitus, could account for increased susceptibility to IAV as demonstrated in mice (42). Glucose, like mannose, is a competitive inhibitor of SP-D binding, although polymers of these saccharides are more potent as inhibitors. Some subjects of known susceptibility to IAV including tobacco smokers, and individuals with COPD or cystic fibrosis have reduced levels of SP-D and SP-A (43–45). In many inflammatory states, multimerization and function of SP-D are altered. Furthermore, there are polymorphic forms of SP-D and SP-A, some of which have reduced activity against IAV in vitro and are associated with respiratory infections (46–48). A recent study showed that some SP-A gene variants were associated with severe respiratory insufficiency in humans after infection with the 2009 pandemic H1N1 infection (49). Similar studies are needed with respect to SP-D gene variants. Reduced MBL levels due to specific polymorphisms of the MBL gene appear to increase risk for severe IAV infection as well (50).



DETERMINING THE MOLECULAR MECHANISMS OF ANTIVIRAL ACTIVITY OF SP-D FOR INFLUENZA

Based on these various findings summarized above which indicate the importance of SP-D in host defense against IAV, we have sought to determine the molecular basis of binding of SP-D to the IAV HA and if possible to increase activity through targeted mutations of the SP-D molecule (14). We have studied extensively two main molecular features of SP-D that determine its increased antiviral potency compared to other soluble inhibitors. These features are: (a) its multimerization property which increases its binding affinity and allows it to cause massive aggregation of viruses, bacteria, and other pathogens and (b) its lectin property which allows high affinity binding to mannosylated glycans found on many viruses and other pathogens. A variety of recombinant forms of SP-D were used in our studies as listed in Table 1.


TABLE 1 | Modifications of SP-D found to increase or broaden antiviral activity for IAV.

[image: image1]



Marked Viral and Bacterial Aggregating Activity Conferred by the N-Terminal and Collagen Domains of SP-D

The multimerization property of SP-D is determined by its N-terminal and collagen domains, which allow for assembly into molecules with from 4 to approximately 32 trimeric arms (51). The extended nature of the collagen domain allows also for very wide separation of the trimeric heads as illustrated in Figure 1A. This structure allows for extensive cross-linking and aggregation of bacteria or viral particles which exceeds that of SP-A or MBL which have more compact structures (52, 53). The ability of SP-D to aggregate IAV is related not only to its antiviral activity but also to its ability to promote uptake of the virus or bacteria by phagocytes (52–55). The collagen domain per se was not found to be critical for increasing viral uptake by neutrophils or monocytes as long as the molecule can form multimers (56, 57). The neck and carbohydrate recognition domains (NCRDs) of collectins can be expressed as small separate trimers as illustrated in Figure 1B. A striking finding was that the NCRD of rodent or human SP-D nearly completely lack antiviral activity (58, 59). This finding strongly indicates the importance of cooperativity between binding heads of SP-D in effective viral binding and aggregation. This was further confirmed by showing that antibodies or other treatments which can crosslink NCRD heads without blocking the lectin binding site restore antiviral, aggregating, and opsonizing activity (58, 60, 61). A common polymorphic variant of SP-D (the Thr/Thr11 form) assembles predominantly as trimers and has greatly reduced antiviral activity in vitro (62). It is tempting to speculate that individuals with this polymorphism will have less ability to limit IAV infection in vivo.
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FIGURE 1 | Electron micrograph of dodecameric, intact surfactant protein D (SP-D) molecule (A), electron micrograph of full length dodecameric SP-D (B) and structure of H3N2 influenza A viruses hemagglutinin with glycan attachments. The red circle in panel (A) is included to highlight the globular NCRD component of the molecule. In panel (B), the blue and red arrows indicate ridges surrounding the lectin binding site of the NCRD. The ridge indicated by the blue arrow is formed by the D325 residue and that shown by the red arrow is formed by R343 [this figure was adapted from Ref. (14)].




Distinctive Properties of NCRDs of Serum Collectins as Compared to SP-D

We found that NCRDs of MBL and a variety of serum collectins found in bovines including conglutinin, CL-43, and CL-46 have some distinctive properties which give them intrinsically greater antiviral activity (63–66). Given the strong viral aggregating properties of the N-terminal and collagen domains of SP-D, we speculated that combining this with the NCRDs of serum collectins would result in significantly potentiated antiviral activity. This was confirmed by creating chimeric molecules with the SP-D N-terminal and collagen domains and NCRDs or either conglutinin or MBL (67–69). These molecules had increased antiviral, viral aggregating, and viral opsonizing activity than either SP-D, MBL, or conglutinin. One challenge in these comparisons is that there is a great deal of variation in the extent of multimerization that occurs with molecules containing the N-terminal and collagen domains of SP-D. The very high molecular weight multimers of human SP-D occur both naturally and in recombinant preparations and have increased antiviral activity compared to dodecamer forms that are composed of four trimeric arms (53, 70). Similar high molecular weight forms are observed with porcine SP-D (71).



Engineering the NCRD of SP-D to Resemble Those of Serum Collectins

When comparing SP-D and serum collectins, key differences are evident in residues adjacent to the lectin binding site calcium. We speculated that these differences could account for increased viral binding ability of serum collectin NCRDs. CL-43 has a three amino acid insertion of Arg-Ala-Lys (RAK) adjacent to the conserved EPN sequence, which is at the base of the saccharide binding pocket. Addition of this insertion into the NCRD of SP-D conferred increased affinity for mannan and increased ability to inhibit IAV as well (60, 61, 65, 66, 72). Further insights were obtained from study of the crystal structure of the SP-D NCRD (73, 74). Two residues, aspartic acid 325 (D325) and arginine 343 (R343) of SP-D, account for ridges on either side of the lectin binding site as illustrated in Figure 1B. R343 is replaced by highly hydrophobic residues (valine or isoleucine) in the serum collectins. Simple substitution of one of these residues (or to a lesser extent alanine) for R343 caused a marked shift in preference of binding to specific oligosaccharides and also marked increase in viral binding and inhibition (75). In contrast, an R343K substitution did not alter antiviral of glycan binding activity.

The D325 residue also differed in some serum collectins (e.g., there is a serine in there in conglutinin), and replacement of D325 with an alanine or serine caused modest increase in antiviral activity (much less than the R343V change) (76, 77). Even the slight D325N alteration (to mimic rat or mouse SP-D) led to a slight shift in saccharide and viral binding (78). More importantly the combined change of D325A(or S) along with R343V in the NCRD of human SP-D enabled greater antiviral activity than either substitution alone (76, 79). The D325A + R343V NCRD had neutralizing activity comparable to full length SP-D dodecamers for seasonal IAV strains and also caused marked viral aggregation despite absence of the N-terminal and collagen domains (77, 80). In addition, administration of D325A + R343V to mice along with an SP-D sensitive (but pathogenic) viral strain significantly reduced viral loads and mortality, whereas the wild-type SP-D NCRD did not (77). A striking additional finding was that the D325A + R343V NCRDs or the related molecule D325S + R343V were able to inhibit pandemic H1N1 of 2009 or 1918 in vitro (76). Neither of these strains are inhibited by full length SP-D nor wild-type NCRD. In addition, these double mutant molecules had greater ability to inhibit the 1968 H3N2 pandemic strain than full length SP-D. The D325S + R343V NCRD also reduced viral loads and mortality in mice infected with this pandemic H3N2 strain while with type NCRD did not (76).



Molecular Basis of Increased Neutralization and Viral Aggregation by Double Mutant NCRDs

X-ray crystallographic studies by Drs. Barbara Seaton and Michael Rynkiewicz (Boston University School of Medicine, Physiology and Biophysics) have shown how man9 (an extended mannose chain comparable to those found on viral high mannose glycans) binds to wild-type human SP-D NCRD and the D325A + R343V mutant NCRD (79). They were able to show that mannose chains assume a different orientation with respect to the NCRD surface on the mutant form. This was accounted for by the fact that in the mutant NCRD the penultimate mannose in the chain binds in the lectin site. This contrasts with the wild-type NCRD in which the terminal mannose binds. This finding correlated with increased binding affinity of the mutant NCRD to extended mannose chains as assessed by glycan array studies and increased binding to the Phillipines 82 H3N2 (Phil82) seasonal viral HA by surface plasmon resonance studies (79). Prior seminal studies by Patrick Reading and Margot Anders had shown the importance of the glycan at position 165 for binding of SP-D or MBL (20–22). Dr. Joseph Zaia (Boston University School of Medicine, Biochemistry) and colleagues were able to confirm that this glycan is of the high mannose type. Based on these findings and those of Drs. Seaton and Rynkiewicz, Drs. Boon Guh, and Klaus Schulten (University of Illinois, Urbana-Champaign, Physics) were able use molecular dynamics to show that the mode of binding of the mutant NCRD to the Phil82 H3N2 HA, using a high mannose glycan at position 165 as the binding site (79). These studies revealed two important insights. Given the different mode of binding of the mutant NCRD to the glycan (i.e., to the penultimate mannose in the chain) it was: (1) able to more fully cover-up the sialic acid binding site of the HA as compared to the wild-type NCRD and (2) able to bind in such a way that the other two lectin sites on the trimer remains exposed to such that they could attach to other HA molecules (see Figure 2). The latter observation provides a potential explanation for viral aggregation mediated by the mutant NCRD (in contrast to wild-type NCRD).


[image: image1]
FIGURE 2 | Differences in orientation in hemagglutinin (HA) complexes with WT (A) or D325A + R343V (B)—this figure represents the endpoints of three repeated simulations. Calcium ions are represented in orange, red, and white; WT and D325A + R343V are in transparent cartoon representation in green and purple, respectively; HA is shown in cartoon representation in cyan [this figure was reprinted with permission from Goh et al. (79)].


Drs. Kshitij Khatri and Joseph Zaia have further expanded on these studies by use of integrated omics and computational biology to determine the true site occupancy and actual glycoforms present on the seasonal Phil82 HA and its bovine serum resistant variant, Phil82/BS. Of interest, not all potential glycan attachment sites on the parental predicted from the protein sequence of the parental Phil82 strain were in fact glycosylated. This supports the importance of actual determination of the location and type of glycan attachments on viral envelope proteins as opposed to basing observations only on attachments predicted by the protein sequence. The structure of the glycosylated HA trimer is shown in Figure 3A. Furthermore, the Phil82/BS strain was shown to lack two high mannose glycans on the exposed tip of the HA (those at position 165 and 246).
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FIGURE 3 | Structure modeling of influenza A virus (IAV) hemagglutinin (HA) and molecular dynamics result showing binding of surfactant protein A (SP-D) neck and carbohydrate recognition domain trimer to the HA. (A) 3D model of glycosylated Phil82 hemagglutinin trimer (HA0). One HA monomer is shown in dark gray. Glycans at Asn165 and Asn246 are shown in blue and pink, respectively. (B) A model of trimeric SP-D (red ribbons) bound to three N-glycans on the H3 head domain (light gray surface). The 3D structure of the glycosylated H3 was taken from the MD simulation. In this snapshot, Manα residues at sites Asn 246, Asn 165, and Asn 246 on different protomers were approximately 45 Å apart, such that SP-D could bind each residue simultaneously. The calcium atoms found in each SP-D Manα binding site are shown (dark gray spheres) [this figure adapted from Khatri et al. (81) through free usage via Creative Commons CC-BY license].


Using molecular dynamic studies Drs. Khatri and Zaia found that the distance between SP-D NCRD trimeric heads is compatible with binding of all three heads to a single HA molecule (also trimeric) through various potential interactions with glycans at 165 and 246. An interaction of this kind is shown if Figure 3B. This provides additional explanation for the ability of SP-D to strongly inhibit certain seasonal H3N2 strains. Note that the pandemic H3N2 strain of 1968 had the glycan at 165 but lacked several other potential glycan attachment sites on its HA. This may account for the reduced ability of wild-type SP-D to inhibit this strain as compared to more recent H3N2 strains including Phil82. Presumably, a similar result may obtain with seasonal vs pandemic H1N1 strains. Note that the 1918 and 2009 H1N1 pandemic strains both have a glycan attachment site at position 104. This attachment site has also been predicted to be important for attachment of collectins (20). If this attachment is high mannose as expected, why then are the pandemic H1N1 strains not inhibited by collectins? It is likely that other high mannose glycans (or one other glycan) must be present on seasonal H1N1 strains that developed between 1977 and 2009 during human circulation provide a second important attachment site for collectin. Future studies will hopefully answer this question.

Another very important line of investigation carried out by Drs. Martin van Eijk and Henk Haagsman (University of Utrecht, Netherlands) has shown that porcine SP-D has increased ability to inhibit seasonal IAV strains but also a number of pandemic and avian strains (82, 83). The importance of studying porcine SP-D is that pigs are a source through which pandemic strains can be ultimately transmitted to humans and in the case of the 2009 H1N1. Pigs appear to provide a vessel through which human, porcine, and avian strains can become reassorted to generate new strains potentially adaptable to human transmission. How then does this relate to the increased antiviral activity of porcine SP-D? One speculation is that pigs have partial protection through conferred by innate inhibitors like SP-D allowing them to be infected with multiple IAV strains without strong manifestations of illness. In any case, study of porcine SP-D has revealed important insights into mechanism of collectin inhibition of IAV. Of great interest, porcine SP-D is the only known form of the molecule that has an N-linked glycosylation site on its NCRD. This site has been shown to be highly sialated and to contribute to the enhanced antiviral activity of porcine SP-D (82–86). The presence of the N-linked sugar gives porcine SP-D a dual mechanism of action in which it can bind to viral glycans while also presenting a decoy sialic acid rich ligand to which the viral HA binds. Initial studies by Dr. van Eijk also showed that key residues on the binding surface of the porcine SP-D carbohydrate recognition domain (CRD) differ compared to human or rodent SP-D (71). As in the case of serum collectins, these changes allow the porcine NCRD (even without the N-linked glycan) to inhibit IAV to a much greater extent than wild-type human or rat SP-D NCRDs (87). Further studies of porcine SP-D are important especially given its ability to inhibit pandemic and avian IAV strains.




FUTURE DIRECTIONS

There are other potential impacts of HA glycans including their ability to shield regions of the HA from antibody recognition (9, 88, 89), alteration of the binding properties of the HA (90), and effects on interactions with other host defense lectins like the macrophage mannose receptor, DC-SIGN, or galectins all of which play roles in host defense against IAV (37, 91, 92). It should be noted that such lectin interactions may not always lead to viral inhibition, but can also provide an alternate route for viral entry into and infection of cells (91, 93). Future studies to determine molecular mechanisms of binding to these other host defense lectins will be important.

An important question that is not fully resolved is how SP-D (or SP-A) blunts inflammatory reactions during IAV infection. This immunomodulatory effect is likely to be an important aspect of their protective effect in vivo. One hypothesis is that SP-D reduces inflammation simply by reducing viral replication. Alternatively, SP-D could independently act on inflammatory cells to limit their activity. We recently found that SP-D inhibits replication of seasonal IAV in human monocytes and reduces monocyte tumor necrosis factor (TNF) responses to the virus (56). In that study, reduction of the TNF response could be demonstrated even when viral replication was not reduced. Further studies are warranted to determine potential independent effects of SP-D or SP-A on IAV induced lung inflammation. It should be noted that elevated serum levels of SP-D have been associated with worse outcome of severe H1N1 IAV infection (94). Serum levels of SP-D are elevated in a number of conditions in which there is severe lung inflammation and may reflect breakdown in alveolar capillary barriers (43, 95), rather than some adverse effect of SP-D per se.

Finally, therapeutics based on SP-A and SP-D can considered with respect to IAV or other respiratory viruses. Potential challenges include selection of patients for such treatment and how to administer protein-based treatments into the airway. Another option is trying to increase endogenous SP-D production as a therapeutic maneuver. It is possible that steroid treatment which is beneficial in some lung infections (e.g., Pneumocystis carinii) acts in part through this mechanism. GM-CSF increases surfactant protein production and contributes to host defense against IAV in mice (96, 97). We collaborated with Dr. Frank McCormack of University of Cincinnati School of Medicine to see if keratinocyte growth factor (KGF) would improve outcome of IAV infection in mice based on its known ability to increase pulmonary collectins. However, KGF treatment unexpectedly increased viral replication and mortality in IAV infected mice through a mechanism involving the ability to KGF to increase alveolar epithelial cell proliferation (98). In any case, further research on the role of SP-D in human IAV infection and efforts to harness its antiviral activity for therapeutic purposes remain priorities given the major, ongoing health impacts of IAV and limited options for treatment.



CONCLUSION

Surfactant protein D appears to play an important role in limiting IAV replication and blunting inflammatory responses to the virus. In this review, we detail findings which demonstrate the molecular mechanism of binding to the viral HA to inhibit infectivity and also the mechanism through which SP-D can induce viral aggregation. Aggregation of viruses and other pathogens may be a major mechanism through which SP-D contributes to first line host defense in the airway. We also review, how small changes in the SP-D NCRD are able to increase binding to high mannose glycans and inhibition of IAV. The relative paucity of glycans on the HA of pandemic and avian IAV strains accounts for failure of SP-D to inhibit these strains and this in turn may be one factor in the high level of pathogenicity of these strains. To some extent, modification of the NCRD of SP-D enables it to inhibit some pandemic IAV strains, and this may have therapeutic relevance. Study of molecular interactions of SP-D with IAV has provided a very detailed look at how a lectin-based innate immune protein can mediate binding and defense against a pathogen. Similar studies could be carried out with other pathogens or host defense lectins.
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Surfactant protein D (SP-D) is expressed in the mucosal secretion of the lung and contributes to the innate host defense against a variety of pathogens, including influenza A virus (IAV). SP-D can inhibit hemagglutination and infectivity of IAV, in addition to reducing neuraminidase (NA) activity via its carbohydrate recognition domain (CRD) binding to carbohydrate patterns (N-linked mannosylated) on NA and hemagglutinin (HA) of IAV. Here, we demonstrate that a recombinant fragment of human SP-D (rfhSP-D), containing homotrimeric neck and CRD regions, acts as an entry inhibitor of IAV and downregulates M1 expression considerably in A549 cells challenged with IAV of H1N1 and H3N2 subtypes at 2 h treatment. In addition, rfhSP-D downregulated mRNA levels of TNF-α, IFN-α, IFN-β, IL-6, and RANTES, particularly during the initial stage of IAV infection of A549 cell line. rfhSP-D also interfered with IAV infection of Madin Darby canine kidney (MDCK) cells through HA binding. Furthermore, rfhSP-D was found to reduce luciferase reporter activity in MDCK cells transduced with H1+N1 pseudotyped lentiviral particles, where 50% of reduction was observed with 10 μg/ml rfhSP-D, suggestive of a critical role of rfhSP-D as an entry inhibitor against IAV infectivity. Multiplex cytokine array revealed that rfhSP-D treatment of IAV challenged A549 cells led to a dramatic suppression of key pro-inflammatory cytokines and chemokines. In the case of pH1N1, TNF-α, IFN-α, IL-10, IL-12 (p40), VEGF, GM-CSF, and eotaxin were considerably suppressed by rfhSP-D treatment at 24 h. However, these suppressive effects on IL-10, VEGF, eotaxin and IL-12 (p40) were not so evident in the case of H3N2 subtype, with the exception of TNF-α, IFN-α, and GM-CSF. These data seem to suggest that the extent of immunomodulatory effect of SP-D on host cells can vary considerably in a IAV subtype-specific manner. Thus, rfhSP-D treatment can downregulate pro-inflammatory milieu encouraged by IAV that otherwise causes aberrant inflammatory cell recruitment leading to cell death and lung damage.

Keywords: innate immunity, influenza A virus, surfactant protein D, pseudotyped lentiviral particles, inflammation


INTRODUCTION

The innate immune system is composed of both cellular and humoral players to encounter invading pathogens. It is also an important component in the initiation and modulation of the adaptive immunity. To distinguish self from non-self, the innate immune system has evolved to recognize pathogen-associated molecular patterns through a number of pattern recognition receptors, including toll like receptors and C-type lectin receptors. Collectins are collagenous lectins, representing a crucial group of calcium-dependent pattern recognition molecules present in pulmonary secretions and mammalian serum (1). They play a crucial role in the first line of defense against a diverse range of pathogens by interacting with specific glycoconjugates and lipid moieties present on the surface of microorganisms. A significant number of in vitro and in vivo studies have focused on the immunomodulatory functions of a lung collectin, human surfactant protein D (SP-D). SP-D is primarily organized into four regions: a cysteine-linked N-terminal region involved in multimerization, a triple-helical collagen region composed of Gly-X-Y repeats, an α-helical, coiled-coil trimerizing neck region, and the C-terminal carbohydrate recognition domains (CRDs) or C-type lectin domain (2). Human SP-D is primarily synthesized by alveolar type II and Clara cells, in addition to being present in several extra-pulmonary tissues. SP-D triggers a range of anti-microbial defense mechanisms, including agglutination/aggregation, phagocytosis, and direct growth inhibition (1). SP-D is also capable of controlling pulmonary inflammation including allergy and asthma, and thus, linking innate with adaptive immunity via modulation of dendritic cell maturation, and polarization of helper T cells (1).

The direct nature of interaction between SP-D and Influenza A Virus (IAV) has been reported (3, 4), which often results in virus neutralization and enhanced phagocytosis (5, 6). Anti-viral roles of SP-D during IAV infection have been well-documented, principally by Hartshorn group. IAV is an enveloped RNA virus and a member of Orthomyxoviridae family that possesses eight single-stranded RNA segments with negative orientation. These RNA segments can encode up to 13 viral proteins, including two surface glycoproteins, an ion channel protein, nucleocapsid protein, structural scaffolding protein, a tripartite polymerase complex, two non-structural proteins, and three non-essential proteins (7). IAV is subtyped based on their surface glycoproteins, such as hemagglutinin (HA) and neuraminidase (NA); to date, there are 19 HA and 9 NA protein subtypes that have been well established. Both HA and NA play an important role in the host range, viral replication, and pathogenicity (8). Among the three genera of influenza viruses reported, infection by IAV is the most common and severe in humans, swine, and avian species. It is also known to cause pandemic infections, being diverse in host specificity. IAV is considered as a major human respiratory pathogen following 1918 H1N1 influenza pandemic (Spanish Flu) (9), which is believed to have resulted in the zoonotic transmission of an avian virus to a human host and has rapidly dispersed (10).

Binding of IAV to target cells is mediated via the globular head of HA to sialic acid (SA) receptors present on the host cell surface (11, 12). IAV subtypes have adapted to human preferentially via binding with α (2–6) linkage of SA receptors (13). Following IAV–SA receptor interaction, virus particles are internalized via clathrin, resulting in clathrin-mediated endocytosis, or via caveolin/clathrin-independent mechanism (14, 15). Thus, acidic environment triggers M2 ion channel and transfers protons and potassium into the interior portion of the virion to dissociate M1 protein from the ribonucleoprotein (RNP) (16). Acidification also initiates HA-mediated conformational changes, which leads to viral fusion and RNPs release into the cytoplasm, resulting in viral transcription and replication. It is, therefore, suggested that SA and its linkage are crucial for the initiation of IAV infection of both epithelial and immune cells. Thus, inhibition of SA receptor binding or enzymatic switching of SA-mediated linkages can confer cell resistance, and/or alter susceptibility to IAV infection. Hence, cell surface SA is considered as an important primary receptor and determinant of IAV tropism, contributing to induction of immune responses as well as to viral pathogenesis.

It is crucial to understand the molecular mechanisms of host defense against IAV in order to design novel anti-IAV strategies. SP-D binding to HA leads to a direct inhibition of cellular infection by preventing HA–SA receptor interaction (4). SP-D has been shown to bind HA-mediated glycosylation sites, identified as β-type inhibitor of IAV. This interaction is calcium dependent, and binding of SP-D to NA inhibits the release of progeny virions from infected cells (17, 18). It has been reported that recombinant full-length porcine SP-D has a potent antiviral activity against a wide range of IAV by similar mechanisms, more than human SP-D due to structural differences, such as an additional loop in its CRD, an additional glycosylation site, and an additional cysteine in the collagen domain (19). In this study, we have used a well-characterized recombinant homotrimeric fragment of human SP-D comprising neck and CRD region (rfhSP-D), and examined its ability to act as an entry inhibitor of IAV and pseudotyped viral particles, and modulate subsequent immunological response in vitro.



MATERIALS AND METHODS


Reagents


Viruses and Reagents

The A/England/2009 (pH1N1) and the A/HK/99 (H3N2) strains were gifted by Wendy Barclay from the Imperial College, London and Leo Poon from the University of Hong Kong, respectively. The plasmids used to produce the H1+N1 pseudotyped lentiviral particles were obtained from Addgene. The pHIV-Luciferase plasmid was a gift from Bryan Welm (Addgene plasmid # 21375); psPAX2 was a gift from Didier Trono (Addgene plasmid # 12260); and Vesicular Stomatitis Virus (VSV-G) was offered by Bob Weinberg (Addgene plasmid #8454). Monoclonal Anti-Influenza Virus H1 HA, A/California/04/2009 (H1N1)pdm09, Clone 5C12 (produced in vitro), NR-42019 and Polyclonal Anti-Influenza Virus H3 HA, A/Hong Kong/1/1968 (H3N2) (antiserum, Goat), NR-3118 were obtained from BEI Resources, NIAID, NIH, USA.




Cell Culture

Adenocarcinomic human alveolar basal epithelial cells (A549), Madin Darby Canine Kidney (MDCK), and human embryonic kidney (HEK) 293T cell lines were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) (Sigma-Aldrich), supplemented with 10% v/v fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/ml penicillin (Sigma-Aldrich), 100 μg/ml streptomycin (Sigma-Aldrich) and 1 mM sodium pyruvate (Sigma-Aldrich), and left to grow at 37°C in the presence of 5% v/v CO2 for approximately 3 days before passaging. Since these cells were adherent, they were detached using 2× Trypsin-EDTA (0.5%) (Fisher Scientific) for 10 min at 37°C. Cells were then centrifuged at 1,200 rpm for 5 min, followed by re-suspension in complete DMEM with FBS, penicillin, and streptomycin, as described above. To determine the cell count and viability, an equal volume of the cell suspension and Trypan Blue (0.4% w/v) (Fisher Scientific) solution were vortexed, followed by cell count using a hemocytometer with Neubauer rulings (Sigma-Aldrich). Cells were then re-suspended in complete DMEM for further use.



Purification of IAV Subtypes

MDCK cells at 80–90% confluency were washed with sterile PBS twice before infection. Diluted pH1N1 (2 × 104) or H3N2 (3.3 × 104) (600 μl/flask) was transferred to the flask containing 20 ml of complete DMEM, and incubated at 37°C for 1 h. Unbound viruses were removed by washing three times with sterile PBS. 25 ml of infection medium [DMEM with 1% penicillin/streptomycin, 0.3% bovine serum albumin (BSA), and 1 μg/ml of L-1-Tosylamide-2-phenylethyl chloromethyl ketone (TPCK)—Trypsin] (Sigma-Aldrich) were added to the flasks, and incubated at 37°C for 3 days. The virus particles were then harvested via centrifugation of the infection medium at 3,000 × g at 4°C for 15 min. The supernatant obtained was centrifuged at 10,000 × g for 30 min at 4°C. 26 ml of supernatant was added slowly to new ultra-clear centrifuge tubes containing 30% w/v sucrose (8 ml/tube) (Sigma-Aldrich), and centrifuged at 25,000 × g at 4°C for 90 min. The upper phase of the medium and the sucrose phase were carefully removed; IAV particles at the bottom were re-suspended in 100 μl of sterile PBS. Virus suspension (15 μl) was subsequently analyzed by SDS-PAGE and ELISA.



Tissue Culture Infectious Dose 50% (TCID50) Assay

Purified pH1N1 or H3N2 virus stocks were prepared with a starting dilution of 10−2 in DMEM and 146 μl of the diluted virus was added to all wells; uninfected MDCK cells were used as a control. 46 μl of pH1N1 or H3N2 was then serially diluted (1/2log10 up to 10−7) and incubated at 37°C for 1 h in a microtiter plate. 1 × 105 MDCK cells, earlier trypsinised and re-suspended in 2× infection medium, were added to each well and incubated for 3 days at 37°C under 5% v/v CO2 until cytopathic effect (CPE) was observed. After 5 days, each well was observed under microscope, and the number of wells that were positive and negative for CPE at each dilution was recorded.



Expression and Purification of a Recombinant Fragment of Human SP-D Containing Neck and CRD Regions

A recombinant fragment of human SP-D (rfhSP-D) was expressed under bacteriophage T7 promoter in Escherichia coli BL21 (λDE3) pLysS (Invitrogen), transformed with plasmid pUK-D1 containing cDNA sequences for the 8 Gly-X-Y repeats, neck and CRD regions of human SP-D, as described previously (20). Briefly, a primary inoculum of 25 ml bacterial culture was inoculated into 500 ml of LB containing 100 μg/ml ampicillin and 34 μg/ml chloramphenicol (Sigma-Aldrich), grown to OD600 of 0.6, and then induced with 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) (Sigma-Aldrich) for 3 h. The bacterial cell pellet was re-suspended in lysis buffer (50 mM Tris–HCl pH7.5, 200 mM NaCl, 5 mM EDTA pH 8, 0.1% v/v Triton X-100, 0.1 mM phenyl-methyl-sulfonyl fluoride, 50 μg/ml lysozyme) and sonicated (five cycles, 30 s each). The sonicate was harvested at 12,000 × g for 30 min, followed by solubilization of inclusion bodies in refolding buffer (50 mM Tris–HCl pH 7.5, 100 mM NaCl, 10 mM 2-Mercaptoethanol) containing 8 M urea. The solubilized fraction was then dialyzed stepwise against refolding buffer containing 4 M, 2 M, 1 M, and no urea. The clear dialysate was loaded onto a maltose agarose column (5 ml; Sigma-Aldrich) and the bound rfhSP-D was eluted using 50 mM Tris–HCl, pH 7.5, 100 mM NaCl, and 10 mM EDTA. The eluted fractions were then passed through PierceTM High Capacity Endotoxin Removal Resin (Qiagen) to remove endotoxin. The endotoxin levels were measured via QCL-1000 Limulus amebocyte lysate system (Lonza), and found to be <5 pg/μg of rfhSP-D.



Direct Binding ELISA

Maxisorp 96-well microtiter plates were coated with rfhSP-D (5, 2.5, 1.25, and 0.625 μg/well) in carbonate-bicarbonate buffer (CBC), pH 9.6, and incubated overnight at 4°C. After removing the CBC buffer, microtiter wells were washed with PBS three times, blocked with 2% w/v BSA in PBS for 2 h at 37°C, and then washed three times with PBST (PBS + 0.05% Tween 20). 20 μl of concentrated pH1N1, H3N2 virus (1.36 × 106 pfu/ml), or purified recombinant HA (2.5 μg/ml) was diluted in 200 μl of PBS, 10 μl of diluted virus was added to each well, and incubated at room temperature (RT) for 2 h in buffer containing 5 mM CaCl2. VSV-G pseudotyped lentivirus was used as a negative control. The microtiter wells were washed with PBST three times and the binding was probed with primary antibody: monoclonal anti-influenza virus H1 (BEI-Resources) and polyclonal anti-influenza virus H3 (BEI-Resources) antibody (1:5,000 dilution in PBS) for 1 h at 37°C. The wells were washed again with PBST and incubated with anti-mouse IgG-Horseradish peroxidase (HRP)-conjugate (1:5,000) (Fisher Scientific) and Protein A-HRP-conjugate (Fisher Scientific) in PBS (100 μl/well), respectively, for 1 h at 37°C. Color was developed using 3,3′,5,5′-Tetramethylbenzidine (TMB) substrate (Sigma-Aldrich). The reaction was stopped using 2 N H2SO4 and the absorbance was read at 450 nm using iMark™ microplate absorbance reader (Bio-Rad).



Far Western Blotting

rfhSP-D (5 μg) or 10 μl of concentrated pH1N1/H3N2 (1.36 × 106 pfu/ml) were run separately on a 12% (w/v) SDS-PAGE, and then electrophoretically transferred onto a nitrocellulose membrane (320 mA for 2 h) in 1× transfer buffer (25 mM Tris–HCl pH 7.5, 190 mM glycine, and 20% methanol), followed by blocking overnight in 5% w/v dried milk powder in PBS (Sigma-Aldrich) at 4°C on a rotatory shaker. The membrane was then washed with PBST three times, 10 min each. For far western blotting, the nitrocellulose membrane was incubated with 5 μg/ml of rfhSP-D in PBS containing 5 mM CaCl2 for 1 h at RT and 1 h at 4°C. Following PBST wash, the membrane was incubated with primary antibodies, polyclonal rabbit anti-human SP-D, monoclonal anti-influenza virus H1 (BEI-Resources), or polyclonal anti-influenza virus H3 (BEI-Resources) in PBS (1:1,000) for 1 h at RT. Following washing, the membrane was probed with secondary antibodies: protein-A-HRP-conjugate, or rabbit anti-mouse IgG HRP conjugate (1:1,000) (Fisher Scientific) in PBS (100 μl/well) for 1 h at RT. After PBST wash, the blot was developed either using 3,3′-diaminobenzidine (DAB) or enhanced chemiluminescence substrate. For M1 detection, following 6 h incubation, both untreated (cells + virus) and treated samples (cells + virus + 10 μg/ml rfhSP-D) were run on the 12% (w/v) SDS-PAGE, and transferred onto a nitrocellulose membrane, as described above. The M1 expression was detected using anti-M1 monoclonal antibody (BEI-Resources).



Cell-Binding Assay

A549 cells were seeded in microtiter wells using complete DMEM (1 × 105 cells/well) and incubated overnight at 37°C. The wells were washed with PBS three times, and then rfhSP-D (10, 5, 2.5, and 1.25 μg/ml) was pre-incubated with pH1N1 or H3N2 virus (1.36 × 106 pfu/ml) diluted in 200 μl of PBS + 5 mM CaCl2; 10 μl of diluted virus was added to the corresponding wells, and incubated at RT for 2 h. Maltose-binding protein (MBP) was used as a negative control. The microtiter wells were then washed with PBS three times, and fixed with 4% paraformaldehyde (Fisher Scientific) for 10 min at RT. The wells were washed again with PBS three times, and blocked with 2% w/v BSA in PBS for 2 h at 37°C. Monoclonal anti-influenza virus H1 (BEI-Resources) and polyclonal anti-influenza virus H3 (BEI-Resources) in PBS (1:5,000) were added to each well and incubated for 1 h at 37°C. After washing with PBST three times, the corresponding wells were probed with goat anti-mouse IgG-HRP-conjugate (Thermo-Fisher), or Protein A-HRP conjugate (1:5,000) in PBS for 1 h at 37°C. The wells were washed again with PBST three times and the color was developed using TMB substrate. The reaction was stopped using 2 M H2SO4, followed by absorbance reading at 450 nm.



Titration Assay

Maxisorp 96-well plates were coated with 0.01% collagen (Sigma-Aldrich) and incubated at RT for 3 h. After removing the excess collagen, the wells were washed with PBS twice. 75,000 A549 cells were seeded and grown overnight at 37°C in the presence of 5% v/v CO2, until 75–80% confluency. Cells were washed with 1× PBS twice, pH1N1 or H3N2 virus (MOI of 1) diluted in pure DMEM with 10 μg/ml rfhSP-D was added to cells, respectively. The plates were incubated at 37°C for 1 h. The wells were then washed with PBS twice and 200 μl of infection medium was added to the cells, and incubated for 24 h at 37°C with 5% v/v CO2. The media of the infected cells in the presence or absence of rfhSP-D was collected and virus titer was estimated by TCID50.



Infection Assay Using pH1N1 and H3N2

A549 cells were cultured in complete DMEM with usual supplements at 37°C in CO2 incubator until about 70–80% confluence. Cells, washed with PBS twice, trypsinised, and adjusted to 5 × 105 cells in 12-well plates (Fisher Scientific), were left to adhere overnight at 37°C in serum-free complete DMEM. Cells were washed in PBS before the addition of rfhSP-D (10 μg/well) in pure DMEM containing 5 mM CaCl2 with MOI 1 of pH1N1 or H3N2 virus (1 h at RT and 1 h at 4°C). The pre-incubated virus and protein mix was then added onto the cells in a circular motion and incubated at 37°C for 1 h in DMEM only. Medium containing unabsorbed virus and rfhSP-D protein was removed, cells were washed with PBS twice, infection medium was added, and then left to incubate 2 and 6 h. The infected cells were detached by scrapping with a sterile cell scrapper, centrifuged at 1,500 × g for 3 min, and frozen at −80°C until further analysis via qPCR.



Real-Time Quantitative PCR Analysis

The infected A549 cells were lysed using a lysis solution (50 mM Tris–HCl pH 7.5, 200 mM NaCl, 5 mM EDTA pH 8, 0.1% v/v Triton X-100). Total RNA was extracted using RNase Mini Kit (Qiagen). Contaminating DNA was removed by DNase I treatment, followed by heat-inactivation at 70°C of DNase I and RNase. A260 nm was used to quantify the amount of RNA using NanoDrop 2000/2000c (Sigma-Aldrich), and the RNA purity was assessed using A260/A280 ratio between 1.8 and 2.1. The isolated RNA was then converted into cDNA using SuperScript II Reverse Transcriptase (Thermo-Fisher Scientific). Oligo-dT primers were added to initiate cDNA synthesis and to avoid labeling of the rRNA and tRNA. cDNA was synthesized using high capacity RNA to cDNA Kit (Thermo-Fisher Scientific) using 1–2 μg of total RNA. Primer sequences were designed for specificity using the Primer-BLAST software (Basic Local Alignment Search Tool) (http://blast.ncbi.nlm.nih.gov/Blast.cgi) (Table 1). The qRT-PCR was performed using the Light Cycler system (Applied Biosciences). The amplification program used was at 95°C for 5 min, followed by 45 cycles of 95°C for 10 s, 60°C for 10 s, and 72°C for 10 s. The specificity of the assay was established by melting-curve analysis.


TABLE 1 | Target genes, forward primers, and reverse primers used for qPCR.
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Multiplex Cytokine Array Analysis

Supernatant from A549 cells, incubated with IAV with or without rfhSP-D for 24 h were collected for measuring secreted cytokines [TNF-α, IL-6, IL-10, IL-1α, interferon (IFN)-α, and IL-12p40], chemokine (eotaxin) and growth factors (GM-CSF and VEGF). The analytes were measured using MagPixMilliplex kit (EMD Millipore). 25 μl of assay buffer was added to each well of a 96-well plate, followed by addition of 25 μl of standard, control, or supernatant from A549 cells infected with pH1N1 or H3N2 (with or without rfhSP-D). 25 μl of magnetic beads, coupled to analytes, were added to each well, and incubated for 18 h at 4°C. The plate was washed with the assay buffer and 25 μl of detection antibodies were incubated with the beads for 1 h at RT. 25 μl of Streptavidin–Phycoerythrin was then added to each well and incubated for 30 min at RT. Following a washing step, 150 μl of sheath fluid was added to each well and the plate was read using the Luminex Magpix instrument. Assays were conducted in duplicate.



Production of H1+N1 Pseudotyped Lentiviral Particles

HEK293T cells were co-transfected with 20 μg of pcDNA3.1-swineH1-flag (H1 from swine H1N1 A/California/04/09) (Invitrogen), pcDNA3.1-swine N1-flag (N1 from swine H1N1 A/California/04/09) (Invitrogen), pHIV-Luciferase backbone (Addgene), which carries a modified proviral HIV-1 genome with env deleted and designed to express the firefly luciferase reporter, and psPAX2 (Addgene). psPAX2 is a second-generation lentiviral packaging plasmid and can be used with second or third generation lentiviral vectors and envelope expressing plasmid. VSV-G lentivirus was produced in a similar way as described above, without H1+N1 plasmids. Supernatant containing the released H1+N1 pseudotyped and VSV-G lentiviral particles were harvested at 24 and 48 h and centrifuged at 5,000 × g for 10 min to remove any debris, and concentrated via ultra-centrifugation. The transfected HEK293T cells were lysed using lysis buffer (50 mM Tris–HCl pH 7.5, 200 mM NaCl, 5 mM EDTA, 0.1% v/v Triton X-100). The filtered supernatant and the cell lysate were analyzed via western blotting and luciferase reporter activity assay.



Luciferase Reporter Activity Assay

MDCK cells were cultured in supplemented DMEM as described earlier, until about 70–80% confluency. The harvested H1+N1 pseudotyped particles at 24 and 48 h were used to perform luciferase reporter activity using luciferase one-step assay kit (Thermo Scientific). rfhSP-D (5 and 10 μg/ml) was used to determine its effect on the luciferase reporter activity; cells only, and cells + H1+N1 particles were used as controls. Readings were measured using a GloMax 96 Microplate Luminometer (Promega).



Statistical Analysis

Graphs were generated using GraphPad Prism 6.0 software and the statistical analysis was performed using a two-way ANOVA test. Significant values were considered based on *p < 0.1, **p < 0.05, ***p < 0.01, and ****p < 0.001 between treated and untreated conditions. Error bars show the SD or SEM, as indicated in the figure legends.




RESULTS


rfhSP-D Binds Directly to IAV Subtypes

Escherichia coli BL21 (λDE3) pLysS containing pUK-D1 construct (20) expressed a ~20 kDa protein following IPTG induction, compared to the un-induced bacterial cells (Figure 1A). The overexpressed insoluble rfhSP-D as inclusion bodies was refolded via denaturation and renaturation cycle. The soluble rfhSP-D fractions were affinity purified using maltose–agarose column, which appeared as a single band on 12% SDS-PAGE (v/v) under reducing condition (Figure 1B). The immunoreactivity of purified rfhSP-D was confirmed via western blotting using rabbit polyclonal anti-human SP-D antibody that was raised against native human SP-D purified from lung lavage of alveolar proteinosis patients (Figure 1C). The ability of pH1N1 and H3N2 subtypes to bind microtiter-coated rfhSP-D was examined via ELISA. As shown in Figure 2, rfhSP-D bound both IAV subtypes in a dose- and calcium-dependent manner. VSV-G pseudotyped lentivirus was used as a negative control RNA virus, where no significant binding was seen with all rfhSP-D concentrations tested. For cell-binding assay, A549 cells were challenged with purified pH1N1 or H3N2 pre-incubated with a range of rfhSP-D concentrations (Figure 3). The maximum inhibition (50%) of cell binding was seen at 10 μg/ml. MBP was used as a negative control protein.
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FIGURE 1 | SDS-PAGE (12% v/v) under reducing conditions showing expression and purification of a recombinant surfactant protein D (rfhSP-D). The neck and carbohydrate recognition domain regions were expressed in Escherichia coli BL21 (λDE3) pLysS. (A) Following induction with 0.5 mM IPTG, a ~20 kDa band appeared being overexpressed compared to uninduced sample. Following denaturation–renaturation cycle, the rfhSP-D was purified on an affinity column to homogeneity after elution with EDTA as fractions F1, F2 and F3 (B). A rabbit polyclonal antibody raised against full-length SP-D purified from human bronchoalveolar lavage (C) recognized the purified rfhSP-D, but not BSA that was used as a negative control protein.
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FIGURE 2 | ELISA to show binding of rfhSP-D to (A) pH1N1 and (B) H3N2: microtiter wells were coated with different concentrations of rfhSP-D (5, 2.5, 1.25, and 0.625 μg/ml). 20 μl of concentrated pH1N1 or H3N2 virus (1.36 × 106 pfu/ml) was diluted in 200 μl of PBS + 5 mM CaCl2 and 10 μl of diluted virus was added to all the wells, and probed with either monoclonal anti-influenza virus H1 or polyclonal anti-influenza virus H3 antibody. VSV-G pseudotyped lentivirus was used as a negative RNA virus control. The data were expressed as mean of three independent experiments done in triplicates ± SEM.
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FIGURE 3 | Cell-binding assay to show binding of (A) pH1N1 and (B) H3N2 pre-incubated with rfhSP-D to A549 cells. Microtiter wells were coated with A549 cells (1 × 105 cells/ml) and incubated overnight at 37°C. Varied concentrations of pre-incubated rfhSP-D (10, 5, 2.5, and 1.25 μg/ml) with pH1N1 and H3N2 virus were added to the corresponding wells, followed by incubation at room temperature for 1–2 h. After fixing the cells with 4% paraformaldehyde solution, monoclonal anti-influenza virus H1, or polyclonal anti-influenza virus H3 were added to corresponding well. Maltose-binding protein (MBP) was used as a negative control protein. The data were expressed as mean of three independent experiments done in triplicates ± SEM.




rfhSP-D Binds to HA and Restricts Replication of IAV in A549 Cells

Previous studies have shown that SP-D binds to the glycosylation site of HA1 domain on IAV (18). Far western blotting revealed that rfhSP-D bound to HA (70 kDa) and M1 (27 kDa) of pH1N1 (Figure 4A) and H3N2 (Figure 4B) subtypes. As shown in Figure 4C, rfhSP-D was able to bind purified recombinant HA protein in a concentration-dependent manner. The binding of rfhSP-D may inhibit cellular viral infection by restricting the interaction of HA with SA containing receptors, and HA-mediated fusion in endosomes. The interaction between rfhSP-D and HA appears to offer another dimension at which rfhSP-D may suppress target cell infection and intracellular replication. The mechanism of direct inhibition of IAV by rfhSP-D was thus investigated via infection assay. A549 cells infected with pH1N1 and H3N2 revealed an upregulation of M1 expression at 2 and 6 h time points (Figure 5). However, A549 cells, pre-treated with rfhSP-D showed down-regulation of viral M1 expression when compared to untreated cells challenged with virus (Figure 5). The downregulation of M1 expression due to rfhSP-D pre-incubation was more effective in the case of pH1N1 compared to H3N2, where −8 log10 fold downregulation was seen at 2 h (Figure 5A). This was validated via western blotting, where a low M1 expression was detected in rfhSP-D (10 μg/ml) treated sample following 6 h incubation, when compared to untreated samples (cells + virus) (Figure 5C). Furthermore, anti-IAV activity of rfhSP-D was confirmed via virus titration assay (Figures 5D,E). Approximately 40% titer reduction was seen in 10 μg rhfSP-D treated cells compared to untreated samples, suggesting the ability of rfhSP-D to act as an entry inhibitor. Differential inhibitory effects of rfhSP-D on IAV subtypes may reflect on the glycosylation of the HA protein of IAV, suggesting a correlation between HA-glycan attachment and susceptibility of IAV strains to inhibition by rfhSP-D that involves specific interaction sites on HA.
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FIGURE 4 | Far western blot analysis to show rfhSP-D binding to purified (A) pH1N1 and (B) H3N2: 10 μl of concentrated virus (1.36 × 106 pfu/ml) was first run on the SDS-PAGE under reducing conditions, and then transferred onto a nitrocellulose membrane and incubated with 5 μg of rfhSP-D. The membrane was probed with anti-rabbit SP-D polyclonal antibodies. rfhSP-D bound to HA (70 kDa) and M1 (27 kDa) in the case of both pH1N1 and H3N2 subtypes. (C) ELISA to show the binding of rfhSP-D to purified recombinant hemagglutinin (HA) (μg/ml). VSV-G was used as a negative control. The data were expressed as mean of three independent experiments carried out in triplicates ± SEM. Significance was determined using the unpaired one-way ANOVA test (***p < 0.0001) (n = 3).
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FIGURE 5 | rfhSP-D restricts replication of (A) pH1N1 and (B) H3N2 in target human A549 cells. M1 expression of both pH1N1 and H3N2 influenza A virus (IAV) (MOI 1) after infection of A549 cells at differential time points at 2 and 6 h. A549 cells were incubated either with pre-incubated pH1N1 and H3N2 with (10 μg) or without purified rfhSP-D. Cell pellets were harvested at 2 and 6 h to analyze the M1 expression of IAV. Cells were lysed, and purified RNA extracted was converted into cDNA. Infection was measured via qRT-PCR using M1 primers and 18S was used as an endogenous control. Results shown are normalized to M1 levels at 2 h untreated. Significance was determined using the unpaired one-way ANOVA test (**p < 0.01, ***p < 0.001, and ****p < 0.0001) (n = 3). (C) Western blotting to shown M1 expression in both untreated (cells + virus) and treated (cells + virus + 10 μg/ml rfhSP-D) following 6 h incubation. Titration assay to show the anti-IAV activity of rfhSP-D (10 μg/ml), using both pH1N1 (D) and H3N2 (E) subtypes. A549 cells were infected with pH1N1/H3N2 (MOI 1) for 24 h. Then, the supernatants were collected and virus titers measured using a TCID50 assay. Treatment with rfhSP-D reduced viral titers by approximately 40%, suggesting that rfhSP-D acts as an entry inhibitor.




rfhSP-D Modulates Pro-Inflammatory Cytokine/Chemokine Immune Responses Following Virus Challenge to A549 Cells

The qPCR analysis revealed that there was an upregulation of pro-inflammatory cytokines TNF-α and IL-6 by H3N2 strain, which were brought down slightly by rfhSP-D at 2 h (Figure 6A). However, both TNF-α and IL-6 in the case of pH1N1 were found to be downregulated considerably by rfhSP-D at 2 h, which gradually recovered by 6 h (Figure 6B). IL-6, which is crucial for the resolution of IAV infection, acts by inducing neutrophil mediated viral clearance. An elevated level of IL-6 in lung and serum has been reported in patients infected with pH1N1 (21). TNF-α and IL-6 are the key contributors to IAV-mediated respiratory diseases and acute lung injury. By contrast, there was a broad level of downregulation of IL-12 in the case of both IAV subtypes incubated with rfhSP-D, suggesting a likely reduction of Th1 response and suppression of IFN-γ production by CD4+ T cells. Suppressed transcript level of RANTES (1 log10 fold) by rfhSP-D was observed at 2 h treatment in the case of pH1N1. However, in the case of H3N2 strain, RANTES was downregulated by 0.5-fold (log10) (Figure 6B) at 2 h following treatment with rfhSP-D compared to untreated A549 cells. Furthermore, suppression of IFN-α and IFN-β were also seen with rfhSP-D treatment at both 2 and 6 h time points (Figure 6C). Both of these type I IFN cytokines play a crucial anti-viral role against IAV, and determine the rate of viral replication in the initial stages of infection. Suppression of type I IFN levels suggests the ability of rfhSP-D to reduce the rate of viral replication, thereby reducing the levels of INF produced by the innate immune system.
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FIGURE 6 | Differential mRNA expression profile of A549 cells challenged with pre-incubated (A) pH1N1, (B) H3N2 with rfhSP-D, and (C) expression levels of type I interferon (IFN) subtypes in both untreated and treated samples. The expression levels of cytokines and chemokine were measured using qRT-PCR and the data were normalized via 18S rRNA expression as a control. The relative expression (RQ) was calculated by using cells only time point as the calibrator. The RQ value was calculated using the formula: RQ = 2−ΔΔCt. Assays were conducted in triplicates and error bars represents ± SEM. Significance was determined using the unpaired one-way ANOVA test (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001) (n = 3).





Multiplex Cytokine Array Analysis Reveals a Differential Ability of rfhSP-D to Downregulate Pro-Inflammatory Cytokines and Chemokines

To assess secretion of cytokines, chemokines, and growth factors over a period of 24 h post rfhSP-D treatment, a multiplex cytokine array was performed using supernatants of the IAV challenged and rfhSP-D treated A549 cells. rfhSP-D induced a dramatic suppression of some of the key pro-inflammatory cytokines and chemokines in the virus infected A549 cells. In the case of pH1N1, TNF-α, IFN-α, IL-10, IL-12 (p40), VEGF, GM-CSF, and eotaxin were considerably suppressed by rfhSP-D treatment at 24 h (Figure 7A). However, these suppressive effects on IL-10, VEGF, eotaxin, and IL-12 (p40) were not so evident in the case of H3N2 subtype, with the exception of TNF-α, IFN-α, and GM-CSF (Figure 7). These data seem to suggest that the extent of immunomodulatory effect of rfhSP-D on host cells can vary considerably in a IAV subtype-specific manner.
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FIGURE 7 | Multiplex cytokine array analysis of supernatants that were collected at 24 h time point. A549 cells were infected with pH1N1 (A) and H3N2 (B), treated with 10 μg/ml of rfhSP-D. Cytokines (TNF-α, IL-6, IL-10, IL-1α, IFN-α, and IL-12p40), chemokine (eotaxin), and growth factors (GM-CSF and VEGF) were measured using a commercially available MagPix Milliplex kit (EMD Millipore). Assays were conducted in triplicates and error bars represent ± SEM (n = 3); significance was determined using unpaired one-way ANOVA test (*p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001).




rfhSP-D Binds to H1+N1 Pseudotyped Lentivirus and Reduces Luciferase Reporter Activity

H1+N1 pseudotyped lentiviral particles were produced as a safe strategy to study the differential or combinatorial involvement of HA or NA viral glycoproteins in the recognition and neutralization of IAV by rfhSP-D. The production of lentiviral particles pseudotyped with envelope proteins H1+N1 was carried out by co-transfecting HEK293T cells with plasmid containing the coding sequence of the indicated H1+N1, pHIV-Luciferase backbone, and psPAX2. Purified H1+N1 pseudotyped particles and cell lysate harvested at 24 and 48 h were analyzed via western blotting, and the expression level of HA was determined using anti-H1 monoclonal antibody (Figure 8A); HA was evident at 70 kDa. Far western blotting revealed binding of rfhSP-D to HA at 70 kDa (Figure 8B), suggesting that the binding of rfhSP-D to HA is crucial for the inhibition of viral infectivity. Purified H1+N1 pseudotyped particles harvested at 24 and 48 h were used to transduce MDCK cells to measure the luciferase reporter activity assay. Higher levels of luciferase reporter activity were observed at 24 h when compared to 48 h post-transfection (Figure 8C). Thus, pseudotyped particles harvested at 24 h were used to transduce MDCK cells with or without rfhSP-D (5 and 10 μg/ml) (Figure 8D). Nearly 50% reduction in the luciferase reporter activity was observed with 10 μg/ml of rfhSP-D compared to cells challenged with H1+N1 pseudotyped particles. This suggested an entry inhibitory role of rfhSP-D against IAV.
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FIGURE 8 | (A) Western blotting to show the expression of influenza A virus-hemagglutinin (HA) protein in purified H1+N1 pseudotyped lentiviral particles and cell lysate at 24 and 48 h. The presence of HA was identified at 70 kDa. (B) Far western blotting to show rfhSP-D binding in both purified H1+N1 pseudotyped lentiviral particles and cell lysate at 24 and 48 h. HA was evident at 70 kDa when probed with rfhSP-D. (C) Luciferase reporter activity of purified H1+N1 pseudotyped lentiviral particles at 24 and 48 h, and (D) Luciferase reporter activity of rfhSP-D treated MDCK cells transduced with these lentiviral particles. Significance was determined using the unpaired one-way ANOVA test (*p < 0.05 and ****p < 0.0001) (n = 3).






DISCUSSION

Respiratory tract infection caused by IAV is associated with up to half a million mortality rates worldwide and five million cases of morbidity per year. A new swine-origin H1N1 IAV, identified in April 2009, spread worldwide, and was officially declared pandemic in June 2009. There are concerns that H1N1 or H3N2 viruses reassort with existing H5N1 virus using bird or pig as intermediate hosts, giving rise to more pathogenic IAV. Thus, it is important to understand molecular mechanisms of host’s first line of defense against IAV in order to design and develop novel and effective anti-IAV strategies. SP-D expressed at the mucosal sites including lungs plays an important role during IAV infection (22). SP-D has been shown to have a wide range of innate immune roles including neutralization, agglutination, opsonization and clearance of viruses including IAV. The binding ability of rfhSP-D to HIV-1 gp120 was reported, primarily in a dose- and calcium-dependent manner (23). Human SP-D has also been shown to bind IAV-HA and NA, resulting in the inhibition of viral attachment and entry into the host cells (24). However, the mechanism of direct inhibition of IAV and pseudotyped viral particles by SP-D and subsequent immune response is not fully explored.

Using two different IAV subtypes (pH1N1 and H3N2), we have shown that the entry inhibitory capability of rfhSP-D is not limited to a particular IAV subtype. To identify the interaction of rfhSP-D with IAV viral proteins, protein–protein interaction studies were carried out via ELISA, cell-binding assay, and far western blot. The ELISA (Figure 2) and cell-binding assay (Figure 3) revealed the maximal binding of rfhSP-D to both pH1N1 and H3N2 IAV subtypes at 5 μg/ml, and the maximum inhibition of cell binding was seen at 10 μg/ml of rfhSP-D. Furthermore, rfhSP-D bound purified recombinant HA protein in a concentration- and calcium-dependent manner (Figure 4C). rfhSP-D bound HA (70 kDa) and M1 (25 kDa) (Figure 4). N-linked oligosaccharides found on the IAV envelope glycoproteins (HA and NA) are known to be recognized by the CRD region of SP-D. Thus, HA-exposed glycans differing in location and numbers between IAV subtypes may be responsible for this interaction. rfhSP-D is likely to inhibit IAV infection by preventing the HA interaction with SA containing receptors. A reverse genetic approach has been used to analyze the role of N-glycosylation sites on the head of H1 in modulating sensitivity to SP-D in vitro and in vivo (25). It was found that HA Asn-144 was a critical factor in sensitivity to SP-D (25).

We also examined the immune response of A549 lung epithelial cells following IAV challenge in the presence or absence of rfhSP-D, which can impact upon cellular infection and viral replication. Therefore, the ability of rfhSP-D to modulate viral replication as well as inflammatory immune response following IAV challenge was examined via infection assay, qPCR, and multiplex cytokine array. The key aspect of host–pathogen interaction arising out of this study is the ability of rfhSP-D-bound pH1N1 and H3N2 to undergo suppressed replication, as evident by the expression of M1 gene. M1 is a matrix protein of IAV that lies beneath the lipid layer and is the most abundant protein, which is essential for viral stability and integrity. Thus, it plays a critical role in the recruitment and assembly of viral sites, nuclear export of viral RNPs, and thus, establishing the host components for viral budding (26). rfhSP-D suppressed the expression of M1 in pH1N1 (Figure 5A) at 2 h, while downregulating at 6 h in the case of H3N2 (Figure 5B). In addition, a lowered M1 expression was detected via western blot in the rfhSP-D treated sample compared to untreated sample following 6 h incubation (Figure 5C). Viral replication was also reduced in the presence of rfhSP-D as evident in Figures 5D,E. This suggests that rfhSP-D could act as an entry inhibitor against the subtypes tested (pH1N1 and H3N2). It is known that HA undergoes N-linked glycosylation, leading to modulation of antigenicity, fusion activity, receptor-binding specificity, and immune evasion of IAV. Therefore, SP-D can play an important role in innate defense against IAV as entry inhibitor by interfering with glycosylation sites and binding to glycans on the viral HA. It has been reported that the combinatorial substitutions of D325A/S+R343V in a trimeric neck and CRD fragment of human SP-D markedly increased anti-viral activity against pandemic IAV. This is because of the increased ability of the mutant to block the SA binding sites, aggregate the virus and reduce viral uptake (27).

Our qPCR data demonstrated an increased expression level of TNF-α and IL-6 in the case of H3N2 subtype (Figure 6B) compared to pH1N1. However, when pH1N1 was treated with rfhSP-D, TNF-α and IL-6 were suppressed at 2 h (Figure 6A), which recovered later (6 h). Elevated TNF-α and IL-6 levels can contribute to virus-mediated respiratory diseases or acute lung injury. IL-12 was considerably downregulated by rfhSP-D in the case of both IAV subtypes, suggesting the likely suppression of Th1 immune response. mRNA expression of RANTES was 10-fold (log101 fold) downregulated in the presence of rfhSP-D at 2 h time point in pH1N1 compared to A549 cells challenged with IAV. However, cells, challenged with H3N2 and treated with rfhSP-D, were seen to have log10 one-fold downregulation of RANTES expression. In this study, we also report the ability of rfhSP-D (10 μg/ml) to downregulate both IFN-α and IFN-β expression (Figure 6C) at 2 and 6 h. Higher expression levels of IFN-α and IFN-β were detected in the untreated (cells + virus) sample, which was threefold (log10 fold) downregulated in the presence of rfhSP-D at 6 h. This suggests that when cells were incubated with pH1N1/H3N3 (MOI 1), higher levels of both IFN-α and IFN-β were produced by A549 cells to clear the virions. Since addition of rfhSP-D caused inhibition of viral replication, lower levels of INF were detected. Recently, the E3 ubiquitin ligase, TRIM29, has been shown to be a negative regulator of type I IFN responses in the lungs post-IAV challenge in vivo. TRIM29 acts by inhibiting IFN-regulatory factors and signaling via NF-κB, leading to degradation of NF-κB essential modulator (28). Whether rfhSP-D works via similar mechanisms is worth further investigation using SP-D gene-deficient mice (29). In addition, cytokine array analysis using supernatants that were collected at 24 h showed considerable downregulation of some of the key pro-inflammatory cytokines, chemokines, and other soluble factors in the presence of rfhSP-D. The downregulation of various humoral factors by rfhSP-D treatment could also facilitate the prevention of life-threatening secondary bacterial infections that may be caused by aberrant virus-mediated immune modulation.

In this study, we have produced the second-generation lentiviral vectors pseudotyped for H1+N1 of IAV. This system contains a single packaging plasmid (psPAX2) encoding genes including Gag, Pol, and Tat. pHIV-Luciferase was used as a lentiviral transfer plasmid, which is flanked with long terminal repeat (LTR) sequences, and designed to express the firefly luciferase reporter. Thus, pHIV-Luciferase is “replication incompetent” which contains an additional sequence deletion in the 3′ LTR leading to viral “self-inactivation” post-integration. This was selected as a safe alternative method to mimic the structure and surfaces of IAV, and to prove rfhSP-D as an entry inhibitor in cells transduced with pseudotyped IAV particles that are restricted to only one replicative cycle. The lentiviral particles pseudotyped with H1+N1 were analyzed via SDS-PAGE and western blotting. Expression of HA in purified H1+N1 pseudotyped lentiviral particles from transfected HEK293T cells was assessed by western blotting using anti-H1 monoclonal antibody (Figure 8A). H1+N1 pseudotyped lentiviral particles, purified via ultra-centrifugation, were used to investigate the combinatorial or differential involvement of viral envelope glycoproteins in the recognition and neutralization of HA by rfhSP-D. Incubation of rfhSP-D with these H1+N1 pseudotyped lentiviral particles was found to facilitate its binding to HA that appeared at 70 kDA in the far western blot (Figure 8B). To validate the effectiveness of rfhSP-D as an entry inhibitor of IAV, luciferase reporter activity assay was performed. Nearly 50% luminescent signal was seen with 10 μg/ml of rfhSP-D when compared to MDCK cells challenged with H1+N1 pseudotyped lentiviral particles alone. This, therefore, suggested the ability of rfhSP-D to inhibit viral infectivity through binding to cell surface bound HA found on the infected MDCK cells.

In summary, suppression of M1 expression, pro-inflammatory cytokine response, as well as luciferase reporter activity in target A549 cells by rfhSP-D highlight its potential as a therapeutic molecule in an entry inhibitory role against IAV.
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Surfactant protein D (SP-D) is a soluble C-type lectin, belonging to the collectin (collagen-containing calcium-dependent lectin) family, which acts as an innate immune pattern recognition molecule in the lungs at other mucosal surfaces. Immune regulation and surfactant homeostasis are salient functions of SP-D. SP-D can bind to a range of viral, bacterial, and fungal pathogens and trigger clearance mechanisms. SP-D binds to gp120, the envelope protein expressed on HIV-1, through its C-type lectin or carbohydrate recognition domain. This is of importance since SP-D is secreted by human mucosal epithelial cells and is present in the female reproductive tract, including vagina. Another C-type lectin, dendritic cell (DC)-specific intercellular adhesion molecule-3-grabbing non-integrin (DC-SIGN), present on the surface of the DCs, also binds to HIV-1 gp120 and facilitates viral transfer to the lymphoid tissues. DCs are also present at the site of HIV-1 entry, embedded in vaginal or rectal mucosa. In the present study, we report a direct protein–protein interaction between recombinant forms of SP-D (rfhSP-D) and DC-SIGN via their C-type lectin domains. Both SP-D and DC-SIGN competed for binding to immobilized HIV-1 gp120. Pre-incubation of human embryonic kidney cells expressing surface DC-SIGN with rfhSP-D significantly inhibited the HIV-1 transfer to activated peripheral blood mononuclear cells. In silico analysis revealed that SP-D and gp120 may occupy same sites on DC-SIGN, which may explain the reduced transfer of HIV-1. In summary, we demonstrate, for the first time, that DC-SIGN is a novel binding partner of SP-D, and this interaction can modulate HIV-1 capture and transfer to CD4+ T cells. In addition, the present study also reveals a novel and distinct mechanism of host defense by SP-D against HIV-1.
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INTRODUCTION

Surfactant protein D (SP-D) is a collagen-containing C-type lectin, belonging to the collectin family (1). The primary structure of human SP-D is composed of three subunits of polypeptide chains; each subunit consists of a short N-terminal region, a triple-helical collagen-like region, an α-helical coiled-coil neck region, and a calcium-dependent highly conserved C-type lectin or carbohydrate recognition domain (CRD) at the C-terminus (2, 3). The primary structure can get cross-linked via the cysteine-containing N-terminal region to give rise to a cruciform structure, which can undergo further multimerization to yield a fuzzy ball, where the CRD regions are facing toward the exterior. SP-D, via its homotrimeric CRD region, is known to interact with a wide range of viral, bacterial, and fungal pathogens and bring about clearance mechanisms that involve aggregation or agglutination, opsonization, enhanced phagocytosis, and super-oxidative burst (3, 4). Primarily found in the lungs as a part of pulmonary surfactant, SP-D has been localized at a range of extrapulmonary sites as a part of mucosal defense system (5).

SP-D is present throughout the female genital tract, with likely involvement in the prevention of uterine infections (6). Epithelial linings of vagina, cervix, uterus, fallopian tubes, and ovaries are positively immunostained for SP-D (7). SP-D has been shown to bind to different strains of HIV-1 (BaL and IIIB) at pH 7.4 (physiological) and 5.0 similar to the pH found in the female urogenital tract (8). Glycoprotein gp120, a highly conserved mannosylated oligosaccharide present on the envelope of HIV-1 virion, plays an important role in the viral entry and facilitates viral replication by activating the NF-κB pathway. SP-D has been shown to bind gp120 of various strains of HIV-1 and prevent HIV-1 interaction with CD4 receptor on T cells, thereby inhibiting viral entry and replication (9, 10).

Another pattern recognition immune regulatory molecule, DC-SIGN/CD209, a type-II transmembrane protein of 44 kDa present on dendritic cell (DC) surface (11), plays a major role in mediating DC adhesion, migration, inflammation, and activation of T cell. DC-SIGN can serve as a route of immune escape for pathogens and tumors (12) and is a known receptor for many viruses, including HIV-1 and HIV-2. DC-SIGN is expressed by both mature and immature DCs in lymphoid tissues (11, 13), but not on follicular DCs, plasmacytoid DCs or CD1a+ Langerhans cells (14), monocytes, T cells, B cells, thymocytes, and CD34+ bone marrow cells. It is also expressed by polarized (M2) macrophages that infiltrate tumors (15), and on antigen-presenting cells such as macrophages, and in chorionic villi of placenta (16). Cells expressing DC-SIGN are located in T cell area of lymph nodes, tonsils, and spleen and dermal DCs in skin (CD14+ macrophages) (17). DC-SIGN expressing cells are seen in mucosal tissue of rectum (18) (with high antigen-presenting capacities), cervix, and uterus, in hepatic sinusoid and lymphatic sinus (19, 20).

HIV-1 virus, when exposed to genital and anal mucosal tissues, binds to DC-SIGN on tissue embedded DCs (21, 22) and gets transmitted to CD4+ T cells, activating adaptive immune response (23, 24). DC-SIGN facilitates HIV-1 transmission in both cis and trans fashion (25). Expression of DC-SIGN is regulated by IL-4 during monocyte–DC differentiation pathway, along with GM-CSF (26). TGF-β and IFNs are known to be inhibitors of DC-SIGN expression, and, thus, indirectly regulate HIV-1 transmission (26).

The interaction between HIV-1 and DC-SIGN takes place in the mucosal tract where SP-D is present. Since both SP-D and DC-SIGN can bind gp120, we set out to examine if interplay between these proteins can modulate DC-SIGN-mediated viral transfer of HIV-1. This view was further substantiated by observations that SP-D levels are increased in the broncho-alveolar fluid of HIV-1 patients (27); and recombinant forms of SP-D (rfhSP-D) can bind to gp120 of HIV-1, acting as a potent inhibitor of viral infection in vitro via inhibition of the interaction between CD4 and gp120 (10). In this study, we show, using recombinant forms of tetrameric and monomeric forms of DC-SIGN and its homolog, DC-SIGNR, that there is a protein–protein interaction between the two C-type lectins via CRD regions. They compete for binding to HIV-1 gp120, and thus, SP-D suppresses DC-SIGN mediated transfer of HIV-1 to CD4+ cells.



MATERIALS AND METHODS


Recombinant Expression and Purification of Soluble Forms of Tetrameric and Monomeric DC-SIGN and DC-SIGNR

E. coli strain BL21 (λDE3) (Invitrogen, UK) was transformed with pT5T plasmid encoding DC-SIGN and DC-SIGNR sequences (inserted at the BamHI restriction site into plasmid construct) with and without multimerizing neck region. In the presence of neck region, the bacterial cells expressed tetrameric DC-SIGN and DC-SIGNR; without the neck region, the corresponding constructs produced monomeric forms of DC-SIGN and DC-SIGNR (28). E. coli strain BL21 (λDE3) cells containing ampicillin (50 µg/ml) (Sigma-Aldrich) resistant plasmids [except in the case of DC-SIGNR monomer expressing construct that was kanamycin (50 µg/ml) (Sigma-Aldrich) resistant] were subcultured overnight at 37°C. One liter LB medium containing ampicillin or kanamycin was inoculated with 10 ml of overnight bacterial culture and grown at 37°C until the OD600 reached 0.7, and then induced with 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG). After 3 h, the bacterial cells were centrifuged at 13,800 × g for 15 min to collect the bacterial pellet. Protein expression was analyzed via 12% SDS-PAGE.

The cell pellet was treated with 22 ml of lysis buffer, containing 100 mM Tris, pH 7.5, 0.5 M NaCl, lysozyme (50 µg/ml), 2.5 mM EDTA, pH 8.0, and 0.5 mM phenylmethylsulfonyl fluoride (PMSF), and left to stir for 1 h at 4°C. Cells were then sonicated for 10 cycles, each cycle of 30 sec with 2 min interval. The sonicated cell suspension was spun at 10,000 × g for 15 min at 4°C. The inclusion bodies, present in the pellet, were solubilized in 20 ml of 6 M urea, 10 mM Tris–HCl, pH 7.0, and 0.01% β-mercaptoethanol (β-ME) by rotating on a shaker for 1 h at 4°C. The mixture was then centrifuged at 13,000 × g for 30 min at 4°C and the supernatant was drop-wise diluted fivefold with loading buffer containing 25 mM Tris–HCl, pH 7.8, 1 M NaCl, and 2.5 mM CaCl2 with gentle stirring. This was then dialyzed against 2 l of loading buffer with three buffer changes every 3 h. Following further centrifugation at 13,000 × g for 15 min at 4°C, the supernatant was loaded onto a Mannan agarose column (5 ml; Sigma) pre-equilibrated with the loading buffer. The column was washed with five bed volumes of the loading buffer and the bound protein was eluted in 1 ml fractions using the elution buffer containing 25 mM Tris–HCl, pH 7.8, 1 M NaCl, and 2.5 mM EDTA. The absorbance was read at 280 nm and the peak fractions were frozen at −20. Purity of protein was analyzed by 15% w/v SDS-PAGE.



Expression and Purification of rfhSP-D

E. coli BL21 (λDE3) pLysS containing plasmid pUK-D1 (containing cDNA sequences for 8 Gly–X–Y repeats, neck, and CRD region of human SP-D) was cultured in ampicillin (100 µg/ml) (Sigma-Aldrich) and chloramphenicol (50 µg/ml) (Sigma-Aldrich) at 37°C overnight. Expression and purification was carried out as described earlier (29, 30). Bacterial cells were grown until the OD600 reached 0.6 to 0.8, then induced with 0.4 mM IPTG and allowed to grow for an additional three hours. Cells were then pelleted via centrifugation and was re-suspended in 50 ml of lysis buffer (50 mM Tris–HCl, pH 7.5, 200 mM NaCl, 5 mM EDTA with freshly added 0.1 mM PMSF, and 100 µg/ml lysozyme) at 4°C for 1 h. The cell lysate was then sonicated at 4 kHz for 30 s with 2 min interval for 15 cycles. The sonicate was centrifuged at 13,800 × g for 15 min at 4°C to collect the rfhSP-D-rich pellet containing inclusion bodies. 25 ml of solubilization buffer (50 mM Tris–HCl, pH 7.5, 100 mM NaCl, 5 mM EDTA, 6 M urea) was used to re-suspend the pellet, and incubated at 4°C for 1 h. The dialysate was then centrifuged at 13,800 × g, at 4°C for 15 min, and the supernatant was dialyzed against solubilization buffer containing 4 M urea and 10 mM β-ME for 2 h at 4°C. The dialysis buffer was serially changed to solubilization buffer containing 2, 1, and 0 M urea at 4°C, 2 h each. Final dialysis was done in solubilization buffer containing 5 mM CaCl2 for 3 h to completely remove any traces of urea. The dialysate was centrifuged at 13,800 × g, 4°C for 15 min and the clear supernatant containing rfhSP-D was affinity-purified using maltosyl-agarose column (Sigma-Aldrich). The bound protein was eluted with solubilization buffer containing 10 mM EDTA, pH 7.5. Endotoxin levels were removed by passing the purified protein fractions through Polymyxin B column (Detoxi-Gel, Peirce & Warriner, UK) and the levels were measured using the Limulus Amebocyte Lysate Assay (BioWhitaker, UK). The endotoxin level was found to be <5 pg/μg rfhSP-D.



SDS-PAGE and Far Western Blot Analysis

DC-SIGN and DC-SIGNR proteins were separated on a 12% (w/v) SDS-PAGE under reducing conditions. After electrophoresis, the polyacrylamide gels were stained with Coomassie Brilliant Blue. For the far western blotting, proteins were electro-transferred onto polyvinylidene difluoride (PVDF) membrane (Sigma) and blocked with 5% w/v milk in PBS. The membrane bound proteins were probed with rfhSP-D (5 μg/ml) for 2 h, followed by addition of anti-SP-D (1:1,000) (Medical Research Council Immunochemistry Unit, Oxford) polyclonal antibodies. The blot was then probed with Protein A-HRP Conjugate (1:1,000) (Sigma), followed by color development with diaminobenzidine as a substrate (Sigma-Aldrich, UK).



ELISA

Microtitre wells were coated with DC-SIGN and DC-SIGNR proteins in carbonate/bicarbonate buffer, pH 9.6 in decreasing double dilutions (5–0.625 µg/well) in duplicates and left overnight at 4°C. The microtiter wells were blocked with 2% w/v BSA in PBS for 2 h at 37°C. The wells were then washed three times with PBS + 0.05% v/v Tween 20 and incubated with a constant concentration (2.5 µg) of rfhSP-D in 20 mM Tris–HCl, pH 7.5, 100 mM NaCl, 5 mM CaCl2 or 5 mM EDTA at 37°C for 1 h, followed by 1 h at 4°C. Following PBS + Tween 20 wash, the bound rfhSP-D was detected using anti-SP-D (1:5,000) polyclonal antibody and Protein A-HRP conjugate (1:5,000). Color was developed using o-Phenylenediamine (OPD) as a substrate and absorbance was measured at 490 nm.



Competitive ELISA

The ability of rfhSP-D to compete with and DC-SIGN for binding to HIV-1 gp120 (Abcam; ab167715) gp120 was analyzed by competitive ELISA. Gp120 was coated at 250 ng/well in duplicates and left overnight at 4°C. Wells were blocked with 2% BSA in PBS for 2 h at 37°C. The wells were washed three times with PBS + 0.05% v/v Tween 20. A constant concentration of DC-SIGN tetramer (5 μg/ml) and decreasing concentrations of rfhSP-D (5 − 0.625 μg/well) in calcium buffer were added to the wells, which were subsequently probed with anti-DC-SIGN (1:5000) polyclonal antibodies. Following washes, the wells were incubated with Protein HRP conjugate (1:1,000). Color was developed using OPD as a substrate.



Fluorescence Microscopy

Human embryonic kidney cells 293 (HEK 293), transfected with DC-SIGN construct (DC–HEK) (31), were grown and maintained in DMEM (Life technologies, UK) containing 10% v/v fetal calf serum, 2 mM L-glutamine, penicillin (100 U/ml)/streptomycin (100 µg/ml) (Thermo Fisher), and blasticidin (5 µg/ml) (Gibco). HEK 293 cells were grown and maintained in DMEM (Life technologies) containing 10% FBS. Both cell lines were grown under standard conditions (37°C, 5% v/v CO2) until 80–90% confluency was reached. HEK 293 and DC–HEK cells (0.5 × 105) were grown on the coverslips in a 24-well plate (Nunc) overnight to perform three different sets of immunofluorescence experiments; DC-SIGN expression (primary antibody: rabbit anti-DC-SIGN, 1:500 and secondary antibody: anti-rabbit/CY3, 1:500, Thermo Fisher), rfhSP-D (10 µg/ml) binding to DC-SIGN (primary antibody: monoclonal anti-SP-D, 1:500 and secondary antibody: anti-mouse conjugated/CY5, 1:500, Abcam) and co-localization of DC-SIGN and rfhSP-D (primary antibodies: anti-DC-SIGN polyclonal and anti-SP-D monoclonal, 1:500 and secondary antibodies: anti-rabbit/CY3 and anti-mouse/FITC, 1:500) on the cell surface of DC–HEK cells. HEK 293 cells were used as a control for all experiments and DC–HEK cells were incubated with secondary antibody alone as an additional control. Hoechst (1:10,000, Thermo Fisher) was used to stain the nucleus for all the staining experiments. The cells were incubated for 1 h with primary antibody followed by 1 h incubation with secondary antibodies as described earlier with three times phosphate-buffered saline (PBS, Thermo Fisher) washes between each step. For rfhSP-D binding with DC-SIGN analysis, the rfhSP-D was incubated with the cells for 1 h at 4°C. The cells were fixed with 4% paraformaldehyde (Sigma) before mounting on the coverslips to visualize under a HF14 Leica DM4000 microscope.



Viral Transfer Assay

Pooled human peripheral blood mononuclear cells (PBMCs) (HiMedia Laboratories, India) were stimulated in RPMI 1640 medium (Sigma-Aldrich) containing 10% v/v FBS, 1% Penicillin–Streptomycin and 5 µg/ml phytohemaglutinin (PHA) and 10 U/ml of rhIL-2 (Gibco) for 24 h. PHA/IL-2 was washed off and activated PBMCs were cultured further in complete RPMI medium. For the experiment, DC–HEK cells were grown in a 12-well tissue culture plate until 80% confluence in complete DMEM/F12 (Sigma-Aldrich, USA) containing 10% FBS (Gibco) and blasticidin. Indicated concentrations of rfhSP-D containing 5 mM CaCl2 was added to each well and incubated for 2 h to allow binding to DC-SIGN. The wells without rfhSP-D were used as controls. Excess protein was removed, and cells were challenged for 1 h with 5 ng/ml p24 of HIV-1 SF-162 strain (kindly provided by Dr. Jay Levy, AIDS Program, National Institutes of Health, USA). 5 mM EDTA was added along with the virus in EDTA controls. Unbound virus was washed off and DC–HEK cells were cocultured with PHA/IL-2 activated PBMCs for 24 h to facilitate transfer. PBMCs along with the medium were then separated (siphoned off) from the DC–HEK monolayer and were transferred to fresh plates. They were cultured further in RPMI 1640 medium containing 10% FBS for 7 days, and viral titers were determined in supernatants on day 4 and 7 using HIV-1 p24 antigen ELISA kit (XpressBio Life Science Products, Frederick, MD, USA).



Molecular Modeling and Bioinformatics

The crystal structures of trimeric human lung SP-D (PDB ID: 1PW9), CD4 bound to HIV-1 envelope glycoprotein gp120 (PDB ID:1GC1) and homo 10-mer DC-SIGN complexed with sugars (PDB ID:1K9I) were retrieved from Protein Data Bank. The tetrameric form of non-glycosylated DC-SIGN was used for docking studies as this structure was found to bind to rfhSP-D in vitro experiments. DC-SIGN tetramer was docked to CD4 already bound to HIV-1 envelope glycoprotein gp120 (PDB ID: 1GC1) using Patch Dock server with default parameters.

The CRD-mediated protein–protein interaction between trimeric SP-D and tetrameric DC-SIGN, as observed in this study was further examined by docking these two molecules using ZDOCK algorithm of Discovery Studio (Accelrys Inc.). The best pose of these two molecules was subsequently docked into gp120 using Patch Dock server. The shortlisted poses from PatchDock and ZDOCK were further refined using Fire Dock and RDOCK, respectively.




RESULTS


rfhSP-D and DC-SIGN Can Interact with Each Other via Their C-Type Lectin Domains

Structurally, DC-SIGN is composed of an extracellular domain (ECD) which exists as a tetramer, stabilized by an N-terminal α-helical neck region, followed by a CRD. DC-SIGN and DC-SIGNR comprising of the entire ECD (tetramer) (Figure 1A) and the CRD region alone (monomer) (Figure 1A) were expressed in E. coli and affinity-purified on Mannose-agarose (28). The CRD regions of DC-SIGN and SIGNR bound mannose weakly as majority of the proteins appeared in the flow through. The ECD domains of both DC-SIGN and DC-SIGNR bound to mannose with much greater affinity in the presence of Ca2+ and eluted with EDTA. A recombinant form of human SP-D, containing 8 Gly–X–Y repeats of the collagen, neck, and CRD regions were expressed and purified as homotrimeric molecules, as described earlier (29, 30) (Figure 1B). Tetrameric and monomeric forms of DC-SIGN and DC-SIGNR were checked for their respective interactions with rfhSP-D via ELISA (Figure 2), which showed a calcium- and dose-dependent interaction between the two lectins; tetrameric forms bound rfhSP-D better than the monomers. This was confirmed by a far western blot (Figure 3A), which revealed that rfhSP-D was able to bind to DC-SIGN and DC-SIGNR proteins immobilized on PVDF membrane. The CRD-mediated protein–protein interaction between trimeric SP-D and tetrameric DC-SIGN was further studied by docking these two molecules. The docked pose showed that the two molecules likely interact via their CRD regions (Figure 3B).
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FIGURE 1 | SDS-PAGE analysis of purified recombinant forms of DC-SIGN, DC-SIGNR, and recombinant forms of SP-D (rfhSP-D). (A) 12% SDS-PAGE of affinity-purified tetrameric and monomeric forms of DC-SIGN and DC-SIGNR under reduced conditions. (B) 12% v/v SDS-PAGE of affinity-purified rfhSP-D.



[image: image1]
FIGURE 2 | Direct binding ELISA showing interaction between recombinant forms of SP-D (rfhSP-D) and DC-SIGN/DC-SIGNR. DC-SIGN tetramer (A), DC-SIGNR tetramer (B), DC-SIGN monomer (C), and DC-SIGNR monomer (D) were coated at decreasing double dilutions from 5 to 0.625 µg/well and then probed with 2.5 µg of rfhSP-D in either in calcium or EDTA buffer. The binding was detected using anti-human surfactant protein D polyclonal antibodies (1:5,000 dilutions). The data represent mean and SD values of at least five experiments.
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FIGURE 3 | Far western blot to detect binding of recombinant forms of SP-D (rfhSP-D) to PVDF bound DC-SIGN and DC-SIGNR. (A) Tetrameric and monomeric variants of DC-SIGN and DC-SIGNR were run on a SDS-PAGE and were transferred to a PVDF membrane followed by incubation with 5 µg/ml rfhSP-D and then probed with anti-SP-D polyclonal antibody. (B) Docked structure of trimeric surfactant protein D (SP-D) (yellow cartoon) and tetrameric DC-SIGN (blue cartoon). The two molecules interact via their carbohydrate recognition domains.




rfhSP-D:DC-SIGN Interaction Leads to Competition for Binding to HIV-1 gp120

To examine if rfhSP-D can inhibit the binding of DC-SIGN to gp120, we carried out a competitive ELISA. As expected, both rfhSP-D and DC-SIGN tetramer bound gp120 in a dose- and calcium-dependent manner (data not shown) (32). In order to assess a likely interference by rfhSP-D in DC-SIGN: gp120 interaction, a constant concentration of DC-SIGN tetramer was used against different concentrations of rfhSP-D and added to solid-phase gp120 (Figure 4). With increasing concentration, rfhSP-D was able to inhibit DC-SIGN-gp120 interaction, suggesting that the binding sites on these two C-type lectins for gp120 may be overlapping.
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FIGURE 4 | Competitive inhibition ELISA to show that recombinant form of SP-D (rfhSP-D) inhibits DC-SIGN binding to immobilized HIV-1 gp120. HIV-1 gp120 trimer (250 ng per well) was first coated to which 5–0.625 µg/well of rfhSP-D and a constant concentration (5 µg/well) of DC-SIGN tetramer were added. Bound DC-SIGN tetramer was detected by anti-DC-SIGN polyclonal antibodies. Protein A-HRP conjugate (1:1,000) was used to detect the antibodies bound and color was developed using o-Phenylenediamine. 0 in the graph represents the control where only PBS was used instead of gp120, and the experiments were repeated three times.




rfhSP-D Co-Localizes with DC-SIGN on the Surface of Transfected HEK 293 Cells

Human embryonic kidney cells transfected with DC-SIGN construct (DC–HEK cells) were shown to express DC-SIGN via immunofluorescence microscopy. The DC-SIGN expression seen on the cell surface on DC–HEK cells was evenly distributed, as compared to HEK 293 cells, which were used as a control, using anti-DC-SIGN polyclonal antibody (Figure 5A). DC–HEK cells, incubated with secondary antibody alone, did not show any expression (Figure 5A). rfhSP-D binding was visible on the cell surface of DC–HEK cells, whereas rfhSP-D binding could not be detected in either HEK 293 cells or DC–HEK cells incubated with secondary antibody alone as controls (Figure 5B). rfhSP-D and DC-SIGN co-localized on the HEK cell surface transfected with DC-SIGN construct (Figure 5C).
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FIGURE 5 | Immunofluorescence microscopy to show recombinant forms of SP-D (rfhSP-D) binding to DC-SIGN on the surface of the human embryonic kidney (HEK) cells transfected with DC-SIGN construct (DC–HEK cells). (A) DC–HEK cells incubated with anti-rabbit/CY3 did not show DC-SIGN expression (control). DC–HEK and HEK cells incubated with anti-DC-SIGN followed by anti-rabbit conjugated with CY3 showed the DC-SIGN expression in DC–HEK cells only and not HEK cells. Hoechst was used to stain the nucleus. (B) Analysis of rfhSP-D binding to DC-SIGN on the DC–HEK cells via immunofluorescence. DC–HEK cells incubated with anti-SP-D for 1 h and then probed with anti-mouse/CY5 did not show binding. DC–HEK cells incubated with rfhSP-D (5 µg/ml) for 1 h, followed by anti-SP-D for 1 h and then anti-mouse/CY5 showed the binding on the cell surface. (C) DC-SIGN expression and rfhSP-D binding co-localization analysis via immunofluorescence microscopy. DC–HEK cells incubated with secondary antibodies only (anti-mouse/FITC and anti-rabbit/FITC) for 1 h did not show immunofluorescence. DC–HEK and HEK cells incubated with rfhSP-D for 1 h prior to incubation anti-SP-D monoclonal and anti-DC-SIGN polyclonal for 1 h followed by anti-mouse/FITC and anti-rabbit/CY3 for 1 h showed co-localization for rfhSP-D binding and DC–HEK expression.





rfhSP-D Inhibits DC-SIGN-Mediated Viral Transfer to PBMCs in a Dose-Dependent Manner

To understand whether interaction between rfhSP-D and DC-SIGN impacted upon DC-SIGN-mediated HIV-1 transfer to T cells, we performed a coculture assay using DC–HEK cells and mitogen-activated PBMCs. Presence of rfhSP-D led to a significantly (p < 0.005) reduced HIV-1 p24 levels in day 4 and day 7 PBMC culture supernatants in a dose-dependent manner (Figure 6). This suggested that, in presence of rfhSP-D, the viral uptake by DC–HEK was significantly inhibited resulting in reduced transfer and replication of HIV-1 in PBMC cultures. It is likely that rfhSP-D may have occupied sites on both DC-SIGN as well as HIV-1 gp120 that resulted in reduced DC-SIGN interaction with HIV-1 gp120. EDTA significantly inhibited DC–HEK-mediated viral transfer, as reported previously (33).
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FIGURE 6 | DC-SIGN-mediated HIV-1 transfer assay. DC–HEK cells were grown in a 12-well plate until 80% confluence. 20, 10, and 1 µg/ml of recombinant forms of SP-D (rfhSP-D) concentrations were added to the cells and incubated for 2 h for binding. Unbound protein was removed and cells were challenged with 2.5 ng/ml p24 of HIV-1 (SF-162 strain) for 1 h (to bind to DC-SIGN). After 1 h, unbound virus was washed off and cells were cocultured with phytohemaglutinin-activated peripheral blood mononuclear cells (PBMCs) for 24 h. This allows the DC-SIGN captured virus to be transferred to CD4+ cells, where virus will multiply. PBMCs were separated from the monolayer and cultured separately for 4 days to determine viral titer.




Bioinformatics Analysis Revealed That HIV-1 gp120 and rfhSP-D May Occupy the Same Site on the CRDs of DC-SIGN

To support our hypothesis that DC-SIGN once bound to rfhSP-D may not interact with gp120, we performed in silico analyses. The best-docked pose of rfhSP-D and DC-SIGN was subsequently docked to gp120 using Patch Dock server. The shortlisted poses from Patch Dock and ZDOCK were further refined using Fire Dock and RDOCK, respectively. Two poses appear to suggest that HIV-1 gp120 and rfhSP-D possibly occupy the same site on the CRD of DC-SIGN (Figure 7). Thus, in the presence of rfhSP-D, it is likely that interaction of DC-SIGN with gp120 could be inhibited. To validate our bioinformatics strategy, we evaluated the known interaction of gp120 with DC-SIGN followed by docking with CD4. DC-SIGN binds to gp120 at a site distant from its CD4 binding site, and hence, DC-SIGN-bound HIV-1 possibly interacts with CD4 for viral transmission (Figure 8). The global energy of these docked complexes has also been presented (Table 1).
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FIGURE 7 | Two poses suggesting that HIV-1 gp120 and recombinant forms of SP-D possibly occupy the same site on carbohydrate recognition domain of DC-SIGN. Docked structures of surfactant protein D trimer (yellow cartoon and calcium ions as red spheres) complexed with DC-SIGN tetramer (blue cartoon and calcium ions as green spheres) and HIV-1 envelope glycoprotein, gp120 (cyan cartoon). The sugars present in gp120 are shown as sticks. The calcium ions of DC-SIGN are represented as green spheres. (A) Rank no. 1. (B) Rank no. 2.
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FIGURE 8 | Known interaction of gp120 with DC-SIGN followed by docking with CD4. Selected docked poses of tetrameric DC-SIGN (blue cartoon) and HIV-1 envelope glycoprotein gp120 (cyan cartoon) bound to CD4 (pink cartoon). The sugars present in gp120 are shown as sticks. (A) Rank no. 1. (B) Rank no. 2. (C) Rank no. 3. (D) Rank no. 4.



TABLE 1 | Energy for docked complexes of DC-SIGN and gp120 bound to CD4 refined using FireDock.
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DISCUSSION

In this study, we report, for the first time, an interaction of DC-SIGN and SP-D, two C-type lectins and pattern recognition receptors; both proteins are known to bind to HIV-1 gp120. We demonstrate that this interaction involves their CRD domains, which is relevant in inhibiting DC-SIGN-mediated HIV-1 trans-infection of CD4+ T cells. Interaction of HIV-1 gp120 with DC-SIGN not only increases the affinity of gp120 for CD4 (34) but also leads to a productive infection via reactivation of provirus involving NF-κB pathway (35, 36). This interaction also results in downregulation of Nef-induced release of IL-6 (37) and leads to Ask-1-dependent activation leading to induction of apoptosis of human DCs (38). Simultaneous binding of rfhSP-D to both gp120 and DC-SIGN, thus, may result in blockade of DC-SIGN-mediated viral transmission and inhibition of replication.

Structure–function studies have revealed that the CRD region of DC-SIGN is the specific ligand-binding site that is reliant on the neck region within the extracellular domain (ECD) (39). This notion was validated in our binding ELISA type assays when we used the tetrameric forms of DC-SIGN and DC-SIGNR (comprising of the ECD and CRD region) as well as the monomeric forms, which only consist of the CRD region. The binding studies involving rfhSP-D highlighted that multimeric forms of DC-SIGN and DC-SIGNR bind better, not surprisingly, due to multivalent nature of interactions. Since DC-SIGN promotes HIV-1 infection, we examined if rfhSP-D by virtue to its ability to bind gp120 as well as DC-SIGN can potentially interfere with HIV-1 (40–42). We also included DC-SIGNR (DC-SIGN-Related), a homolog of DC-SIGN, in our study. DC-SIGNR, expressed on endothelium including liver sinusoidal, lymph node sinuses, and placental capillary, can also bind gp120 to facilitate HIV-1 viral infection (43).

The current study provides the first evidence that DC-SIGN is a novel immune receptor or adaptor for the CRD region of SP-D, modulating the HIV-1 infection. Interaction of gp120 and rfhSP-D is calcium dependent as reported earlier (8–10). Tetrameric DC-SIGN also efficiently binds gp120 in a dose-dependent manner, which is not significantly inhibited in presence of sugars similar to previous reports (28, 44). The recombinant rfhSP-D has been shown to inhibit the gp120-CD4 interaction (10) while, DC-SIGN-bound trimeric gp140 interacts with CD4 more avidly (34). In vitro competitive assays and the bioinformatics analysis confirmed that rfhSP-D and DC-SIGN compete for gp120. The reduced p24 levels confirmed that rfhSP-D significantly inhibits the DC-SIGN mediated viral transfer.

The rfhSP-D molecule (a recombinant fragment of human SP-D comprising homotrimeric C-type lectins), with part of collagen region, α-helical coiled-coil neck, and CRD region, has been extensively studied via in vitro, in vivo, and ex vivo experiments. In a number of studies, rfhSP-D has worked at par with full-length SP-D, as evident from its ability to be therapeutic in murine models of allergic bronchopulmonary aspergillosis (45, 46), invasive pulmonary aspergillosis (45), and dust mite allergy (47). It can also induce apoptosis in activated eosinophils (29, 48) and PBMCs (49). Thus, rfhSP-D is an excellent well-tested therapeutically active molecule.

Mannose-binding lectin, another serum collectin, is also known to inhibit DC-SIGN-mediated trans-infection of HIV-1 T cells (50) whereas SP-A and SP-D facilitate this transfer (8, 51). Madsen et al. incubated SP-D-HIV-1 complexes with immature monocyte-derived DCs and demonstrated increased viral uptake and transfer from DCs to PM-1 cells. However, the assay system employed in the two studies (Madsen and ours) significantly differed, thus the observed variation in the results. Further studies in appropriate animal models will help to determine the overall effects of SP-D and DC-SIGN binding during virus infections. Our findings have revealed a new phenomenon in SP-D-mediated viral transfer through DCs as rfhSP-D occupies similar sites as gp120 on DC-SIGN. Hence, pre-incubation of rfhSP-D may have occupied gp120-binding site on DC-SIGN (displacement of gp120 via ELISA and in silico analysis), resulting in poor uptake. This must have resulted in reduced transfer of viral particles to activated PBMCs, adding another aspect to rfhSP-D-mediated anti-HIV activity.

To summarize, rfhSP-D has the ability to directly inhibit the viral entry by interacting with gp120 and to significantly inhibit the DC-SIGN-mediated viral transfer. Importantly, these molecular interactions inhibit the immunomodulation mediated by gp120 and DC-SIGN further disfavoring the HIV-1 pathogenesis. DC-SIGN binding to SP-D could be one of the ligand–receptor interactions that in turn could play a major role in the inhibition of viral entry. Further, in vivo assays and clinical trials can elucidate the physiological conditions for therapeutic purposes against the infection.
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Effective prophylactic strategy against the current epidemic of sexually transmitted HIV-1 infection requires understanding of the innate gatekeeping mechanisms at the genital mucosa. Surfactant protein D (SP-D), a member of the collectin family of proteins naturally present in the vaginal tract, is a potential HIV-1 entry inhibitor at the cellular level. Human EpiVaginal tissues compartmentalized in culture inserts were apically exposed to HIV-1 and/or a recombinant fragment of human SP-D (rfhSP-D) and viral passage was assessed in the basal chamber containing mononuclear leukocytes. To map the gene signature facilitating or resisting the transepithelial viral transfer, microarray analysis of the HIV-1 challenged EpiVaginal tissues was performed in the absence or presence of rfhSP-D. Mucosal biocompatibility of rfhSP-D was assessed ex vivo and in the standard rabbit vaginal irritation model. The passage of virus through the EpiVaginal tissues toward the underlying target cells was associated with a global epithelial gene signature including differential regulation of genes primarily involved in inflammation, tight junctions and cytoskeletal framework. RfhSP-D significantly inhibited HIV-1 transfer across the vaginal tissues and was associated with a significant reversal of virus induced epithelial gene signature. Pro-inflammatory NF-κB and mTOR transcripts were significantly downregulated, while expression of the tight junctions and cytoskeletal genes was upheld. In the absence of virus, rfhSP-D directly interacted with the EpiVaginal tissues and upregulated expression of genes related to structural stability of the cell and epithelial integrity. There was no increment in the viral acquisition by the PBMCs present in basal chambers wherein, the EpiVaginal tissues in apical chambers were treated with rfhSP-D. The effective concentrations of rfhSP-D had no effect on lactobacilli, epithelial barrier integrity and were safe on repeated applications onto the rabbit vaginal mucosa. This pre-clinical safety data, coupled with its efficacy of restricting viral passage via reversal of virus-induced gene expression of the vaginal barrier, make a strong argument for clinical trials of rfhSP-D as a topical anti-HIV microbicide.

Keywords: surfactant protein D, HIV-1, vaginal, microarray, chemokines, microbicide


INTRODUCTION

A clear majority of the HIV-1 infections are due to heterosexual contact; more than 50% of HIV-1 infected individuals are women and most children living with HIV-1 today are infected via mother-to-child transmission (1). Thus, an effective vaginal microbicide for the prevention of sexual transmission of HIV-1 to women will have a huge impact on limiting the HIV epidemic and its devastating consequences for both adults and children. Despite this well-perceived need of intervention and the efforts made to date in understanding the vaginal mucosal barrier (2–4), the development of a safe and effective topical vaginal microbicide has several technical challenges (5–7). Clinical trials involving most of the promising candidates showed reduced efficacy as they adversely affected the vaginal milieu (7). Evaluation of microbicides in vivo using SIV-macaque and humanized mouse models comes at a high cost and the findings may only be an extrapolation to HIV-1 transmission in humans (7). A serious limitation is lack of an appropriate ex vivo model for the evaluation of efficacy of potential compounds on the viral passage across the vaginal barrier to the target immune cells (8–11). The ex vivo model should also assess compatibility of the candidate molecules with the mucosal integrity and barrier function including the colonization with healthy vaginal microbiome.

Of special interest for pharmaceutical development are candidate microbicides that would regulate vaginal innate immune responses with minimal adverse effects on the physiology (12, 13). Collectins are a group of secreted, anti-microbial pattern recognition proteins in the female reproductive tract (14–17). Surfactant Protein D (SP-D) is one such collectin expressed by the epithelium, lining the vaginal tract (18). Previously, we have demonstrated that a recombinant fragment of human SP-D (rfhSP-D) containing homotrimeric neck and C-type lectin domains binds to HIV-1 envelope glycoprotein gp120, and inhibits viral entry and replication in target immune cells (19). Beyond its pattern recognition capability, SP-D interacts with various immune cells, maintains Th1/Th2 balance in the lungs and induces immune quiescence (20, 21). By virtue of its natural presence in the vaginal tract, broad anti-microbial activity and immune-regulatory functions, SP-D is a unique microbicide candidate. Importantly, anti-HIV-1 activity of rfhSP-D was intact in physiological fluids like vaginal lavage and seminal plasma which comprise of diverse enzymes, pH and inhibitors (19).

In this study, we assessed the effect of rfhSP-D on the interactions of vaginal epithelial tissues and HIV-1 using a rational scheme for ex vivo microbicide testing. The scheme is designed to resemble sexual transmission of the virus and comprises of bioengineered vaginal tissues, immune cells and clinical isolates of Lactobacillus. In our model, HIV-1 traverses through the intact, multi-layered vaginal epithelium toward the underlying mononuclear leukocytes. We report, for the first time, a “gatekeeping” gene signature of bioengineered human tissues induced upon HIV-1 exposure. In this model, rfhSP-D showed no adverse effects on the vaginal barrier, concomitant with a significant impediment of viral movement to the activated PBMCs in the basal compartment. Epithelial transcriptome revealed reversal of HIV-1 induced differential expression of genes associated with the cytoskeleton, inflammation and barrier integrity. A range of preclinical assays confirmed safety of rfhSP-D for vaginal application at the similar concentrations it restricted viral transfer ex vivo, and thus, establishing it as a promising anti-HIV-1 vaginal microbicide.



MATERIALS AND METHODS


Human Cell Lines

Well-characterized and immortalized human vaginal (Vk2/E6E7, ATCC® CRL-2616™), endocervical (End1/E6E7, ATCC® CRL-2615™), and ectocervical (Ect1/E6E7, ATCC® CRL-2614™) cell lines developed by Dr. Raina Fichorova (22), were cultured in antibiotic-free keratinocyte serum-free medium (KSFM), supplemented with 50 μg/ml bovine pituitary extract, 0.1 ng/ml epidermal growth factor (Gibco, Invitrogen, USA), and 0.4 mM CaCl2 (Fisher Scientific, USA). These cell lines are known to retain their physiological characteristics and are useful models for various female reproductive tract infections, including HIV-1 (22–26).



Vaginal Bioengineered Tissue (EpiVaginal Tissue)

Twenty four EpiVaginal™ (VEC-100™) tissues and medium were purchased from MatTek (Ashland, MA, USA). These tissues are derived from primary human ectocervical/vaginal epithelial cells, and possess characteristics comparable to that of the normal tissues of origin (26, 27).



Clinical Lactobacillus Isolates

Lactobacillus crispatus isolates were obtained from vaginal swab samples of healthy women participating in a vaginal microflora research study at the Brigham and Women's Hospital (Boston, MA, USA) (6). Lactobacillus fermentum spps mucosae (TRF#36), Lactobacillus gasseri (TRF#8), and Lactobacillus salivarius (TRF#30) were a kind gift from Prof. GP Talwar, the Talwar Research Foundation (New Delhi, India) (28).



Preparation of rfhSP-D

A recombinant fragment of human SP-D (rfhSP-D), composed of trimeric neck and lectin domains along with 8 Gly-X-Y repeats, was expressed in E. coli, purified and characterized, as described previously (19, 29, 30). The endotoxin level in the rfhSP-D preparations was determined using the QCL-1000 Limulus amebocyte lysate system (BioWhittaker Inc., USA). The endotoxin concentration in the various preparations ranged between 2.8 and 5.1 pg/μg of rfhSP-D. Controls of various experiments were spiked by adding equivalent amounts of LPS (Sigma-Aldrich, USA).



Assessment of the Expression of SP-D in Human Vaginal Cells (VK2/E6E7) and Cervicovaginal Lavage (CVL)

To assess the presence of SP-D in CVL, total protein was precipitated using chilled acetone; 25 μg total protein was loaded per well and subjected to 12% SDS-PAGE under reducing conditions and then electrophoretically transferred to a nitrocellulose membrane for immuno-blotting. Mouse monoclonal anti-human SP-D antibody (Abcam, UK) was used at a dilution of 1:500, whereas, rabbit polyclonal anti-mouse secondary antibody conjugated to horseradish peroxidase (HRP) was used at a dilution of 1:1,000 (Dako). Detection was done using chemiluminescent detection kit (Amersham Biosciences, Piscataway, NJ). For immunostaining, Vk2/E6E7 cells were grown on cover slips, probed with the mouse monoclonal anti-human SP-D antibody (Abcam) and further detected with anti-mouse Phycoerythrin-conjugates (Molecular Probes). Nuclei were counterstained with 4′,6-Diamidine-2′-phenylindole dihydrochloride (DAPI) (Sigma-Aldrich), the coverslips were mounted in Vectashield (Vector Laboratories) and visualized under a confocal microscope (Zeiss, Germany). To determine transcript levels of SP-D, total RNA was extracted using Trizol (Invitrogen) from Vk2/E6E7 cells; 3 μg of total RNA was reverse transcribed into cDNA using Superscript III first strand synthesis kit (Invitrogen) and subjected to PCR (Veriti Machine, Applied Biosystems). Primers for SP-D, SP-A2, and 18S were designed using NCBI Primer BLAST Software (Supplementary Table 1). The resultant PCR products were electrophoresed on a 2% agarose gel at 100V on electrophoresis. The bands were detected via ethidium bromide under UV light.



Ex vivo Model of Vaginal HIV-1 Transmission

In order to mimic vaginal transmission of HIV-1, a novel ex vivo model was developed using EpiVaginal tissues (Figure 1A). Upon delivery, EpiVaginal tissues were acclimatized in the medium overnight. Blood (from non-autologous donors) was subjected to Ficoll separation and PBMCs were isolated. PBMCs were activated for 48 h using rhIL-2 (100 U/ml) (Sigma-Aldrich) and PHA (5 μg/ml) in the RPMI 1640 medium (Fisher Scientific) containing 10% FBS and 0.5% antibiotic solution (Gibco, Invitrogen). Activated PBMCs (105) were seeded in a 12-well plate as target cells for further replication of migrated virions. In a fresh tissue culture plate, inserts containing EpiVaginal tissues were placed in each well. In our previous study, we have reported the anti-HIV activity of purified native human SP-D, rfhSP-D and another variant of recombinant fragment of SP-D, lacking eight triplets of collagen repeats (delta-rfhSP-D) (19). Although delta-rfhSP-D showed anti-HIV activity in the TZMbl reporter assays (IC50 43.282 ± 10.76 μg/ml), it was 3-fold less potent than the native human SP-D and rfhSP-D (IC50 of rfhSP-D with various viral isolates and target cell types ranged between 6.726 ± 0.63 and 13.676 ± 3.37 μg/ml) (19). In another assay (as described in the section “Viability MTT assay”), we evaluated the effect of various concentrations of rfhSP-D (1.562–100 μg/ml) on the viability of vaginal epithelial cells and used the maximal tolerated dose of rfhSP-D (100 μg/ml) in the ex vivo model. The physiological concentration of free SP-D in various body fluids ranges from 0.5 to ~3 μg/ml (31, 32). In view of the ability of SP-D to bind several molecules, such as immunoglobulins, fatty acids and nucleic acids, its total physiological concentration is expected to be much higher (33–35). Apical tissues were treated with rfhSP-D (100 μg/ml) or a synthetic analog of Mycoplasma fermentans lipopeptide macrophage activating lipopeptide 2 (MALP-2) (Alexis Biochemicals, USA) (25 nM) for 20 min before inoculation with 100 TCID50 R5 tropic HIV-1JR−CSF. After 24 h incubation, apical and basal supernatants were collected for determining levels of immune mediators. Basal supernatants were used to determine HIV-1 p24 Ag by ELISA, as per manufacturer's instructions (R&D Systems).
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FIGURE 1. Experimental designs. (A) Ex vivo model for vaginal transmission of HIV-1. Reconstructed, multi-layered EpiVaginal tissues placed in the cell culture inserts were challenged with HIV-1 in the apical chamber for 24 h. The activated PBMCs placed in the basal chamber served as HIV-1 targets when HIV-1 traversed through the EpiVaginal tissues. Twenty minutes prior to the HIV-1 challenge, the EpiVaginal tissues were either treated with rfhSP-D (HIV-1 entry inhibitor) or MALP-2 (inflammatory TLR agonist). (B) Ex vivo model to predict susceptibility of basal PBMCs to HIV-1 acquisition. Reconstructed, multi-layered EpiVaginal tissues placed in the cell culture inserts were either treated with rfhSP-D (HIV-1 entry inhibitor) or MALP-2 (inflammatory TLR agonist). The non-activated PBMCs were placed in the basal chamber to determine if the rfhSP-D and MALP-2 treatment of the vaginal tissue may lead to secretion of certain mediators resulting in the activation of PBMCs. These treated PBMCs from the basal chamber were subsequently challenged with HIV-1 to evaluate their susceptibility to virus acquisition.





Microarray Gene Expression Analysis

The microarray data, described in this study, has been deposited in the NCBI Gene Expression Omnibus (GEO) under the GEO series accession number GSE107478.

RNA Isolation

Total RNA was extracted using TRIZOLVR Reagent (Invitrogen); RNA quantity and quality were determined using NanodropVR spectrophotometer (NanoDrop Technologies, Wilmington, DE). Targets were prepared using the Illumina RNA amplification kit (Ambion, Austin, TX). cRNA was synthesized from 200 ng of the total RNA followed by amplification and labeling steps. Amplified biotin-labeled cRNA was hybridized to the Illumina Human HT12 V6 bead chip. Illumina Bead Studio was used to extract the raw data from the bead chip. Raw data was Quantile normalized and baseline transformation was carried out to obtain median of all samples using GeneSpring GX 12.5 software (Agilent Technologies Inc, Santa Clara, USA).

Statistical Analysis and Differentially Expressed Genes

Differentially expressed probe sets (genes) in the treated cells in comparison to the untreated cells were identified by applying Volcano Plot using a fold-change threshold (absolute fold-change >1.5). A statistically significant “t-test” “P-value” threshold was adjusted for false discovery rate of <0.001. Statistically significantly enriched transcripts with a “P-value” adjusted for false discovery rate of <0.05, based on the hyper-geometric distribution test corresponding to differentially expressed genes, were determined using the Student's “t-test” along with Benjamini Hocheberg FDR test. Unsupervised hierarchical clustering of the differentially expressed genes following treatment in comparison to the untreated cells was performed using Euclidian algorithm with Centroid linkage rule to identify gene clusters whose expression levels were significantly reproduced across the replicates.

Biological Pathways and Gene Ontology Enrichment Analysis

Differentially expressed gene list was subjected to a biological significance analysis by GOElite tool. A total of 21,887 protein coding genes were used as the background and the differentially expressed gene list was used as query. Database of GeneOntology categories, Wikipathways, KEGG Pathways, Pathway Commons, Pheno Ontology, Diseases, Protein Domains, Transcription factor targets, and tissue expression were configured for significance analysis. Each query list was subjected to the “Over-representation Analysis” against each of the above databases. Z score and permutation or Fisher's Exact Test p-value were calculated to assess over-representation of the enriched biological categories.

Biological Analysis Network Modeling of Differential Regulome

Enriched biological categories, along with the differentially expressed genes, were used as input for BridgeIsland Software (Bionivid, Bangalore, India) for identifying the key edges that connect genes with biological categories. Statistical scores from differential expression and biological analysis were used as attributes to visualize the network. Output of BridgeIsland Software was used as input to CytoScape V 2.8. Circular layout and yFiles algorithm were used to visualize the network that encompasses biological categories. Further to this core network, all the differentially expressed genes were colored based on their fold change to reflect the rfhSP-D treatment induced differential regulome.

Validation by Real Time RT-PCR

Since, EpiVaginal tissues (of ectocervical origin) used in the assays were sufficient enough for microarray analysis, we carried out the validation of microarray data using an ectocervical cell line (Ect1/E6E7) under conditions similar to the ex vivo model of HIV-1 transmission (same MOI). Cells were seeded in a 96-well plate, grown up to confluence and then treated with rfhSP-D (100 μg/ml) for 20 min, before inoculation with 100 TCID50 R5 tropic HIV-1JR−CSF at 37°C for 24 h. Total RNA was isolated using Trizol (Invitrogen) and the quality of RNA was assessed by nano-spectrophotometry and the nucleotide: protein ratio (260:280) was determined. 1–3 μg of RNA was reverse transcribed into cDNA using Superscript III first strand synthesis kit (Invitrogen). The resulting cDNA was used for real time PCR via the Bio-Rad CFX96 TouchTM real-time PCR detection system using the iQTM SYBR Green Supermix (Bio-Rad, USA). 18s RNA was used as the housekeeping control. Primers were designed using NCBI Primer BLAST Software. Primer sequences and conditions are provided in the Supplementary Table 1.



mRNA Levels of Tight Junction Proteins in EpiVaginal Tissues After HIV-1 Challenge

In order to determine the status of the vaginal barrier after the viral challenge, transcripts from EpiVaginal tissues for the tight junction proteins viz. Claudin 2, 3, 4, 5, and occludin were quantified using real time qPCR. Owing to the limited EpiVaginal tissue, the qPCR analysis was not extended to quantitation of protein levels. Primers sequences were synthesized (Sigma-Aldrich) as reported previously (36). Primer sequences and conditions are provided in the Supplementary Table 1.



Susceptibility of PBMCs to HIV-1 Acquisition

HIV-1 is known to replicate faster in the activated human PBMCs (37). We have shown previously that rfhSP-D rfhSP-D does not alter the activation alter the activation of PBMCs and leads to induction of quiescence in the activated PBMCs (21). The present assay was designed to specifically determine the impact of supernatants from rfhSP-D treated EpiVaginal tissues on the activation status and viral acquisition of PBMCs. Non-activated PBMCs (105) were seeded in a 12-well plate and apical regions of the culture inserts containing EpiVaginal tissues were treated with rfhSP-D (100 μg/ml), MALP-2 (25 nM), or left untreated for 24 h. Following incubation, basal PBMCs were collected and challenged with 100 TCID50 HIV-1JR−CSF for 4 h to assess the rate of HIV-1 acquisition (Figure 1B). PBMCs were washed and cultured further in RPMI 1640 medium containing 10% FBS and 1% antibiotic solution for 7 days, and HIV-1 p24 levels in culture supernatants were measured. Viability of PBMCs was evaluated at the end of the assay (data not shown).



MTT Viability Assay

To assess the likely effect of rfhSP-D on cell viability, MTT assay was performed on Vk2/E6E7 and Ect1/E6E7 cell monolayers. Cells were seeded in a 96-well plate, grown up to confluence and then treated with a range of rfhSP-D concentrations at 37°C for 24 h. Culture supernatants were then collected for measuring immune mediators. Cells were treated with 1 × MTT containing KSFM and incubated overnight; 0.04 N acidified isopropanol was added to the cells to dissolve the formazan crystals. This color intensity, read at OD570, is directly proportional to the number of viable cells, as measured by a Victor2 counter with Wallac 2.01 software (PerkinElmer Life Sciences, USA) using a reference wavelength at 630 nm. The OD of untreated (medium alone) control cells was considered as 100%; percent viability of rfhSP-D treated cells was calculated as compared to untreated control.



NF-κB Luciferase Assay

End1/E6E7 immortalized epithelial cells were transfected with pHTS–NF-κB firefly luciferase reporter vector (Biomyx Technology, USA) using a gene-juice transfection protocol (38). Cells were seeded in a 96-well plate, grown until confluent monolayers and treated with indicated concentrations of rfhSP-D for 24 h at 37°C. A synthetic analog of viral double-stranded RNA, Poly (I:C) (10 μg/ml) (InvivoGen, USA), a TLR3 agonist, and MALP-2 (25 nM), a TLR2/6 agonist, were used as positive controls. After incubation, the supernatant was removed, cells were lysed in GloLysis buffer, and activation of luciferase was determined using a Bright-Glo luciferase assay system (Promega, USA). Luminescence signal was quantified via a Victor2 1420 multi-label microplate counter with Wallac 2.01 software (PerkinElmer Life Sciences).



Assay for Toxicity to Lactobacillus

Direct toxicity assay on vaginal lactobacilli was performed using a colorimetric assay as described previously (39). TRF#8, TRF#30, TRF#36, and Lactobacillus crispatus LC223 were grown in the Lactobacillus MRS Broth (HiMedia™ Laboratories). Bacterial density was adjusted to an OD670 of 0.06, corresponding to a 0.5 McFarlands turbidity standard or ca. 108 CFU/ml. RfhSP-D was plated at the appropriate concentrations into a 96-well round bottom plates in a volume of 100 μl, and the diluted Lactobacillus spps were added in a volume of 100 μl. Commercially available penicillin-streptomycin solution (Gibco, Invitrogen) at a maximal test concentration of 1.25 U/ml and 1.25 μg/ml respectively) was used as a positive control for toxicity. Plates were incubated in an orbital shaker at 35°C under anaerobic conditions using AnaeroPack system (PML Microbiologicals, Wilsonville, OR) for 24 h. Bacterial growth was determined by measurement of the OD490 using a Victor2 counter with Wallac 2.01 software (PerkinElmer Life Sciences) (40).



Lactobacilli-Epithelial Colonization Assay

Colonization of epithelial cells by lactobacilli in presence of rfhSP-D was assayed as described earlier (6). Briefly, the Lactobacillus crispatus isolate, suspended in antibiotic-free KSFM (2.2 × 106 CFU/cm2), was added to confluent epithelial surfaces Vk2/E6E7 and End1/NF-κB cells (10:1 ratio) and allowed to adhere on the epithelial monolayer; unbound bacteria were washed off by two washes of sterile Dulbecco's phosphate-buffered saline (PBS) (Invitrogen). To the bacteria-epithelial cell co-culture, indicated concentrations of rfhSP-D, Poly (I:C) or MALP-2 was added to each well. Supernatants were collected after 24 h to measure immune mediators. Vk2/E6E7 epithelial cells were washed twice with sterile PBS and examined for viability by MTT (data not shown) and colony forming unit (CFU) assays. End1/NF-κB co-culture plate was used to evaluate NF-κB activation.



Colony Forming Units (CFU) Counts

Viable bacteria associated with Vk2/E6E7 monolayers were measured by CFU counts after 24 h of epithelial colonization followed by 24 h exposure to rfhSP-D (6). To enumerate cell-associated bacteria, epithelial cells were washed with cold PBS and hypotonically lysed in ice-cold HyPure water for 15 min, followed by adjustment of osmolality with PBS (2X) (Fisher Scientific). Bacteria collected were plated on Brucella anaerobic agar with 5% sheep blood (Becton, Dickinson and Company, USA) as per the standardized protocol, and incubated in an anaerobic chamber (Coy Laboratory Products, USA) (10% hydrogen, 10% carbon dioxide, and 80% nitrogen) at 35°C for up to 72 h (until colonies were formed), followed by visual counting of CFU.



Quantitation of Immune Mediators

Culture supernatants from the EpiVaginal tissues (apical), PBMCs (basal) and Vk2/E6E7 (with or without bacterial co-culture) were collected separately from various experiments. A custom designed 3-plex assay for GRO-α (CXCL1), MIP-3α (CCL20), and RANTES (CCL5) was used via Multiplex Electro-chemiluminescence (Meso Scale Discovery, USA) as per manufacturer's instructions.



Rabbit Vaginal Irritation (RVI) Model

Treatment

Young adult reproductive age nulliparous Belgium white rabbits (5–8 months old, body weight 2.2 kg ± 20%) (n = 5 per group) were divided into rfhSP-D, placebo and SDS (positive control) groups. The aqueous gel formulation was prepared by dissolving methyl paraben 0.18% (w/v) and propyl paraben 0.02% (w/v) in heated glycerin 8.6% (v/v). Hydroxyethyl cellulose 2.5% (w/v) was added and dispersed to form an organic phase. Citric acid 1.0% (w/v) was dissolved in purified water alone or aqueous solutions of rfhSP-D (100 μg/ml) or 1% SDS. The pH was adjusted to 4.4, and the solution was clarified by passage through a 0.22 μm filter. Aqueous and organic phases were mixed and stirred well before use. Various gel formulations (1 ml) were administered intra-vaginally to their respective groups using an insulin syringe (without a needle) daily for 10 consecutive days. Necropsy was done on day 11 following euthanasia. The vaginal tissues were collected in formalin and processed for making paraffin blocks. 5μ ribbon of paraffin bearing sections were made using a microtome and collected on poly-L-lysine-coated glass slides.

RVI Scoring

RVI scoring of hematoxylin-eosin stained tissue slides was blinded. Briefly, the tissues were scored from 0 to 4 for epithelial damage (0 = normal, 1 = flattening, 2 = metaplasia, 3 = erosion, and 4 = ulceration) and leukocyte infiltration, edema and congestion (0 = absent, 1 = minimal, 3 = moderate, 4 = marked). At least three sections of vaginal tissues (both proximal and distal) of each animal were assessed for each of the above four parameters. Total score of each animal was calculated and was averaged with number of sections analyzed. Standard RVI method suggests that a total score from 1 to 4 is to be considered as minimal irritation, 5–8 as mild irritation, 9–11 as moderate irritation and 12–13 as marked irritation (41).



Statistical Analysis

Student t-test, One-way analysis of variance (ANOVA; Bonferroni or Dunnett's multiple-comparison analyses) was performed using GraphPad Prism version 6.00 for Windows (GraphPad Software, San Diego, CA). p-value of <0.05 was considered significant.




RESULTS


Global Gene Signature of HIV-1 Challenged EpiVaginal Tissues: Clues to Early Events During Vaginal Transmission

Figure 1 depicts the experimental design used in the study to map the transcriptome of EpiVaginal tissues under different conditions. We report here, for the first time, a compendium of genes that were differentially expressed in EpiVaginal tissues when challenged with HIV-1 alone (355), HIV-1 in presence of rfhSP-D (518), or rfhSP-D alone (185) (Supplementary Figures S1, S2, S4). For the identification of differentially expressed genes, data was subjected to unsupervised hierarchical clustering using Pearson Uncentered algorithm with average linkage rule using Cluster 3.0 software. The resultant cluster was visualized using Tree View software. It revealed distinct patterns of upregulated and downregulated genes following treatments and indicated significant reproducibility within the replicates (Supplementary Figures S1, S2, S4). The microarray data was validated by evaluation of transcript expression by real time RT-PCR for six randomly selected, differentially expressed genes by HIV-1 and rfhSP-D to represent the three functional categories (Figures 2B, 4D). Gene regulatory network analysis of the three interactions revealed involvement of several biological processes and pathways. Differentially expressed genes, along with the pathways, were subjected to regulatory network modeling, that resulting in the identification of key genes that act as bridges (involved in more than one process) and islands (which are specific to a process) (Figures 2A, 4B,C, 6B; Supplementary Figure S3). We have focused on three important processes involved in HIV-1 transmission, which are cell-cell interaction and barrier integrity, innate immune response, and cell survival. The networks were refined further to comprise the most relevant genes (Figures 4B,C, 6B).
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FIGURE 2. HIV-1 induced global gene signature of EpiVaginal tissues: (A) Gene regulatory network of differentially expressed genes and pathways by the EpiVaginal tissues treated with HIV-1 vs. Untreated EpiVaginal Control tissues. Biological processes are blue colored blocks downregulated genes are green colored, and upregulated are in red. Circles are sized according to their p-value. Genes that were used for validation (CD44, XRCC2, SERPINE1, STX3, CREB1) have been highlighted with a red star in their vicinity. (B) Validation of microarray data by real time qPCR. Ect/E6E7 cells were subjected to identical conditions and treatments as for EpiVaginal tissues. RNA was isolated and cDNA was subjected to real time qPCR. Data represents mean ± S. D of three independent experiments. Fold change in expression of the 5 genes for validation were statistically significant (p < 0.05) relative to untreated Ect/E6E7 cells.



The gene signature of EpiVaginal tissues post 24 h HIV-1 exposure showed 187 upregulated and 168 downregulated genes (Supplementary Figure S1), associated with biological processes, such as cell integrity, inflammation and innate immune response, pyroptosis, cell survival, cell signaling and cytoskeleton (Figure 2A). Microarray results were validated by real time RT-PCR for PYCARD, CD44, XRCC2, SERPINE1, STX3, and CREB1 (Figure 2B). PYCARD, CD44, and SERPINE1 were among the prominent genes downregulated by HIV-1 but upregulated by rfhSP-D and XRCC2; STX3 and CREB1 were among the prominent genes upregulated by HIV-1 but downregulated by rfhSP-D.

HIV-1 induces a cytokine/chemokine storm at the mucosal sites (42) that facilitates the viral entry and transmission. HIV-1 challenged EpiVaginal tissues showed an upregulation of transcripts of cytokines and chemokines, such as IL-32, CCL20, and CXCL9. Transcripts of other pro-inflammatory genes, such as MYD88, ADAM17, TNFSF14, IL-1R2, HLA-F, CD58, PKN2, and STX3 were also upregulated. A significant upregulation of PSMB10, executioner caspases CASP7 and CASP1 of the inflammasome is suggestive of pyroptosis. However, a few inflammation-related genes MMP9, MUC-1, SERPINE1, TGF-α, TMEM173 were downregulated.

Interestingly, a group of interferon-inducible guanylate-binding proteins (GBP1, GBP2, and GBP5) were upregulated, suggesting that the vaginal epithelium attempts to mount an anti-viral response. TRIM21, another interferon-inducible gene, was also found to be upregulated along with the interferon-inducible transcription factors, such as IRF1, ATF3, BATF2, and CREB1.

A likely breach in the vaginal barrier after HIV-1 exposure is evident by alterations in several genes encoding for proteins of plasma membrane, cytoskeletal framework and gap junction. Actin cytoskeleton rearrangement (CNN3), integral plasma membrane proteins (CAV-1, STX6), microtubules and cytoplasmic dynactin binding (DCTN1), extracellular matrix glycoprotein (LAMB1), cell-cell recognition and signaling molecules (MSN, CD44) were all downregulated. Gap junction proteins, GJA1 and GJB6, were also downregulated. TFF2, which protects the mucosa from injury or insults, stabilizes the mucus layer and aids healing of the epithelium, was upregulated, suggesting a plausible feedback in response to the damaged epithelium.

To corroborate the HIV-1 induced inflammation in the ex vivo model, we evaluated the levels of chemokines, such as RANTES, MIP-3α, and GRO-α in the apical (EpiVaginal) and basal (PBMCs) supernatants. A significant rise in RANTES and GRO-α but not in MIP-3α levels was observed in the supernatants of basal chambers of the EpiVaginal tissues upon HIV-1 challenge. MALP-2, a TLR2/6 agonist, induced all the three chemokines, indicating excessive inflammation (Figure 3), which is reminiscent of enhanced HIV-1 acquisition during RTI/STIs.
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FIGURE 3. Chemokine response of EpiVaginal tissues upon HIV-1 challenge: Levels of (A) MIP-3α, (B) GRO-α, and (C) RANTES in the culture supernatant of EpiVaginal tissues (apical) and PBMCs (basal) with or without HIV-1 challenge. Each bar represents the mean ± S.D in pg/ml and of triplicates. *indicates statistical significance (p < 0.05) relative to control (untreated) whereas # indicates statistical significance (p < 0.05) relative to HIV-1 challenge EpiVaginal tissues.





HIV-1 Traverses Through EpiVaginal Tissue and rfhSP-D Impedes This Movement

The ex vivo model (Figure 1A). Mimics several aspects of vaginal transmission of HIV-1. The reconstructed, multi-layered EpiVaginal explants in the upper chamber serve as the first line of protection. The activated PBMCs present in the lower chamber serve as targets for the viral particles that traversed through the EpiVaginal tissues. In this model, along with HIV-1, rfhSP-D or both, we also used MALP-2 as a positive control for inflammation.

At 24 h, HIV-1 p24 Ag was detected in the supernatants of basal chambers. A higher level of p24 Ag detected in the supernatants, when the vaginal tissues were challenged with HIV-1 in presence of MALP-2 (>1.6-fold higher than control; [Medium alone]), suggested that more virions migrated to the basal chamber (though could not attain statistical significance). RfhSP-D significantly reduced the viral transfer and only one-fifth (20 ± 2.6%) of the HIV-1 p24 Ag level was detected in the basal PBMCs supernatants, as compared to the HIV-1 alone (100%) (Figure 4A).
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FIGURE 4. rfhSP-D impedes viral movement across the EpiVaginal tissue barrier and reverses HIV-1 induced gene signature: (A) Determination of HIV-1 p24 Ag by ELISA in supernatants from basal chambers at 24 h. Data represents mean ± S. D of three sets. *indicates statistical significance *p < 0.05 relative to medium alone. Gene regulatory network for EpiVaginal tissues treated with HIV-1 Vs untreated (C) and EpiVaginal tissues treated with rfhSP-D + HIV-1 vs. HIV-1 (D). Biological processes are blue colored blocks and > 1.5-fold downregulated genes are green colored, > 1.5-fold upregulated genes are red, and <1.5-fold upregulated genes are orange. Circles are sized according to their p-value. (B) Validation of microarray data by real time RT-PCR. Ect/E6E7 cells were subjected to identical conditions and treatments as for EpiVaginal tissues. RNA was isolated and cDNA was subjected to real time RT-PCR. Data represents mean ± S. D of three independent experiments. Fold change in expression of the 5 genes for validation were statistically significant (p < 0.05) relative to untreated Ect/E6E7 cells.





RfhSP-D Reverses the HIV-1-Induced Gene Signature: Decoding the Protective Response

To recognize the gene signature that illustrates inhibition of vaginal transfer of HIV-1, we analyzed transcriptome of rfhSP-D treated HIV-1 challenged EpiVaginal tissues in the apical chamber (Supplementary Figure S2). We observed a remarkable reversal of gene expression associated with gap junction proteins, plasma membrane and cytoskeletal framework of the cell. Several genes including GJA1, GJB6, CAV1, CAV2, LAMB1, ACTN1, DBN1, and DCTN1 were upregulated upon rfhSP-D treatment, which were otherwise downregulated by HIV-1 (Supplementary Table S2; Figures 4B,C). Maintenance of vaginal barrier integrity by rfhSP-D was evident from upregulation of NECTIN1 and CD44 along with gap junction genes. Interestingly, DBN1, ACTN1, NECTIN1, and CD44 have been shown to act as anti-viral or entry inhibitors (Table 1). Inflammation is the primary reason for epithelium breakage and compromised vaginal barrier. RfhSP-D reversed HIV-1 induced inflammatory genes, such as ADAM17, MYD88, SMAD3, SMAD6, CD58, CCL20, TRIM21, and SMARC1. NF-κB and mTOR, the two master regulators of inflammation, were also downregulated, suggesting induction of a state of quiescence within the EpiVaginal tissues. A few anti-inflammatory genes were upregulated; IL-20, BCL-3, NME1, NME2, CHEK1, and CDKN1C. SOCS2 and SOCS3 were selectively upregulated, suggesting rfhSP-D mediated dampening of pro-inflammatory cytokine production. TGF-β pathway seems to be relevant in vaginal transfer of virus since several genes (SMAD3, SMAD6, TSC1, EID2, TGF-β-1L1, TGF-βR, and TGFA) of this pathway were altered by HIV-1 and reversed by rfhSP-D (Table 1; Figures 4C,D).



Table 1. rfhSP-D-mediated reversal of HIV-1 induced alteration of gene expressions in EpiVaginal tissues.
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We identified some pro-inflammatory genes that were upregulated in rfhSP-D treated HIV-challenged EpiVaginal tissues, such as CD40, ILK, ESR1, EGF, FGFR2, HIPK2, SOD1, MAP3K1, IFI16, NOD2, IL-1B, HTRA1, EDNRA. Interestingly, there was a downregulation of the intrinsic SP-D gene expression that suggested a mitigation of inflammatory response of vaginal tissues in presence of rfhSP-D (Figures 4C,D). HIV-1 challenged EpiVaginal tissues showed an upregulation of SFTPD (gene encoding SP-D protein) transcript (Figure 4C) whereas, rfhSP-D pre-treatment followed by HIV-1 challenge reverted the HIV-1 induced upregulation of rfhSP-D (Figure 4D). rfhSP-D treatment alone did not alter the expression of native SP-D transcript (Figure 6B).



HIV-1 Induced Downregulation of Tight Junction Gene Expression Is Rescued by RfhSP-D

HIV-1 is known to downregulate tight junction proteins in order to traverse through the weakened vaginal barrier (36). We assessed the status of claudins and occludin in the EpiVaginal tissues. HIV-1 challenge led to a significant decrease in the transcript levels of tight junction proteins that were further downregulated when simultaneously treated with MALP-2 (Figures 5A–E). RfhSP-D countered the HIV-1 induced downregulation of transcripts of claudin 2, 3, 5 and occludin, except claudin 4, suggesting a reduced damage to the vaginal integrity (Figures 5A–E).
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FIGURE 5. HIV-1 mediated downregulation of transcripts of tight junction genes while rfhSP-D maintained integrity. Relative expression of transcripts of (A) Claudin 2, (B) Claudin 3, (C) Claudin 4, (D) Claudin 5, (E) Occludin were determined in EpiVaginal tissues by real time qPCR. When compared with HIV-1 challenged tissues, rfhSP-D treatment led to significant upregulation of Claudin 2, 3, 5, and occludin. Data is represented as mean ± S. D. *, # indicate statistical significance of p < 0.05 in comparison to untreated and HIV-1 treated EpiVaginal tissues, respectively.





RfhSP-D Does Not Enhance the Susceptibility of Target Cells to HIV-1 Acquisition

Another experimental setup was designed to interrogate whether rfhSP-D, on its own, caused inflammation within EpiVaginal tissues (in the absence of HIV-1 challenge), which in turn increased susceptibility of target cells (Figure 1B). PBMCs in the basal chamber of rfhSP-D treated tissues showed no significant increase in the acquisition of HIV-1 while the inflammatory MALP-2 treated tissues showed increased p24 levels on day 6 (Figure 6A).
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FIGURE 6. Susceptibility of PBMCs to HIV-1 acquisition: (A) Day 3 and 6 HIV-1 p24 Ag levels as determined by ELISA. RfhSP-D did not enhance susceptibility to HIV acquisition whereas MALP-2 treatment enhanced it on day 6. Data is representative of three biological replicates and is represented as mean ± S. D. *indicate statistical significance of p < 0.05 in comparison to day 6 untreated (control). (B) Gene regulatory network for EpiVaginal tissues treated with rfhSP-D vs. untreated. Biological processes are blue colored blocks, downregulated genes are green colored, upregulated are red, unaltered are in orange. Circles are sized according to their p-value.





RfhSP-D Treatment Strengthened Vaginal Barrier: SP-D a Natural Vaginal Host Defense Molecule

Alterations in the transcripts of EpiVaginal tissues induced by rfhSP-D were also identified by microarray analysis. Of the total 185 genes differentially regulated, 103 were upregulated and 82 were downregulated (Supplementary Figure S4). Upregulation of CAV1 and CAV2, along with Laminins (LAMA3, LAMB1, LAMC1, and LAMC2), which are essential for formation and function of the basement membrane, was suggestive of a strengthened mucosal barrier. Collagen transcripts (COL4A5, COL5A1, COL5A2 and COL7A1, COL17A1), important structural components of basement membranes, were also upregulated. With an integral role in adhesion of the epithelium to extracellular matrix, integrins α3, α6, and β4, were upregulated by rfhSP-D (Figure 6B; Supplementary Figure S5). Specific upregulation of genes related to structural stability of the cell and epithelial integrity suggested that rfhSP-D strengthened the local tissue architecture. Consistent with its established anti-inflammatory role, rfhSP-D downregulated genes that promote inflammatory signals, such as GBP2, IRF1, ATF3, CREB1, IGFBP2, and IGFBP7.

SP-D is synthesized by the human vaginal epithelial cells and its uterine expression is hormone regulated (17). We detected SP-D in the vaginal lavage of normal cycling women (Supplementary Figure S5A). Vaginal epithelial cells (Vk2/E6E7) also showed transcripts of SP-D (Supplementary Figure S5B). In addition, confocal microscopy revealed that SP-D protein was being produced by Vk2/E6E7 and could be localized in the cytoplasm (Supplementary Figure S5C). With its natural presence in the vaginal tract, its role as a pattern recognition protein and in strengthening of the vaginal barrier as evident from gene expression studies, SP-D seems to be vital as the first line of defense at the vaginal surfaces.



rfhSP-D Has No Adverse Effect on Cell Viability and NF-κB Translocation

In addition to the ex vivo efficacy of rfhSP-D as an inhibitor of the vaginal transmission of HIV-1, it was pertinent to evaluate the safety of rfhSP-D application on the vaginal surface. As a first step, we assessed its effect on the viability and inflammation of vaginal and ectocervical cells. Within the concentration range of 1.562–100 μg/ml and a duration of 24 h treatment, the viability of vaginal and ectocervical cells was unaltered (Figure 7A). NF-κB activation is a prerequisite for inflammation and breach of vaginal barrier providing access to HIV-1 entry. Hence, to determine the effect of rfhSP-D on the NF-κB activation, we used an endocervical cell line (End1/E6E7) transfected with pHTS–NF-κB firefly luciferase reporter. None of the indicated rfhSP-D concentrations induced NF-κB activation, whereas MALP-2 and poly I:C, agonists of TLR-2/6 and TLR3 respectively, led to a significant activation (Figure 7B). Furthermore, rfhSP-D did not cause any alteration in the levels of anti-inflammatory immune mediators, such as interleukin-1 receptor antagonist (IL-1RA), secretory leukocyte protease inhibitor (SLPI) and elafin, which are known to maintain vaginal homeostasis (data not shown).
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FIGURE 7. rfhSP-D does not affect viability or NF-κB activation: (A) MTT assay showing no significant alteration in cellular viability of vaginal (Vk2/E6E7) and ectocervical (Ect1/E6E7) cells 24 h after rfhSP-D treatment. (B) NF-κB activity measured by firefly luciferase reporter assay at 24 h of stimulation of endocervical epithelial (End1/NF-κB) cells with rfhSP-D (up to 100 μg/ml). Values represent mean ± SD.





RfhSP-D Does Not Adversely Affect Vaginal Lactobacilli

Lactobacilli, as vaginal commensals, are integral to the female reproductive tract. A direct toxicity assay revealed that rfhSP-D did not adversely affect viability of the clinical isolates of Lactobacilli (TRF #8, TRF #30, TRF#36 and Lactobacillus crispatus LC223) (Figure 8A). Lactic acid produced by Lactobacilli contributes to vaginal defense and any alteration in its production would enhance susceptibility to pathogens including HIV-1 (43). The pH of the supernatant from cultures treated with rfhSP-D was acidic like untreated controls. As expected, Pen-Strep reduced the viability of Lactobacilli and the supernatant showed a significantly higher pH (toward neutral) (Figure 8B).
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FIGURE 8. No adverse effects of rfhSP-D on vaginal lactobacilli and epithelium-commensal interaction: (A) Bacterial growth was assessed at 490 nm. At 24 h, none of the indicated rfhSP-D concentrations led to any alteration in growth of lactobacilli (Lactobacillus fermentum spps mucosae (TRF#36), Lactobacillus gasseri (TRF#8), Lactobacillus salivarius (TRF#30) and Lactobacillus crispatus (LC223) whereas penicillin-streptomycin (P/S) significantly inhibited its growth. (B) pH of the spent medium is a measure of lactic acid production. LC-Lactobacillus crispatus (LC223). Values represent means ± SD of three experiments. (C) CFU counts before and after epithelial (Vk2/E6E7)-bacterial (Lactobacillus crispatus) co-cultures were treated with rfhSP-D. (D) Co-cultures of epithelial cells (End1/NF-κB)-bacteria (Lactobacillus crispatus) were assayed for luciferase activity. No apparent rise in luciferase activity was observed following treatment with rfhSP-D whereas Poly I:C and MALP-2 showed a significant increase in NF-κB activity. Values represent mean ± SD. *p < 0.05 in comparison to untreated.





rfhSP-D Does Not Interfere With Vaginal Epithelium-Lactobacilli Interaction

Since the vaginal microflora tightly controls the epithelial immune functions in a species- and strain-specific manner, any interference from topically applied microbicides or potential anti-HIV-1 agents may prove detrimental. Thus, we employed vaginal Lactobacilli colonization model that mimics in vivo conditions (6). In the co-culture conditions, rfhSP-D treatment did not lead to any reduction in CFU counts (Figure 8C).

Epithelial interaction with commensals leads to enhanced inflammation in a regulated manner; when exacerbated, it enhances susceptibility to HIV-1 and when calmed, it compromises immunity. Hence, we assessed the effect of rfhSP-D on NF-κB induction in this co-culture model. Importantly, NF-κB levels were not affected across all the tested concentrations of rfhSP-D (Figure 8D). Poly I:C and MALP-2 did show an exaggerated NF-κB activity. Further, rfhSP-D did not significantly alter the levels of chemokines, such as RANTES, GRO-α, MIP-3α, corroborating no adverse effect on vaginal immune physiology (Figures 9A–C).
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FIGURE 9. rfhSP-D does not alter basal levels of chemokines: (A) GRO-α, (B) MIP-3α, and (C) RANTES Levels were determined using MSD assay in the epithelial cells (Vk2/E6E7)—bacterial (Lactobacillus crispatus, LC223) co-culture. Data is representative as mean ± S. D. *p < 0.05 was considered statistically significant.





Repeated Application of rfhSP-D on Rabbit Vaginal Surface Does Not Induce Inflammation

Rabbits with repeated vaginal application of 1% SDS (positive controls) showed rupturing of the epithelial barrier and hemorrhage, whereas, rfhSP-D and placebo groups showed no signs of inflammation (Figures 10A–C). As per the RVI scoring, vaginal sections of rfhSP-D and placebo groups showed none or minimal irritation. The total sum of RVI scoring was 2.98 ± 0.6 for the rfhSP-D group and was not significantly different from the RVI score of 2.54 ± 0.3 for the placebo group, whereas, 1% SDS showed a moderate inflammation score of 9.7 ± 1.01, indicating gross toxicity (Figure 10D).
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FIGURE 10. Rabbit Vaginal Irritation (RVI) model demonstrates intact integrity of mucosal barrier on repeated application of rfhSP-D gel: H&E staining of vaginal sections of rabbits (n = 5/group) treated with (A) placebo gel (B) rfhSP-D (100 μg/ml) gel and (C) 1% SDS gel (positive control) daily for 10 consecutive days. Sections from 1% SDS gel treated rabbits showed inflamed epithelial barrier with significant infiltration of polymorphonuclear cells (PMNs) (depicted by “red arrows”) and hemorrhage (depicted by the “red asterisk”). Black arrow heads depict epithelial membrane with minimal infiltration of PMNs in the “placebo gel” and “rfhSP-D (100 μg/mL) gel” in (A,B). Magnification 10×. (D) RVI score of the rfhSP-D treated group was not significantly different from the placebo group. At least three sections of vaginal tissues (both proximal and distal) of each animal (blinded) were scored from 0 to 4 for epithelial damage (0 = normal, 1 = flattening, 2 = metaplasia, 3 = erosion, and 4 = ulceration) and leukocyte infiltration, edema and congestion (0 = absent, 1 = minimal, 3 = moderate, 4 = marked). Total score of each animal was calculated and was averaged with number of sections analyzed. A total score from 1 to 4 is to be considered as minimal irritation, 5–8 as mild irritation, 9–11 as moderate irritation, and 12–13 as marked irritation. *p < 0.05 was considered statistically significant.






DISCUSSION

Inflammation and breach of mucosal barrier are the two major events that render the “gatekeeping mechanisms” ineffective leading to HIV-1 transmission. The present study establishes a recombinant fragment of human SP-D (rfhSP-D) as a candidate microbicide, which remarkably inhibited HIV-1 transfer in an ex vivo model comprising of multi-layered vaginal mucosal tissue. We also report the gene expression profile of HIV-1 challenged EpiVaginal tissues. RfhSP-D specifically reversed the infection-promoting gene signature induced by the virus, thereby, maintaining the integrity of vaginal epithelium and suppressing the pro-inflammatory milieu. Furthermore, in vitro and in vivo safety studies implied that the rfhSP-D is safe for mucosal application at the concentrations that to restrict viral passage.

Transcriptome snapshot of the EpiVaginal tissues upon HIV-1 challenge revealed an inflammatory response comprising of chemokines, cytokines and components of inflammasome. Upregulation of these genes would act in sync, contributing to a generalized local inflammation in the vaginal epithelium. Fanibunda et al. (44) reported global gene expression in a monolayer of vaginal epithelial cell line (Vk2/E6E7) challenged with HIV-1 recombinant gp120 protein with a predominant induction of immunomodulatory processes and proteases. Following HIV-1 exposure, primary genital epithelial cell cultures showed enhanced proinflammatory cytokines (e.g., TNF-α and IL-6) and disruption of tight junctions, such as claudins, occluding, and ZO-1, leading to a compromised barrier (36, 45). Barouch et al. demonstrated that 24 h post-vaginal SIV challenge, the host lacked expression of the antiviral restriction factors and the response comprised of NLRX1 and TGF-α which incapacitated a strong anti-viral response (46). Consistent with the previous reports, the ex vivo model of human vaginal tissues showed pro-inflammatory response on viral challenge. Alongwith, it showed upregulation of host restriction factors, such as guanylate-binding proteins (GBP1, GBP2, GBP5), TRIM21 and other IFN-inducible genes. GBP5 has been recently reported as a host restriction factor in virus-challenged macrophages (47). Although, not proven in the context of HIV-1, TRIM21 is known to obstruct the incoming antibody-opsonized non-enveloped virions and efficiently mediate post-entry neutralization and innate immune signaling (48, 49). Being effective intracellularly, it is possible to hypothesize that these restriction factors may prevent further movement of the transcytosed virions (50). HIV-1 can also pass freely through the intercellular gaps in the vaginal epithelium. We observed a dramatic downregulation of several genes of the plasma membrane and cytoskeleton framework along with downregulation of tight junction proteins (claudins and occludin) induced by the virus. Although the EpiVaginal tissue attempts to mount an interferon response, the excessive inflammation and a disturbance in cellular functions weaken the epithelial barrier and provide a gateway to the underlying target cells (Figure 11A). There are several compelling evidence of interaction of HIV-1 with the vaginal epithelial cells via TLR2 and TLR4 (46), gp340 (51), syndecans (52), and human mannose receptor (53). These receptors, when engaged with PAMPs, initiate an inflammatory cascade. In our model, MALP-2 that activated the TLR2/6 inflammatory axis, synergizes with HIV-1 to further reduce the expression of tight junction proteins and enhances chemokine secretion, reiterating their crucial role in HIV transmission.
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FIGURE 11. A schematic model illustrating effects of HIV-1 and rfhSP-D on EpiVaginal tissues. (A) The intact epithelium seems to be breached after HIV-1 exposure. Alterations in the genes encoding tight junction proteins, cytoskeleton and those contributing to inflammation are plausibly the critical events in HIV-1 transmission through the multi-layered tissue. (B) rfhSP-D potently binds to HIV-1 and interacts with EpiVaginal tissues, reverses HIV-1 induced gene signature, and inhibits HIV-1 transmission.



The gene signature of EpiVaginal tissues, induced by HIV-1, reflected key mechanisms for viral movement across the multilayered epithelium resulting in its acquisition by the underlying PBMCs. RfhSP-D showed a remarkable ability to restrict viral movement (though not a complete blockade in the experimental conditions). Previously, we and others have shown that rfhSP-D (as well as native SP-D) potently binds to HIV-1 gp120, leading to agglutination and inhibition of infectivity of target cells (19, 54). It can, therefore, be considered that interaction of trimeric rfhSP-D with HIV-1 plausibly results in large complexes that are unable to travel through the tight vaginal barrier. Moreover, since HIV-1 envelope protein gp120 primarily makes the first contact with the epithelium, restriction of this interaction by rfhSP-D may also contribute to a shift from HIV-1 induced gene signature. The presence of a fraction of the virions in the basal chamber of rfhSP-D treated EpiVaginal tissues indicated interaction of the HIV-1 with the EpiVaginal tissues (although it was significantly reduced). In addition, evident from the differential gene expression of the rfhSP-D treated EpiVaginal tissues, rfhSP-D directly interacted with the vaginal epithelial cells and thus strengthened the barrier with upregulated expression of cytoskeleton-related genes. Taken together, these observations suggest that rfhSP-D was able to contain the HIV-1 induced changes in gene expression of the EpiVaginal tissues. Significant upregulation of transcripts for several tight junction proteins in the HIV-1 challenged EpiVaginal tissues in presence of rfhSP-D validated this hypothesis. The two key pro-inflammatory players, NF-κB and mTOR (55, 56), were significantly downregulated, suggesting likely inhibition of the sequential steps of HIV-1 transmission. Notably, the Guanylate binding proteins (GBPs) were either upregulated or unaltered, suggesting that rfhSP-D facilitated the protective response mounted by the EpiVaginal tissue against HIV-1 (Figure 11B). We have recently reported DC-SIGN as a novel receptor of SP-D (using rfhSP-D). A tripartite engagement between DC-SIGN, rfhSP-D and gp120 significantly inhibited transfer of HIV-1 from DC-SIGN to the PBMCs (57). This finding may hold immense importance in vaginal transmission of HIV-1, since DC-SIGN on dendritic cells acts as “Trojan horse” that captures HIV-1 in the mucosa and facilitates its transport to secondary lymphoid organs rich in CD4+ T cells followed by trans-infection (58).

SP-D has been shown to potently inhibit the infectivity of other enveloped viruses, such as Influenza A Virus (IAV) (59) and Respiratory Syncytial Virus (RSV) (60), concomitant with induction of an anti-inflammatory environment by interacting with mucosal epithelial and immune cells. This unique property has made rfhSP-D a viable therapeutic option for cystic fibrosis, neonatal lung disease and smoking-induced emphysema (61). RfhSP-D seems to have a similar role against HIV-1 at the vaginal interface. While rfhSP-D limits viral access, it also induces a state of immune quiescence in the vaginal tissues. There is a direct correlation of immune quiescence at the mucosal sites, with resistance to HIV-1 acquisition in serodiscordant women (62). It would be worth exploring the clinical significance of the candidate genes associated with restricted transmission identified in the present study in the highly exposed seronegative women.

An anti-HIV molecule can be effective as a microbicide only if it retains its anti-viral activity without inducing immune activation. Several candidates have failed in the clinical trials due to inflammation caused to the epithelial and target cells, leading to enhanced susceptibility to the virus. Our model revealed that treatment with rfhSP-D did not induce any aberrant inflammatory response by EpiVaginal tissues and did not lead to activation of PBMCs (target cells), and thus, minimized the likelihood of viral transfer and acquisition. In contrast, MALP-2 showed increased activation and susceptibility of PBMCs to the virus, confirming the appropriateness of the model for the evaluation microbicides (63).

To save time and resources, an extensive characterization of candidate prophylactics is warranted before testing their efficacy in vivo. Therefore, we subjected rfhSP-D to a series of safety evaluations. RfhSP-D was well-tolerated by human vaginal and ectocervical cells; even at the highest concentration (100 μg/ml), no apparent alterations in the viability of vaginal epithelial cells or inflammation were observed. Similarly, rfhSP-D did not adversely affect the growth of lactobacilli or acid production. However, in the vagina, the epithelial cells and microflora together determine the vaginal health. Vaginal microflora is critical in regulating the epithelial innate immune response. To accurately replicate the in vivo condition, we tested safety of rfhSP-D in an epithelial-bacterial colonization model (6). As is the case for a successful microbicide candidate, rfhSP-D did not affect lactobacilli counts, NF-kB activation and chemokine levels in the co-culture. Although SP-D potently inhibits reproductive tract pathogens, such as Chlamydia (64) and Candida (65), we report the SP-D-commensal interaction for the first time. Further investigations may ascertain molecular determinants that define the ability of SP-D to differentiate between vaginal pathogens and commensals. One plausible reason could be evolution of tolerance of the vaginal microflora in the presence of SP-D and other anti-microbial proteins and peptides naturally secreted in the vagina (66). SP-D is naturally expressed and secreted by the human vaginal epithelial cells. Therefore, it was expected that repeated application of rfhSP-D may not harm the vaginal surface. There were no evident histological signs of mucosal toxicity in the rabbit vagina, suggesting that rfhSP-D is well-tolerated in vivo.

In summary, we demonstrate the transcriptional gene expression signatures of EpiVaginal tissues in response to HIV-1. An ex vivo model of vaginal transmission of HIV-1 was developed that revealed novel genes and features of HIV-1 transmission, and offers a highly reproducible, cost-effective, non-animal model to study efficacy of candidate microbicides. Importantly, rfhSP-D emerges as a potent anti-HIV-1 microbicide candidate, and the results provide a strong argument for its further evaluation in non-human primate models.
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Human surfactant protein D (SP-D) is a potent innate immune molecule, which is emerging as a key molecule in the recognition and clearance of altered and non-self targets. Previous studies have shown that a recombinant fragment of human SP-D (rfhSP-D) induced apoptosis via p53-mediated apoptosis pathway in an eosinophilic leukemic cell line, AML14.3D10. Here, we report the ability of rfhSP-D to induce apoptosis via TNF-α/Fas-mediated pathway regardless of the p53 status in human pancreatic adenocarcinoma using Panc-1 (p53mt), MiaPaCa-2 (p53mt), and Capan-2 (p53wt) cell lines. Treatment of these cell lines with rfhSP-D for 24 h caused growth arrest in G1 cell cycle phase and triggered transcriptional upregulation of pro-apoptotic factors such as TNF-α and NF-κB. Translocation of NF-κB from the cytoplasm into the nucleus of pancreatic cancer cell lines was observed via immunofluorescence microscopy following treatment with rfhSP-D as compared to the untreated cells. The rfhSP-D treatment caused upregulation of pro-apoptotic marker Fas, as analyzed via qPCR and western blot, which then triggered caspase cascade, as evident from cleavage of caspase 8 and 3 analyzed via western blot at 48 h. The cell number following the rfhSP-D treatment was reduced in the order of Panc-1 (~67%) > MiaPaCa-2 (~60%) > Capan-2 (~35%). This study appears to suggest that rfhSP-D can potentially be used to therapeutically target pancreatic cancer cells irrespective of their p53 phenotype.
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INTRODUCTION

Human surfactant protein D (SP-D), a member of soluble C-type lectin family called Collectins, plays a vital role in linking the innate and adaptive immunity to protect against infection, allergy, and inflammation (1). Although its homeostatic role in lungs has been widely studied, its specific functions at extra-pulmonary tissues such as kidney, human trachea, brain, testis, heart, prostate, kidneys, and pancreas are poorly understood (1–3). SP-D deficiency in animal models has been shown to be associated with considerable pathophysiological consequences (4–6). SP-D gene knockout mice showed chronic inflammation and fibrosis due to accumulation of surfactant phospholipids in the lungs, monocytes infiltration, and activation of pro-inflammatory alveolar macrophages (5, 6). The absence of SP-D in children makes them more susceptible to frequent pneumonia as compared to SP-D sufficient children (7). SFTPD (SP-D gene) polymorphisms increase the susceptibility to chronic and infectious lung diseases (8), pneumococcal lung disease (9), emphysema (10), tuberculosis (11, 12), Crohn’s disease, and ulcerative colitis (12).

SP-D has been shown to be a potent innate immune molecule at pulmonary as well as extra-pulmonary mucosal surfaces by virtue of its ability to control inflammatory response and helper T cell polarization (3). The first clue came via a murine model of allergic hypersensitivity, when therapeutic treatment with a recombinant fragment of human SP-D (rfhSP-D) lowered peripheral and pulmonary eosinophilia, in addition to specific IgE levels and Th2 cytokines in the spleen (13, 14). It turned out that rfhSP-D selectively induced apoptosis in sensitized eosinophils derived from allergic patients (15). Using an eosinophilic cell line, AML14.3D10 (a model cell line for leukemia), it was established, via proteomics analysis, that apoptosis induction by rfhSP-D involved upregulation of p53 (16, 17). Another crucial study by Pandit et al. (18) revealed that rfhSP-D was able to induce apoptosis in activated human PBMCs, but not in resting, non-activated PBMCs. These studies, for the first time, raised the possibility that SP-D can have a function of immune surveillance against activated self and perhaps altered self. Recently, human lung adenocarcinoma cells (A549 cell line), when exogenously treated with SP-D, showed suppressed epidermal growth factor (EGF) signaling by reducing the EGF binding to EGFR, which subsequently reduced the cell proliferation, invasion, and migration of cancer cells (19).

Here, we set out to examine a possible pro-apoptotic role of SP-D in pancreatic cancer. Pancreatic cancer is the fourth leading cause of cancer-related mortality in the western world (20, 21) and its 5-year survival rate is ~5% (22). The poor prognosis has been attributed to the silent nature of the tumor in early stages, aggressive phenotype, surgical complications, and lack of targeted efficacious therapies (23). In this study, we show that rfhSP-D, composed of 8 Gly-X-Y repeats, homotrimeric neck and carbohydrate recognition domains (CRDs) (1), induces cell growth arrest in G1 phase and subsequent apoptosis in human pancreatic adenocarcinoma cells using Panc-1, MiaPaCa-2, and Capan-2 cell lines. The apoptosis induction appears to involve TNF-α, NF-κB, and Fas axis, revealing a p53 independent route of apoptosis induction in the p53 mutated Panc-1 and MiaPaCa-2 cell lines and p53-dependent apoptosis in p53 wild type Capan-2 cell line by rfhSP-D.



MATERIALS AND METHODS


Cell Culture and Treatments

Human pancreatic cancer cells lines, Panc-1 (CRL-1469), MiaPaCa-2 (CRL-1420), and Capan-2 (HTB-80), were obtained from ATCC and used as an in vitro model in this study. All cell lines were cultured at 37°C under 5% v/v CO2 using DMEM-F12 media (Thermo Fisher) containing 10% v/v fetal calf serum with 2 mM L-glutamine, and penicillin (100 U/ml)/streptomycin (100 μg/ml) (Thermo Fisher) until 80–90% confluency was reached.



Expression and Purification of rfhSP-D

Plasmid pUK-D1 (containing cDNA sequences for 8 Gly-X-Y repeats, neck, and CRD region of human SP-D), transformed into Escherichia coli BL21 (λDE3) pLysS (Invitrogen), was used to express rfhSP-D, as described earlier (15, 16). The expression cassette included a short stretch of eight N-terminal Gly–X–Y triplets with substitution of S for P in position 2 (residue 180), followed by the α-helical coiled-coil neck region (residues 203–235) and the globular CRD region (residues 236–355). Endotoxin levels were determined using the QCL-1000 Limulus amebocyte lysate system (Lonza) and the assay was found to be linear over a range of 0.1–1.0 EU/ml (10 EU = 1 ng of endotoxin). The amount of endotoxin levels were <4 pg/μg of the rfhSP-D. Full length native SP-D (FL-SP-D) was purified form lung washings of alveolar proteinosis patients using methods previously described by Strong et al. (24).



Fluorescence Microscopy

All cell lines used in this study (Panc-1, MiaPaCa-2, and Capan-2) were grown on coverslips using 0.5 × 105 cells overnight. Next day, cells were washed three times with PBS before being incubated with rfhSP-D (20 μg/ml) in a serum-free DMEM-F12 medium. For rfhSP-D and FL-SP-D binding analysis, the coverslips were incubated for 1 h with mouse anti-human SP-D (rfhSP-D) and rabbit anti-human SP-D (FL-SP-D) (MRC Immunochemistry Unit, Oxford; 1:200), followed by goat anti-mouse IgG H&L (Cy5) and Goat anti-Rabbit IgG H&L Alexa Fluor 488 (1:500; Abcam), respectively, and Hoechst (1:10,000; Thermo Fisher) for fluorescence microscopy analysis. For apoptosis analysis via fluorescence microscopy using an FITC annexin V apoptosis detection kit with propidium iodide (PI) (BioLegend), the cells were incubated with rfhSP-D (20 μg/ml) for 48 h. After 48 h, the cells were incubated with annexin V binding buffer containing FITC annexin V (1:200), PI (1:200), and Hoechst (1:10,000) for 15 min, and washed twice with PBS before mounting on the slides to visualize under a HF14 Leica DM4000 microscope.



Flow Cytometry

Cell lines were plated in a 6-well plate (0.1 × 107) and incubated with rfhSP-D (20 μg/ml), FL-SP-D (10 and 20 μg/ml), and an untreated control, for 24 and 48 h, followed by cell detachment using 5 mM EDTA, pH 8, and centrifugation at 1,200 × g for 5 min. For cell cycle analysis, the cells were fixed in 70% v/v ethanol for 30 min at 4°C, followed by PBS wash twice at 850 × g. The cells were then treated with ribonuclease (100 μg/ml) to ensure DNA staining without RNA contamination before staining with PI (50 μg/ml). 10,000 cells were then acquired for both treated and untreated samples and the PI histograms were plotted using the set markers within the analysis program of Novocyte Flow Cytometer. For apoptosis analysis via FACS, FITC annexin V apoptosis detection kit with PI (BioLegend) was used, as per manufacturer’s instructions. Compensation parameters were acquired using unstained, untreated FITC stained, and untreated PI stained cells.



MTT Assay

MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) (Thermo Fisher) assay was performed by incubating pancreatic cancer cells (0.1 × 105) in a 96-well microtiter plate with rfhSP-D, FL-SP-D (10 and 20 μg/ml), and an untreated control in serum-free DMEM-F12 medium for 48 h, followed by incubation with 50 μg/μl MTT (5 mg/ml stock) per well for 4 h at 37°C. Majority of the media was removed leaving behind 25 μl per well, which was mixed thoroughly with 50 μl of dimethyl sulfoxide and incubated for another 10 min at 37°C. The absorbance was read at 570 nm using a plate reader.



Western Blot

Cell lines (0.1 × 107 cells) were seeded in a 6-well plate (Nunc) and incubated with rfhSP-D (20 μg/ml), together with an untreated control, in a serum-free DMEM-F12 medium. The cells were lysed within the wells using treatment buffer (50 mM Tris-HCl pH 6.8, 2% v/v β-mercaptoethanol, 2% v/v SDS, 0.1% w/v bromophenol blue, and 10% v/v glycerol) and transferred to pre-cooled microcentrifuge tubes followed by sonication for 15 s. The samples were heated at 100°C for 10 min and subjected to SDS-PAGE (12% w/v) for 90 min at 120 V. The SDS-PAGE separated proteins were then electrophoretically transferred onto a nitrocellulose membrane (Thermo Fisher) using an iBLOT (Thermo Fisher). The membrane was then blocked using 5% w/v dried milk powder (Sigma) in 100 ml PBS for 2 h on a rotatory shaker at room temperature. The membrane was incubated with rabbit anti-human caspase primary antibodies (anti-cleaved caspase 3; anti-cleaved caspase 8; Cell Signaling) at 4°C overnight, followed by incubation with secondary Goat anti-rabbit IgG HRP-conjugate (1:1,000; Promega) for 1 h at room temperature. The membrane was washed with PBST (PBS + 0.05% Tween 20) three times, 10 min each time. The color was developed using 3,3′-diaminobenzidine substrate kit (Thermo Fisher).



Quantitative RT-PCR

Panc-1, MiaPaCa-2, and Capan-2 cells were incubated with and without rfhSP-D (20 μg/ml) for various time points. The cell pellet for each time-point was centrifuged and stored at −80°C. RNA was extracted using GenElute Mammalian Total RNA Purification Kit (Sigma-Aldrich, UK), as per manufacturer’s instructions, followed by treatment with DNase I (Sigma-Aldrich, UK). The absorbance at 260 and 260:280 nm ratio was used to determine the concentration and purity of total RNA, respectively, using NanoDrop 2000/2000c (Thermo-Fisher Scientific). Total RNA (2 μg) was used for cDNA synthesis using High Capacity RNA to cDNA Kit (Applied Biosystems). The forward and reverse primers used in this study were designed using the web based Basic Local Alignment Search Tool and Primer-BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi) are given in Table 1.


TABLE 1 | Target genes and terminal primers used in the qPCR analysis.
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Relative mRNA expression was determined by qPCR reactions performed in triplicates consisting of 10 μl final volume per well [5 μl Power SYBR Green MasterMix (Applied Biosystems), 75 nM of forward and reverse primers, and 500 ng cDNA], using the 7900HT Fast Real-Time PCR System (Applied Biosystems). Samples were initially incubated at 50°C (2 min) and 95°C (10 min), followed by 40 cycles (each cycle for 15 s at 95°C and 1 min at 60°C) for amplification of the template. Human 18S rRNA, an endogenous control, was used to normalize the gene expression. Relative quantification (RQ) value and formula: RQ = 2−ΔΔCt was used to calculate the relative expression of each target.



Statistical Analysis

Graphs were made and statistically analyzed using Graphpad Prism 6.0 by applying an unpaired two-way ANOVA test. Significance of values is based on *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 between treated and untreated samples. Error bars represent the SD or SEM, as indicated in the figure legends.




RESULTS


rfhSP-D Binds to a Range of Pancreatic Cell Lines

The fluorescence microscopy analysis of rfhSP-D and FL-SP-D binding to Panc-1, MiaPaCa-2, and Capan-2 cells revealed its membrane localization following 1 h incubation at 4°C (Figure 1). The rfhSP-D probed with mouse anti-human SP-D-CY5 antibody and FL-SP-D probed with rabbit anti-human SP-D-FITC appeared evenly bound in clusters on the cell membrane, along with nucleus stained positively with Hoechst. All cell lines showed a similar rfhSP-D and FL-SP-D binding pattern. No CY5 or FITC fluorescence was detected in the untreated controls, probed with primary and secondary antibodies, for each cell line, suggesting the rfhSP-D and FL-SP-D binding observed in the treated cell lines was protein-specific.


[image: image1]
FIGURE 1 | (A) Fluorescence microscopy showing binding of rfhSP-D and (B) FL-SP-D (10 μg/ml; 1 h incubation) to Panc-1, MiaPaCa-2, and Capan-2 cells. The nucleus of the cells was stained with Hoechst. Cells were probed with mouse anti-human SP-D/CY5 (rfhSP-D) and rabbit anti-human/FITC (FL-SP-D); the bound proteins are visible on the cell membrane in the treated cells. No CY5 or FITC fluorescence was detected in the untreated control cells.




rfhSP-D Induces Cell Cycle Arrest in G1 Phase in Panc-1 and MiaPaCa-2

Panc-1, MiaPaCa-2, and Capan-2 cell lines were individually treated with rfhSP-D for 24 h to assess whether rfhSP-D induced growth arrest. DNA binding dye, PI, was used to analyze the cell cycle for both treated and untreated cells via DNA quantitation. rfhSP-D induced inhibition of DNA synthesis in treated Panc-1 (68%) and MiaPaCa-2 (50%) in comparison to untreated Panc-1 (3%) and MiaPaCa-2 (2%) cells, respectively, as the cells were arrested in G1 phase (Figure 2). DNA synthesis was unaffected in the untreated cells for both cell lines since Panc-1 (43%) and MiaPaCa-2 (31%) were seen in S phase and Panc-1 (32%) and MiaPaCa-2 (33%) in the G2 phase of cell cycle. The growth arrest was, however, not seen in Capan-2 cell line following the rfhSP-D treatment (data not shown). Growth arrest at 24 h following rfhSP-D treatment prompted the determination of cell fate at a later time point; therefore, all cell lines were analyzed for likely apoptosis at 48 h.


[image: image1]
FIGURE 2 | Cell cycle analysis following 24 h treatment of pancreatic cancer cell lines with rfhSP-D. Propidium iodide (PI) was used to stain DNA. PI histograms were plotted using set markers within the analysis program of Novocyte Flow cytometer. The rfhSP-D treated pancreatic cancer cells show arrest in G1 phase in the case of Panc-1 (G1 phase: 68%; S phase: 13%; G2 phase: 11%) and MiaPaCa-2 (G1 phase: ~50%; S phase: 17%; G2 phase: 10%) cell line at 24 h, whereas untreated Panc-1 cells (G1 phase: 3%; S phase: 42%; G2 phase: 32%) and MiaPaCa-2 cells (G1 phase: 2%; S phase: 32%; G2 phase: 33%) progressed to the next cell cycle phases.




rfhSP-D Induces Apoptosis Induction in Pancreatic Cancer Cells by 48 h

The qualitative apoptosis analysis of Panc-1, MiaPaCa-2, and Capan-2 treated with FL-SP-D or rfhSP-D for 48 h using immunofluorescence microscopy (Figure 3A) showed that the cell membrane was disoriented and the PI bound to DNA in the treated cells as compared to untreated cells, where no florescence was detected, indicating that cells were undergoing apoptosis at 48 h.
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FIGURE 3 | (A) Fluorescence microscopy to analyze apoptosis in pancreatic cancer cell lines following treatment with rfhSP-D. Cells were treated with rfhSP-D for 48 h and apoptosis was analyzed using an annexin V/propidium iodide (PI) staining kit. The cell membrane was positively stained for annexin V and the DNA staining is visible in the treated cells indicating that the cells underwent apoptosis turning the membrane inside out, thus making phosphatidylserine available for annexin V binding; due to the porous membrane, PI was taken in which stained the DNA of apoptotic cells. No such staining was seen in the untreated cells. The nucleus was stained with Hoechst for both treated and untreated cells. (B,C) Quantitative analysis of apoptosis using Flow Cytometer. Cells were treated with rfhSP-D or FL-SP-D for 48 h and apoptosis was analyzed using annexin V with PI kit. 10,000 cells were acquired and plotted for both annexin V/FITC and DNA/PI staining, which showed a shift in the fluorescence intensity of both FITC and PI between treated and untreated cells. Approximately 67% of Panc-1 cells, ~60% MiaPaCa-2 cells, and ~35% Capan-2 cells underwent apoptosis following rfhSP-D treatment and ~25% Panc-1 and MiaPaCa-2 cells following FL-SP-D treatment as compared to untreated cells. No significant difference was seen in Capan-2 cells following FL-SP-D treatment. (D,E) MTT assay to assess cell viability following treatment with rfhSP-D and FL-SP-D (10 and 20 μg/ml) and untreated for 48 h (±SEM, of three independent experiments). Cell numbers were reduced by approximately 70% in the rfhSP-D-treated Panc-1, 60% in MiaPaCa-2, and 45% in Capan-2 cells, as compared to untreated cells. Cell numbers were reduced by approximately 25% in the Panc-1 and MiaPaCa-2 and less than 10% in Capan-2 cells treated with FL-SP-D as compared to untreated cells. Significance was established using the unpaired two-way ANOVA test (**p < 0.01, ****p < 0.0001, ns: non-significant) (n = 3).



The flow cytometry analysis to quantify apoptosis showed significant reduction in the viable cell percentage of Panc-1, MiaPaCa-2, and Capan-2. The rfhSP-D induced apoptosis in ~67% of Panc-1 cells at 48 h, out of which, ~57% Panc-1 cells were both FITC and PI positive and ~7% were FITC alone positive, suggesting annexin V/FITC binding to phosphatidylserine, a cell membrane phospholipid, which is externalized during early apoptotic stage and the passage of PI, a DNA stain, through the porous cell membrane into the nucleus in order to intercalate the DNA. Approximately, 10% cells were PI alone positive, which suggested that these cells were either dead or in late apoptotic stage. The percentage of viable cells, i.e., unstained, in the untreated sample was significantly higher (70%) as compared to treated (26%) (Figure 3B). The rfhSP-D induced apoptosis in MiaPaCa-2 was ~60%. However, rfhSP-D induced apoptosis in Capan-2 (~35%) cell line, which was not as much as in Panc-1 and MiaPaCa-2 cell lines (Figure 3B). The treatment with FL-SP-D (20 μg/ml) for 48 h induced apoptosis in approximately 25% of Panc-1 and MiaPaCa-2 cell lines, and less than 10% in Capan-2 cell line. No significant difference was seen with FL-SP-D (10 μg/ml) treatment for 48 h in all the cell lines investigated in this study (Figure 3C).

The cell viability analysis via MTT assay following rfhSP-D treatment showed ~60% decrease in the cell viability of Panc-1 and MiaPaCa-2 and 45% in Capan-2 as compared to untreated (Figure 3D) and BSA (10 and 20 μg/ml; data not shown) controls. The cell viability analysis via MTT assay following FL-SP-D treatment also showed consistent reduction as seen in flow cytometer analysis (Figure 3E). Apoptosis was further confirmed by analyzing the activation of caspase to determine the pathway involved.



rfhSP-D Activates Cleavage of Caspase 8 and 3

Western blot analysis revealed that caspase 8 and 3 were cleaved in all the cell lines following treatment with rfhSP-D for 48 h (Figure 4). The cleavage of caspase 3, however, was not seen in the untreated cells and faint bands appeared for caspase 8 in the untreated cells (Figure 4), which further confirmed that cell death occurred via apoptosis. Interestingly, although Capan-2 cell line appeared unaffected in terms of cell cycle arrest at 24 h; yet, the cleaved bands for caspase 8 and 3 were seen in Capan-2 treated cells too, which suggested that rfhSP-D can affect the cancer cells via multiple pathways. Caspase 9 was tested as a marker for intrinsic apoptosis pathway; however, no difference was noted between treated and untreated cells (data not shown). Therefore, gene expressions were assessed for pro-apoptotic genes such as Bax, an intrinsic pathway marker, and Fas, an extrinsic pathway marker, to further determine the apoptotic pathway.
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FIGURE 4 | Cleavage of caspase 3 (A) and 8 (B) in pancreatic cancer cell lines following rfhSP-D treatment. Pancreatic cancer cell lines were analyzed for caspase 8 and 3 activation via western blot using anti-rabbit cleaved caspase 3 and 8 (1:1,000) at 4°C overnight, followed by incubation with secondary anti-rabbit IgG HRP-conjugate (1:1,000) for 1 h at room temperature. The membrane was washed with PBST (PBS + 0.05% Tween 20) three times, 10 min each between each step. The bands were developed using 3,3′-diaminobenzidine substrate kit. The cleaved caspase 3 and 8 were detected only in the rfhSP-D treated samples of all cell lines, whereas no bands appeared in the untreated cell samples. Full-length caspase 8 bands are visible around 43 kDa. (C) Anti-GAPDH was used as a loading control.




rfhSP-D Upregulates the Expression of Pro-Apoptotic Marker, Fas

Human pancreatic cancer cells often escape apoptosis by downregulating apoptosis stimulators such as FasL/FasR (25), or pro-apoptotic proteins such as Bax (26). These pro-apoptotic genes, Bax and Fas, for time-points ranging from 2 to 24 h in all the cell lines, were analyzed. Bax was unaffected following the treatment with rfhSP-D in Panc-1 and MiaPaCa-2 cell lines at all time-points (data not shown), which, in addition to unaffected caspase 9, suggested that intrinsic pathway may not have been involved in causing the cell death in these cell lines. Fas expression was unaffected at earlier time-points up to 6 h (data not shown); however, it was upregulated at 12 and 24 h in Panc-1 (log10 ~0.5), MiaPaCa-2 (log10 ~1), and Capan-2 (log10 ~1) cell lines (Figure 5A), which indicated that apoptosis induction by rfhSP-D is likely to take place via the extrinsic pathway. Western blot analysis also showed upregulation of Fas at the protein level in rfhSP-D treated cells as compared to untreated cells (Figure 5B). Since TNF-α and NF-κB are crucial factors in the apoptotic pathway and they can regulate Fas expression (27), the effect of rfhSP-D on the gene expression of TNF-α and NF-κB as well as translocation of NF-κB from the cytoplasm to nucleus was investigated.
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FIGURE 5 | Relative quantification (RQ) of Fas mRNA expression in Panc-1, MiaPaCa-2, and Capan-2 cell lines treated with rfhSP-D (20 μg/ml) for 12 and 24 h. (A) Fas expression was upregulated in the treated samples at 12 and 24 h as compared to untreated cells. Significance was determined using the unpaired two-way ANOVA test (****p < 0.0001) (n = 3). (B) Fas expression via western blot analysis in pancreatic cell lines treated with rfhSP-D for 24 h using rabbit anti-human Fas (1:1,000) at 4°C overnight, followed by incubation with secondary anti-rabbit IgG HRP-conjugate (1:1,000) for 1 h at room temperature. The bands were developed using diaminobenzidine substrate kit. Fas expression at ~50 kDa was upregulated in the treated samples at 24 h for all cells as compared to untreated. Anti-GAPDH used as a loading control.




rfhSP-D Upregulates p53 Expression in Capan-2 Cell Line

The p53 transcript levels were measured by qPCR following the treatment with rfhSP-D at 2, 6, and 12 h in Capan-2 cells and compared with the p53 levels in untreated cells for each time-point. Interestingly, the levels of p53 were upregulated, most significantly at 12 h, which suggested that p53 may also have contributed to the apoptosis in Capan-2 cells (Figure 6).
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FIGURE 6 | Relative quantification (RQ) of p53 mRNA expression in Capan-2 cell line treated with rfhSP-D (20 μg/ml) for 2, 6, and 12 h. p53 expression was significantly upregulated in the rfhSP-D-treated samples at 2, 6, and 12 h as compared to the untreated. Significance was determined using the unpaired two-way ANOVA test (****p < 0.0001) (n = 3).




rfhSP-D Upregulates the Expression of TNF-α and Causes Nuclear Translocation of NF-κB

Following treatment with rfhSP-D, the analysis of TNF-α mRNA expression levels showed a significant upregulation in Panc-1 (log10 ~0.5), MiaPaCa-2 (log10 ~1), and Capan-2 (log10 ~1) at 12 and 24 h; however, no difference was observed at earlier time-points. Similar transcriptional upregulation was noted for NF-κB for Panc-1 (log10 ~0.4), MiaPaCa-2 (log10 ~0.8), and Capan-2 (log10 ~0.6) at 12 and 24 h (Figure 7A). Immunofluorescence microscopy of Panc-1, MiaPaCa-2, and Capan-2 cell lines showed that NF-κB was translocated to the nucleus at 24 h, which was not seen in the untreated cells (Figure 7B). This further confirmed that NF-κB could play a key role in deciding the apoptotic fate of the pancreatic cancer cells following the rfhSP-D treatment.
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FIGURE 7 | Relative quantification (RQ) comparisons of TNF-α (A) and NF-κB (B) mRNA expression in Panc-1, MiaPaCa-2, and Capan-2 cell lines treated with rfhSP-D (20 μg/ml) for 12 and 24 h. The transcriptional expressions of both TNF-α and NF-κB were upregulated in the treated samples at 12 and 24 h as compared to untreated. Significance was determined using the unpaired two-way ANOVA test (*p < 0.05, ***p < 0.001, ****p < 0.0001) (n = 3). (C) Immunofluorescence microscopy to determine the translocation of NF-κB into nucleus following rfhSP-D treatment. Anti-NF-κB stained positively in the nucleus of treated cells as compared to untreated in all cell lines at 24 h.





rfhSP-D Downregulates the Survival Pathway, mTOR

The mTOR is often deregulated in the pancreatic cancer (28) and its activation is associated with poor prognosis (29). Upon treatment with rfhSP-D, mRNA expression of mTOR was downregulated in Panc-1 and MiaPaCa-2 cell line at 12 h (Figure 8A), however, no difference was seen in Capan-2 (data not shown). In addition, immunofluorescence analysis revealed that in comparison to the untreated cells, a significant decrease in the cytoplasmic levels and an increased accumulation of mTOR in the nucleus of MiaPaCa-2 cells was evident (Figure 8B), where it has been shown to be present in its inactive form (30).
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FIGURE 8 | rfhSP-D downregulated the survival pathway, mTOR. (A) rfhSP-D treatment of Panc-1 and MiaPaCa-2 cells downregulated the mRNA expression of mTOR (****p < 0.0001). (B) Immunofluorescence microscopy showed reduced cytoplasmic levels of mTOR following treatment as compared to the untreated. Nuclear accumulation is clearly visible in the rfhSP-D treated cells.





DISCUSSION

In this study, we show that a recombinant fragment of human surfactant protein D (rfhSP-D) induces apoptosis in a range of pancreatic cancer cell lines. We show that rfhSP-D induces apoptosis regardless of p53 status using two p53 mutated, aggressive cell lines, Panc-1 (derived from head of the pancreas), MiaPaCa-2 (derived from the body and tail of the pancreas), and a p53 wild type, non-aggressive cell line, Capan-2 (derived from head of the pancreas) (31).

Following the treatment with rfhSP-D, Panc-1 and MiaPaCa-2 cells were arrested in G1 phase at 24 h, whereas untreated cells progressed to S and G2 phase. In addition, upregulation of Fas, an apoptosis stimulator, and pro-apoptotic TNF-α (and associated transcription factor, NF-κB) at 24 h was consistent with the cleavage of caspase 8 and 3 at 48 h. These findings indicated that cell death is likely to occur via TNF-α/Fas-mediated apoptosis pathway (32–34). The cell viability after 48 h of rfhSP-D treatment was reduced in the order of Panc-1 > MiaPaCa-2 > Capan-2, which coincided with the approximate growth arrested percentage of Panc-1 and MiaPaCa-2 at 24 h. Although Capan-2 cells were not arrested in the cell cycle, yet they underwent apoptosis at 48 h, which may be attributed to their increased sensitivity to Fas-mediated apoptosis as compared to other two cell lines (25) and upregulation of p53 transcripts following the treatment with rfhSP-D, as reported previously (16). Treatment with FL-SP-D induced apoptosis in approximately 25% of Panc-1 and MiaPaCa-2, compared to Panc-1 (~67%) > MiaPaCa-2 (~60%) > Capan-2 (~35) by rfhSP-D. This quantitative difference is likely to be due to difference in the molar ration of the two proteins at the same concentration.

Fas is a type I membrane protein that belongs to TNF superfamily (35, 36) that undergoes trimerization upon binding to its physiological ligand, FasL, to form a Fas-associated death domain protein (FADD) via its cytoplasmic domain (37, 38). It then activates downstream caspase cascade, which subsequently causes cleavage of caspase 3 as the terminal molecular event during apoptosis (39, 40). When the Panc-1, MiaPaCa-2, and Capan-2 cell lines were treated with rfhSP-D, Fas remained unaffected up to 12 h. Upregulation of Fas transcripts as well as protein was seen at 24 h, indicating that TNF-α (41) and NF-κB (33) might also be affected since they are well known to tightly regulate the Fas-mediated apoptosis pathway. TNF-α, another member of TNF superfamily, acts via TNFR2 to increase the susceptibility of the target cells to Fas-mediated death; in addition, it stimulates the downstream NF-κB signaling (42) by recruitment and activation of inhibitor of IκB kinases (IKK), which in turn enables its translocation to the nucleus where transcription of NF-κB-dependent genes such as Fas occurs (33, 43).

In this study, transcriptional levels of both NF-κB and TNF-α were upregulated at the same time-point as Fas, which was largely anticipated (33). In addition, the immunofluorescence microscopy revealed NF-κB translocation to nucleus at 24 h in the rfhSP-D-treated cells as compared to the untreated counterpart, which suggested that TNF-α induced canonical NF-κB pathway (44). NF-κB can regulate both pro- as well as anti-apoptotic genes, depending upon its canonical or non-canonical signaling (43, 44). Interestingly, canonical NF-κB has been shown to bind directly to the Fas promoter to facilitate cell death via Fas-mediated pathway (33). NF-κB plays an important role in deciding the cell fate as its canonical activation acts a transcription factor of Fas, which upon stimulation induces apoptosis signaling (32, 33). However, SP-D has been shown to regulate steady-state NF-κB activation in alveolar macrophages of SP-D deficient mice (45). Interestingly, SP-D has also been shown to trigger TNF-α production in human CCR2+ inflammatory monocytes (46). These studies present an interesting central role of SP-D and their interdependent regulation, which could be important in deciding the cell viability/apoptosis. Moreover, cleaved caspase 8 and 3 were seen at 48 h, whereas intrinsic apoptosis markers such as caspase 9 and Bax remained unaffected (27), in all rfhSP-D-treated pancreatic cancer cell lines as compared to untreated cells, which further confirmed the cell death via Fas-mediated pathway alone. In addition, mTOR pathway was downregulated following the treatment with rfhSP-D, which is crucial for cell survival and proliferation, and thus, to protect the cancer cells from apoptosis (47). These findings are also supported by studies such as targeting mTOR pathway using rapamycin (48), or its regulating component RICTOR knockdown (49), significantly reduces the pancreatic cancer cell growth. Interestingly, immunofluorescence microscopy showed that rfhSP-D causes nuclear accumulation of mTOR in the treated cells, which may have a transcriptional role. However, the nuclear versions do not form an intact mTORC1 required for regulatory signaling pathways (30).

rfhSP-D bound all the pancreatic cell lines tested in this study: Panc-1, MiaPaCa-2, and Capan-2 (Figure 1A). However, the putative SP-D receptor or the ligand on the pancreatic cancer cell surface is not yet known. Recently, an interaction between the CRD region of human SP-D and N-glycans of EGFR has been reported which led to downregulated EGF signaling in human lung adenocarcinoma, A549 cell line cells (19).

In conclusion, rfhSP-D upregulates pro-apoptotic factors such as TNF-α, NF-κB, and Fas to activate caspase cascade to induce apoptosis in pancreatic cancer cell lines, which needs further exploration in orthotropic murine models. Majority of the conventional anti-cancer therapies only target the rapidly proliferating cancer cells, therefore, new strategies involving immune molecules such as rfhSP-D that target the signaling pathways to reduce the cell growth merit further investigation as these would not only help eliminate the tumor but could also influence recurrence or migratory capacity of the tumor cells.
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Human surfactant protein-D (SP-D), an innate immune pattern recognition soluble factor, is known to modulate a range of cytokines and chemokines, such as TNF-α and TGF-β at mucosal surfaces during infection, allergy, and inflammation. A recent study has shown that treatment with a recombinant fragment of human SP-D (rfhSP-D) for 48 h induces apoptosis in pancreatic cancer cells. Our hypothesis is that at earlier time points, SP-D can also influence key cytokines as a part of its putative role in the immune surveillance against pancreatic cancer, where the inflammatory tumor microenvironment contributes to the epithelial-to-mesenchymal transition (EMT), invasion, and metastasis. Here, we provide the first evidence that rfhSP-D can suppress the invasive-mesenchymal properties of highly aggressive pancreatic cancer cells. Mechanistically, rfhSP-D inhibited TGF-β expression in a range of pancreatic cancer cell lines, Panc-1, MiaPaCa-2, and Capan-2, thereby reducing their invasive potential. Smad2/3 expression diminished in the cytoplasm of rfhSP-D-treated cells as compared to the untreated control, suggesting that an interrupted signal transduction negatively affected the transcription of key mesenchymal genes. Thus, expressions of Vimentin, Zeb1, and Snail were found to be downregulated upon rfhSP-D treatment in the pancreatic cancer cell lines. Furthermore, blocking TGF-β with neutralizing antibody showed similar downregulation of mesenchymal markers as seen with rfhSP-D treatment. This study highlights yet another novel innate immune surveillance role of SP-D where it interferes with EMT induction by attenuating TGF-β pathway in pancreatic cancer.
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INTRODUCTION

Pancreatic ductal adenocarcinoma (PDA) is one of the most lethal of all human malignancies with a dismal 5-year survival rate of below 7%; it is estimated to become the third leading cause of cancer-related death by 2030 (1). PDA is associated with a high rate of mortality due to metastasis, resistance to conventional chemotherapy, and high tumor recurrence rate after surgery (2). Metastasis requires epithelial-to-mesenchymal transition (EMT), which is considered a principal cause of tumor recurrence and resistance to conventional therapies (3–6). EMT is a complex and hierarchical process during tumor progression; it enables the tumor cells to acquire increased motility, leading to invasion of adjoining tissue and infiltration to systemic circulation and subsequent penetration into the adjacent tissues, resulting in macroscopic secondary tumors (7, 8). A number of EMT markers appear to regulate the invasion-metastasis process in the pancreatic tumor cells. Aberrant activation of EMT has been attributed to over-expression of mesenchymal markers, such as Zeb1 (zinc finger E-box binding homeobox 1) (9), Snail (10), and Vimentin (10), as well as repression of E-cadherin, an epithelial marker (6) in the pancreatic cancer cells. During the EMT process, E-cadherin expression is lost whereas mesenchymal markers, including fibronectin and Vimentin, are over-expressed (11). Markers, such as Snail, Slug, Zeb1, Zeb2, and Twist, to name a few, have been shown to suppress E-cadherin. E-cadherin gene-deficient mice do not survive past implantation (12). The Snail-expressing metastatic tumors are associated with poor prognosis, and drug and immune resistance, offering limited opportunity for therapeutic intervention (12).

Recent studies have shown that an inflammatory tumor microenvironment influences early tumor dissemination, EMT, and metastasis in pancreatic cancer (5, 6, 13). Pro-tumorigenic cytokines, including TGF-β, have also been linked to EMT, invasion, metastasis, and drug-resistance in many types of cancer (14, 15). In PDA, elevated TGF-β expression has been associated with a highly invasive (metastatic) phenotype, acquired through SMAD signaling. Importantly, TGF-β signaling regulates EMT-gene signatures, thereby promoting cell motility and invasiveness in the pancreatic cancer cells (8, 16–19).

Human surfactant protein-D (SP-D), a soluble collagen containing C-type lectin (collectin), is a potent innate immune molecule, found at the pulmonary and extra-pulmonary mucosal surfaces. While acting as a link between innate and adaptive immunity, SP-D is known for its role in immune surveillance and immunomodulation in infection and allergy (20). SP-D has been considered for quite some time as a modulator of inflammatory response. However, recent studies have shown its anti-proliferative properties against cancer cells (21, 22). In addition, SP-D deficiency in animal models has been shown to trigger serious adverse pathological consequences as in emphysema (23), chronic and infectious lung diseases (24–26), Crohn’s disease, and ulcerative colitis (27). A new dimension to the defense mechanism attributable to SP-D became evident when a recombinant fragment of human SP-D (rfhSP-D) comprising homotrimeric neck region and carbohydrate recognition domain (rfhSP-D) was found to selectively induce apoptosis in the sensitized eosinophils derived from allergic patients, whereas eosinophils derived from healthy individuals were unaffected (28). Proteomics analysis of an eosinophil-like leukemic cell line (AML14.3D10), treated with rfhSP-D, showed that it caused cell cycle arrest via activation of G2/M checkpoints, and subsequently induced apoptosis via p53 pathway (21). Treatment of human lung adenocarcinoma A549 cell line with SP-D has been shown to suppress the epidermal growth factor (EGF) signaling by interrupting the EGF–EGFR interaction, thus reducing cell proliferation, invasion, and migration (22). Recently, Kaur et al. have shown that treatment with rfhSP-D for 48 h differentially induced apoptosis in pancreatic cancer cell lines, such as Panc-1, MiaPaCa-2, and Capan-2 via Fas-mediated pathway, involving cleavage of caspase 8 and 3 (29).

In this study, we demonstrate, for the first time, an early anti-tumorigenic role of rfhSP-D, where it suppresses the EMT and invasive-mesenchymal phenotype in pancreatic cancer cell lines. We show that rfhSP-D inhibits the invasive functions of TGF-β/SMAD expressing pancreatic cancer cells. Mechanistically, rfhSP-D downregulates the EMT-related gene signatures (Vimentin, Zeb1, and Snail), and hence, pancreatic cancer cells invasion, mainly by attenuating TGF-β signaling pathway.



MATERIALS AND METHODS


Cell Culture

Human pancreatic cancer cell lines, such as Panc-1 (CRL-1469), MiaPaCa-2 (CRL-1420), and Capan-2 (HTB-80), were obtained from ATCC, and used as an in vitro model in this study. All cell lines were cultured in DMEM-F12 media supplemented with 2 mM L-glutamine, 10% v/v fetal calf serum (FCS), and penicillin (100 units/ml)/streptomycin (100 μg/ml) (Thermo Fisher). All cell lines were grown at 37°C under 5% v/v CO2 until 80–90% confluency was attained.



Expression and Purification of rfhSP-D

Expression and purification of a recombinant form of human SP-D was carried out as reported previously (28). Plasmid pUK-D1 (containing cDNA sequences for 8 Gly-X-Y repeats, neck and CRD region of human SP-D) was transformed into Escherichia coli BL21 (λDE3) pLysS strain (Invitrogen). A single colony was inoculated in 25 ml of Luria–Bertani (LB) medium containing ampicillin (100 μg/ml) and chloramphenicol (34 μg/ml) (Sigma-Aldrich) at 37°C on a shaker overnight. The overnight inoculum was grown in a 1 l LB medium (containing ampicillin and chloramphenicol) until the OD600 reached 0.6, induced with 0.4 mM isopropyl β-D-thiogalactoside (IPTG) (Sigma-Aldrich, UK) for 3 h at 37°C on an orbital shaker, and then centrifuged (5,000 × g, 4°C, 15 min). The bacterial cell pellet was lysed using 50 ml of lysis buffer (50 mM Tris–HCl, pH 7.5, 200 mM NaCl, 5 mM EDTA, pH 7.5) containing lysozyme (100 μg/ml; Sigma-Aldrich) and 0.1 mM phenylmethylsulfonyl fluoride (PMSF; Sigma-Aldrich, UK) at 4°C for 1 h. The bacterial cell suspension was sonicated at 60 Hz for 30 s with an interval of 2 min each (15 cycles) and centrifuged at 13,800 × g for 15 min at 4°C. The pellet containing insoluble rfhSP-D as inclusion bodies was suspended in 25 ml of solubilization buffer (50 mM Tris–HCl, pH 7.5, 100 mM NaCl, 5 mM EDTA, pH 7.5) containing 6 M urea at 4°C for 1 h and then centrifuged at 13,800 × g at 4°C for 15 min. The supernatant was serially dialyzed against solubilization buffer containing 4, 2, 1, and 0 M urea and 10 mM β-mercaptoethanol for 2 h at 4°C, followed by final dialysis in solubilization buffer containing 5 mM CaCl2 (Affinity buffer) for 3 h and centrifuged at 13,800 × g, 4°C for 15 min. The supernatant containing soluble rfhSP-D was passed through a 5 ml Maltose-Agarose column (Sigma-Aldrich). The affinity-column was washed extensively using affinity buffer containing 1 M NaCl (20 ml) before eluting the bound rfhSP-D protein with solubilization buffer containing 10 mM EDTA, pH 7.5. The concentration of the eluted protein was determined via OD280. The peak fractions were passed through Pierce™ High Capacity Endotoxin Removal Resin (Qiagen) to remove lipopolysaccharide (LPS). Endotoxin levels were determined using the QCL-1000 Limulus amebocyte lysate system (Lonza); the assay was linear over a range of 0.1–1.0 EU/ml (10 EU = 1 ng of endotoxin). The amount of endotoxin levels was found to be <4 pg/μg of the rfhSP-D protein.



Cell Morphological Studies

Morphological alterations were examined in order to determine the optimal dose of rfhSP-D for the treatment of pancreatic cell lines. Panc-1 cells were seeded at a low density (0.1 × 104) and grown overnight in DMEM-F12 containing 10% FCS in a 12-well plate (Nunc). The cells were washed twice with PBS and incubated in serum-free medium with and without rfhSP-D (5, 10, or 20 μg/ml). An area of 5–10 cells was selected for each treatment condition for analysis at 0, 6, and 24 h using phase contrast Axioscope microscope.



Matrigel Invasion Assay

The invasion assay was performed using Corning™ BioCoat™ Matrigel™ Invasion Chamber (BD Matrigel Matrix). Inserts, pre-coated with basement membrane that was extracted from Engelbreth-Holm-Swarm mouse tumor, were reconstituted in serum-free DMEM-F12 at 37°C for 2 h. 35,000 cells, re-suspended in 500 μl serum-free DMEM-F12, were added to the top wells of the inserts with and without rfhSP-D (20 μg/ml), and 500 μl of medium containing serum was added to the bottom of the inserts in a 24-well plate and incubated at 37°C for 22 h. Next, medium containing non-evaded cells were discarded and remaining cells were scraped off from the membrane using a sterile cotton bud, ensuring cells at the bottom of the membrane remained intact for fixing. Fixation was done using 100% methanol for 2 min, followed by 2 min incubation with toluidine blue to stain the evaded cells. The membrane was cut using a sterile scalpel and mounted on the slide to count the evaded cells.



Fluorescence Microscopy

Cells (0.5 × 105) were grown on coverslips overnight at 37°C under 5% v/v CO2. Next day, cells were washed three times with sterile PBS before being incubated with and without rfhSP-D (5, 10, or 20 μg/ml) in a serum-free DMEM-F12 for 1 h for rfhSP-D binding to the cells, and 12 or 24 h for intracellular staining. The coverslips were washed three times with PBS in between each step. For rfhSP-D binding analysis, the coverslips were incubated for 1 h with mouse anti-human SP-D (a kind gift from Prof. U. Holmskov, Odnese, Denmark; 1:200) followed by goat anti-mouse IgG H&L (Cy5 ®, 1:500; Abcam) and Hoechst (1:10,000; Thermo Fisher) for immunofluorescence analysis. For the intracellular staining (Vimentin, Zeb1, E-Cadherin, SP-D, and TGF-β), the cells were fixed and permeabilized using ice-cold 100% methanol at −20°C for 10 min. This was followed by 1 h incubation with rabbit anti-human IgG antibody (Vimentin, Zeb1, and TGF-β) (1:500; Cell Signaling) and human SP-D (1:500), and another 1 h incubation with Alexa Fluor 488 (1:500; Thermo Fisher) and Hoechst (1:10,000; Thermo Fisher) for immunofluorescence analysis. For human pancreatic tissue, immunofluorescence was performed as described previously (30). Immunostaining was visualized using confocal laser-scanning microscope (Olympus). The human pancreatic tissue was obtained from the Department of Pathology, Philipps-University of Marburg, Germany following ethical considerations as stipulated by the University’s ethical guidelines.



Quantitative RT-PCR

Pancreatic cancer cell lines were incubated with either rfhSP-D (20 μg/ml) or anti-TGF-β neutralizing antibody (Thermo Fisher) for various time points and the centrifuged cell pellets were stored at −80°C. Total RNA was extracted using GenElute Mammalian Total RNA Purification Kit (Sigma-Aldrich, UK), followed by DNase I treatment to remove any DNA impurities. The concentration and purity of total RNA were determined by measuring the absorbance at 260 nm and 260:280 nm ratio, respectively, using NanoDrop 2000/2000c (Thermo-Fisher Scientific). Total RNA (2 μg) was used to synthesize cDNA using High Capacity RNA to cDNA Kit (Applied Biosystems). The web-based Basic Local Alignment Search Tool and Primer-BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi) were used to design the forward and reverse primer sequences (Table 1).


TABLE 1 | Target genes and terminal primers used in the qPCR analysis.

[image: image1]


Each qPCR reaction, carried out in triplicates, consisted of 5 μl Power SYBR Green MasterMix (Applied Biosystems), 75 nM of forward and reverse primers, and 500 ng cDNA, making up to a 10 μl final volume per well. Relative mRNA expression was analyzed using 7900HT Fast Real-Time PCR System (Applied Biosystems). Samples were initially incubated at 50°C (2 min) and 95°C (10 min), followed by amplification of the template for 40 cycles (each cycle for 15 s at 95°C and 1 min at 60°C). Human 18S RNA, an endogenous control, was used to normalize the gene expressions. The cycle threshold (Ct) mean value for each target gene was used to calculate the relative expression using the relative quantification (RQ) value and formula: RQ = 2−ΔΔCt, which was compared with the relative expression of the untreated cells.



Western Blot

Cells (0.1 × 107) were cultured in a 6-well plate (Nunc) and incubated with and without rfhSP-D (20 μg/ml) in a serum-free DMEM-F12 for various time points. The cells were then mixed with 2× treatment buffer (50 mM Tris–HCL pH 6.8, 2% v/v β-merceptoethanol, 2% v/v SDS, 0.1% w/v bromophenol blue, and 10% v/v glycerol) and sonicated for 30 s before running on a SDS-PAGE (12% w/v) for 90 min at 120 V. The SDS-PAGE separated proteins were electrophoretically transferred onto a nitrocellulose membrane using an iBlot 7-min Blotting System (Thermo Fisher), followed by blocking with 5% w/v non-fat dried milk powder (Sigma) in 100 ml PBS for 2 h on a rotatory shaker at room temperature. The membrane was washed with PBST (PBS + 0.05% Tween 20) three times, each time for 10 min. The membrane was then incubated with primary anti-human TGF-β antibody, (1:1,000; R&D systems) at 4°C overnight on a rotatory shaker, followed by secondary anti-rabbit IgG horseradish peroxidase-conjugate (1:1,000; Promega) for 1 h at room temperature. The positive bands were visualized using 3,3′-diaminobenzidine (DAB) substrate kit (Thermo Fisher).



Statistical Analysis

Graphs were made and statistically analyzed using an unpaired one-way or two-way ANOVA tests in Graphpad Prism 6.0. Significant values were considered based on *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 between treated and untreated samples. Error bars show the SEM, as indicated in the figure legends.




RESULTS


Presence of SP-D Can be Detected in Human Pancreatic Cancer Tissues

Immunofluorescence studies of human pancreatic cancer tissues probed with anti-human SP-D monoclonal antibody showed positive staining, confirming the presence of SP-D in the tissues (Figure 1). Additionally, the tissues were probed with anti-Vimentin, which also showed positive staining. However, we could not detect or purify SP-D from the culture supernatants of all three pancreatic cancer cell lines (data not shown). It is possible that the SP-D staining pertains to the tumor microenvironment. Thus, we proceeded to test the effect of exogenous rfhSP-D (Figure 2) on cultured pancreatic cancer cell lines.
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FIGURE 1 | Human pancreatic cancer tissue expressing SP-D and Vimentin. Double immunofluorescence staining of SP-D (green), Vimentin (red), and DAPI (blue) in four different areas of representative human pancreatic cancer tissue. Scale bars, 50 μm.
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FIGURE 2 | Recombinant fragment of human SP-D (rfhSP-D) expression and purification. Escherichia coli BL21 (λDE3) pLysS containing pUK-D1 was induced with IPTG. The expressed bacterial cells show rfhSP-D over-expression at ~20 kDa as compared to un-induced cells. The insoluble inclusion bodies were refolded and affinity purified on maltose-agarose. The peak fractions shown here appeared homogenous on a 12% SDS-PAGE.




rfhSP-D Induces Morphological Alterations in the Pancreatic Cancer Cell Line, Panc-1

To determine the optimal dose of rfhSP-D, Panc-1 cells were incubated with 5, 10, and 20 μg/ml for up to 24 h. The colonies of 10–15 cells were selected for each protein dose to observe the effect of rfhSP-D on cell morphology and cell division. The images of the selected cell colonies were taken at 0, 6, and 24 h (Figure 3). Untreated Panc-1 cells, as well as those treated with rfhSP-D (5 μg/ml), acquired spindle-type cell morphology, reduced cell–cell contact, and continued to divide in a time-dependent manner. However, Panc-1 cells, treated with 10 and 20 μg/ml concentration of rfhSP-D, did not acquire spindle shape and appeared to be static. However, cell morphology at 10 μg/ml appeared to be regaining the spindle shape and reduced cell–cell contact, with some evidence of cell division by 24 h. At 20 μg/ml, the non-spindle effect continued up to 24 h. Although some cell division was noted, cells remained in close contact with each other and static. Therefore, 20 μg/ml dose of rfhSP-D was selected to investigate its possible effect on EMT and invasion involving Panc-1, MiaPaCa-2, and Capan-2 cells.


[image: image1]
FIGURE 3 | Morphological changes in Panc-1 cells following rfhSP-D treatment. Panc-1 cells (0.1 × 104) were grown overnight in a 12-well plate tissue culture and colonies of 5–10 cells were selected for analysis with and without rfhSP-D (5, 10, and 20 μg/ml) at 0, 6, and 24 h. The cells treated with 5 μg/ml and untreated appeared to undergo epithelial-to-mesenchymal transition as they acquired spindle shape and showed reduced cell–cell contact, whereas cells treated with 10 and 20 μg/ml appeared static and did not acquire spindle shape.




rfhSP-D Suppresses the Invasive Capacity of the Pancreatic Cancer Cell Lines

The matrigel invasive chambers, pre-coated with extracellular matrix proteins, were used to incubate the pancreatic cancer cells (3.5 × 104) in the presence and absence of rfhSP-D (20 μg/ml) in the upper surface of the chamber; serum containing DMEM-F12 was used as a chemo-attractant in the bottom surface for 22 h. Both Panc-1 and MiaPaCa-2 cell lines, treated with rfhSP-D, showed significantly reduced invasion in the matrigel (Figure 4A); however, almost no invasion occurred in Capan-2 whether rfhSP-D treated or untreated. This was anticipated since Capan-2 is a low-grade cancer cell line. MiaPaCa-2 was most affected as the invasion was reduced by 65%, followed by Panc-1 cell line, which was approximately 50% less than the untreated cells (Figure 4B). Since pancreatic cancer cells are well known to overexpress TGF-β, which has a prominent-role in inducing EMT, the expression of TGF-β in the pancreatic cell lines was investigated following the treatment with rfhSP-D (20 μg/ml).
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FIGURE 4 | Recombinant fragment of human SP-D (rfhSP-D) supresses invasiveness in pancreatic cancer cell lines. (A) The cell invasion was analyzed by incubating 35,000 cells with and without rfhSP-D (20 μg/ml) in the BioCoat™ Matrigel™ Invasion Chambers at 37°C for 22 h. The invasive cells were fixed and stained before mounting the membrane on the slide for cell counting. The images show the difference between treated and untreated. (B) Treatment with rfhSP-D significantly reduced the cell invasion as for Panc-1 (~50%) and MiaPaCa-2 (~65%). However, as anticipated, no invasion was detected in Capan-2 cell line, neither in treated nor untreated samples. Significant values were considered based on ***p < 0.001 and ****p < 0.0001 between treated and untreated samples.




rfhSP-D Downregulates TGF-β Gene Expression in Pancreatic Cancer Cells

The transcriptional expression of TGF-β was significantly downregulated in Panc-1 (~log10 0.5-fold) and MiaPaCa-2 (~log10 0.3-fold) at 12 h (Figure 5A), whereas Capan-2 showed no difference following rfhSP-D treatment. This suggested that reduced TGF-β transcripts were being made following the rfhSP-D treatment. Thus, the total cell extracts for all cell lines were analyzed by Western blot using anti-human TGF-β monoclonal antibody, which revealed a reduction in the amount of TGF-β (~60 kDa band) in the rfhSP-D-treated Panc-1 and MiaPaCa-2 samples, as compared to the untreated cells; the amount of TGF-β in Capan-2 was unaffected (Figure 5B). The qualitative analysis by immunofluorescence microscopy showed that TGF-β expression at 24 h diminished considerably within the cytoplasm of Panc-1 and MiaPaCa-2 cell lines following rfhSP-D treatment (Figure 5C); however, this was not evident in the case of Capan-2 cells (result not shown). During TGF-β induced EMT pathway, Smad2/3 are phosphorylated in the cytoplasm, followed by translocation into nucleus; however, Smad2/3 staining appeared very weak in the cytoplasm of the rfhSP-D-treated Panc-1 and MiaPaCa-2 cell lines (Figure 5D). No difference was seen in Capan-2-treated and untreated cells (data not shown). Next, key regulators of EMT were examined.
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FIGURE 5 | Treatment with rfhSP-D downregulates TGF-β expression. (A) TGF-β gene expression, as determined by qPCR, was significantly downregulated at 12 h in both Panc-1 and MiaPaCa-2 cell lines. Significant values were considered based on ***p < 0.001 and ****p < 0.0001 between treated and untreated samples. (B) Western blot analysis revealed a ~60 kDa band that was very faint in the rfhSP-D-treated sample. (C) TGF-β intracellular staining for cell lines. 0.5 × 105 cells were incubated with and without rfhSP-D (20 μg/ml) for 24 h followed by probing with rabbit anti-human TGF-β1 antibody (1:500), and then by Alexa Fluor 488 (1:500) and Hoechst (1:10,000). Immunofluorescence analysis showed bright green fluorescence in the cytoplasm of the untreated cells as compared to weak staining in the treated cells. (D) Smad 2/3 intracellular staining for Panc-1 and MiaPaCa-2 cell lines with and without rfhSP-D (20 μg/ml) treatment for 24 h using rabbit anti-human Smad2/3 antibody (1:500) and then probed with anti-rabbit CY3 (1:1,000) showed the presence of Smad2/3 in the cytoplasm of untreated cells; however, no CY3 fluorescence was detected in the rfhSP-D-treated cells.




rfhSP-D Reduces the Expression of EMT Markers

To determine whether exogenous rfhSP-D was affecting the key regulators of EMT, we examined the gene expression of Vimentin, Zeb1, and Snail at various time points. All of these markers were differentially downregulated in all the cell lines. Vimentin was significantly downregulated in Panc-1, ~log10 one-fold at 1 h, and ~log10 0.5-fold at 6 h (Figure 6A). MiaPaCa-2 showed ~log10 0.5-fold downregulation at 1 h that remained constant at 6 h (Figure 6A). Vimentin downregulation occurred at a later time-point (6 h) in Capan-2 cell line (~log10 0.5-fold) (Figure 6A). All cell lines showed a similar pattern of decrease in the transcript levels of Vimentin at 12 h compared to earlier time-points following rfhSP-D.
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FIGURE 6 | Recombinant fragment of human SP-D (rfhSP-D) downregulates the expression of epithelial-to-mesenchymal transition (EMT) markers (Vimentin, Snail, and Zeb1). (A) All cell lines were incubated with and without rfhSP-D (20 μg/ml) for various time points and total RNA was extracted to synthesize cDNA. Each qPCR reaction was carried out in triplicates and human 18S RNA, an endogenous control, was used to normalize the gene expressions. The cycle threshold mean was used to calculate the relative expression to compare treated and untreated. EMT inducers, Vimentin, Snail, and Zeb1, were significantly downregulated across all cell lines. Significant values were considered based on *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 between treated and untreated samples. (B) Vimentin intracellular staining for all cell lines using 0.5 × 105 cells incubated with and without rfhSP-D (20 μg/ml) for 24 h followed by probing with rabbit anti-human Vimentin antibody (1:500) and then with Alexa Fluor 488 conjugated with FITC (1:500) and Hoechst (1:10,000) for immunofluorescence analysis showed bright green fluorescence in the cytoplasm of the untreated cells as compared to very weak staining in the rfhSP-D-treated cells. (C) Zeb1 intracellular staining for all cell lines using 0.5 × 105 cells incubated with and without rfhSP-D (20 μg/ml) for 24 h followed by probing with rabbit anti-human Zeb1 antibody (1:500) and then with Alexa Fluor 488 (1:500) and Hoechst (1:10,000) for immunofluorescence analysis showed bright green fluorescence in the cytoplasm of the untreated cells of all cell lines as compared to minor staining in the treated cells of Panc-1 and MiaPaCa-2. (D) The quantitative analysis of the mean fluorescence of Vimentin, Zeb1, and Snail of Panc-1 and MiaPaCa-2 cell lines showed a significant reduction in the rfhSP-D-treated cells as compared to untreated counterparts. Significant values were considered based on ****p < 0.0001 between treated and untreated samples.



Snail was significantly downregulated in Panc-1 (~log10 onefold), MiaPaCa-2 (~log10 0.5-fold), and Capan-2 (~log10 one-fold) at 1 h and remained downregulated at 6 and 12 h (Figure 6A). Zeb1 transcript level was significantly reduced in Panc-1 (~log10 0.5-fold) at 1 and 6 h and MiaPaCa-2 (~log10 two-fold) at 12 h (Figure 6A). No difference in Zeb1 gene expression was seen in Capan-2. Since TGF-β regulates these EMT markers and rfhSP-D downregulates TGF-β, rfhSP-D mediated downregulation of EMT markers (Vimentin, Snail, and Zeb1) was logically evident.

Qualitative analysis of Vimentin (Figure 6B) and Zeb1 expressions (Figure 6C) in Panc-1 and MiaPaCa-2 cell lines via immunofluorescence microscopy revealed a significant difference in the cytoplasmic presence of these proteins in the rfhSP-D-treated cells, as compared to untreated cells. These observations were consistent with flow cytometry data that was carried out to further validate quantitatively the downregulation of the Vimentin, Zeb1, and Snail in Panc-1 and MiaPaCa-2 cells (Figure 6D) following 24 h treatment with rfhSP-D. The mean fluorescence values for Vimentin, Zeb1, and Snail were approximately 50% less in the rfhSP-D-treated cells as compared to their untreated counterparts and a clear shift was seen in the fluorescence intensity between rfhSP-D-treated and untreated cells (Figure 6D).



Blocking TGF-β Via Neutralizing Antibody Reduces the Expression of EMT Markers in a Way Similar to rfhSP-D

To further establish the TGF-β association, we used neutralizing antibody in order to block TGF-β in all cell lines and assessed the expression of these EMT markers. All cells lines were incubated with TGF-β neutralizing antibody for 6 h and the mRNA expression for EMT markers (Vimentin, Snail, and Zeb1) was measured by qPCR. Interestingly, blocking TGF-β showed similar downregulation trend as seen for the rfhSP-D treatment, which further validated that rfhSP-D treatment caused downregulation of TGF-β, which in turn suppressed EMT regulators (Figure 7A). The images were taken for Panc-1 cell line to analyze the cell morphological differences following treatment with rfhSP-D, anti-TGF-β antibody, or rfhSP-D + anti-TGF-β together, to compare with those cells that were untreated at 6 h (Figure 7B). Less branches and cell movement were observed in all the treated cells as compared to the untreated control, which suggested that suppressed EMT effects become apparent as early as 6 h following the rfhSP-D treatment. Interestingly, but not surprisingly, the effect was even more pronounced when rfhSP-D (20 μg/ml) and anti-TGF-β were added together (Figure 7B).
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FIGURE 7 | (A) TGF-β caused downregulation of epithelial-to-mesenchymal transition (EMT) markers. All cell lines were incubated with TGF-β neutralizing antibody for 6 h to analyze the gene expression of Vimentin, Snail, and Zeb1, which showed that all EMT markers were downregulated in a manner similar to recombinant fragment of human SP-D (rfhSP-D) treatment. Significant values were considered based on ****p < 0.0001 between treated and untreated samples. (B) Analysis of images taken at 6 h following the treatment with rfhSP-D, anti-TGF-β, both rfhSP-D and anti-TGF-β and untreated begins to show less branches (highlighted with white arrows in UT) and decreased cell movement in all the treated samples as compared to untreated control, which translates into significant difference by 24 h as shown in cell invasion assay.





DISCUSSION

SP-D was originally considered to be a lung-specific hydrophilic surfactant protein that agglutinated a diverse range of pathogens (viruses, bacteria, and fungi). It also acts as an opsonin, enhancing pathogens’ phagocytosis and subsequent killing (31). However, its ability to bind allergens (of Aspergillus fumigatus and house dust mite) and inhibit allergen IgE interaction and subsequent histamine release from sensitized basophils raised the possibility that SP-D could be involved in dampening pulmonary hypersensitivity (32, 33). In a murine model of allergic hypersensitivity, rfhSP-D treatment lowered specific IgE level, reduced pulmonary and peripheral eosinophilia, and caused Th2 to Th1 polarization (34). Subsequently, it was found that eosinophils derived from allergic patients, but not non-sensitized eosinophils derived from healthy subjects, underwent apoptosis when treated with rfhSP-D in vitro (28). An eosinophilic leukemic cell line, AML14.3D10, was thus examined to understand the mechanism of apoptosis induction by rfhSP-D (21). It revealed that levels of various apoptotic markers, such as activated p53, cleaved caspase 9, PARP, and G2/M checkpoints were considerably increased following rfhSP-D treatment, in addition to reduced levels of survival factors including HMGA1 (21, 35). Experiments with activated PBMCs also mirrored these observations (36). These studies have lent credence to the idea that SP-D is an innate immune surveillance molecule, especially outside lungs.

Hasegawa et al. have earlier shown that by interfering with EGF–EGFR interaction, SP-D can downregulate EGF signaling in A549 and H441 human lung adenocarcinoma cells (22), thus suppressing proliferation, migration, and invasiveness. Recently, Kaur et al. have shown that rfhSP-D can induce apoptosis in a range of pancreatic cancer cell lines via TNF-α/Fas-mediated pathway irrespective of the p53 status of the cells (29). Using Panc-1 (p53mt), MiaPaCa-2 (p53mt), and Capan-2 (p53wt) pancreatic cancer cell lines, we found that rfhSP-D treatment for 24 h caused growth arrest in G1 cell cycle phase and triggered upregulation of pro-apoptotic markers, TNF-α, and Fas, which eventually caused apoptosis by 48 h (29).

In the current study, we wanted to assess the effects of rfhSP-D on PDA cell lines at earlier time points of the rfhSP-D treatment with a view that EMT may potentially be modulated. We have earlier reported that the binding of rfhSP-D to PDA cells is calcium-dependent but not sugar-dependent. Thus, it is likely that CRDs are involved in binding to target ligand on the cancer cell surface via protein–protein interaction. As a follow up study (29), we mainly focused on investigating the effects of rfhSP-D on EMT on these cancer cells. We have earlier reported using all necessary controls (including BSA and full length SP-D) and experiments (cell binding and cell viability assays), which established the specificity of rfhSP-D. BSA did not have any effect on PDA cell lines while full-length native SP-D purified from the lung lavage of alveolar proteinosis patients, was as good as rfhSP-D (29). Due to the ease of the production of large amounts of rfhSP-D, compared to full length SP-D, we have carried out these experiments using rfhSP-D, which is well characterized in the literature as a potential therapeutic molecule.

EMT induction is characterized by morphological alterations, enhanced motility, reduced cell–cell contact (17), and upregulation of mesenchymal markers, such as Vimentin (8), Snail (18), and Zeb1 (9). In this study, we report, for the first time, a novel anti-EMT role of human SP-D, which interferes with TGF-β induced EMT by blocking Smad phosphorylation, using pancreatic cancer cell lines, Panc-1, and MiaPaCa-2, and Capan-2. The rfhSP-D treatment of these cell lines for up to 24 h prevented their morphological alterations associated with EMT, reduced tumor cell invasion in the matrigel, downregulated TGF-β production, and downregulated key mesenchymal gene expression, such as Vimentin, Zeb1, and Snail. These hierarchical observations suggested that rfhSP-D can attenuate the TGF-β pathway to suppress EMT.

Overexpression of TGF-β1 in tumor microenvironment suppresses immune surveillance and facilitates the escape, migration, and increased resistance to anti-tumor immune responses (37–39). TGF-β exerts anti-proliferative effects on natural killer cells and cytotoxic T cells (40–43). TGF-β1 has also been shown to upregulate vascular endothelial growth factor (VEGF) production, thus, enhances the liver metastasis of pancreatic cancer by regulating angiogenesis in a mouse model (44). TGF-β binds to heterotetrameric receptor complex consisting of type I (TβRI/ALK5) and type II receptors (TβRII) to activate downstream SMADs, which act as signal transducers from the receptors to the nucleus (45, 46). TGF-β expression, as revealed by qPCR and Western blot, was downregulated in Panc-1 and MiaPaCa-2 cell lines following rfhSP-D treatment. Capan-2 was unaffected, which may be attributed to its attenuated TGF-β signaling (47), thus, this cell line acted as a negative control in this study. In addition, minimal presence of SMAD 2/3 was detected in the cytoplasm and no translocation to the nucleus was detected in the rfhSP-D-treated cells as compared to untreated Panc-1 and MiaPaCa-2 cell lines. This suggested that the downregulation of TGF-β had prevented the recruitment of SMADs, the signal transduction molecules into the nucleus. Previous studies have shown that TGF-β stimulation causes the phosphorylation of SMAD 2/3, which then accumulate in nucleus to drive transcription of various target genes (46), including key mesenchymal markers, such as Vimentin (10) and Snail (10, 48) in pancreatic cancer, which regulate EMT by either direct or indirect effect on epithelial cell adhesion marker such as E-cadherin (49).

The treatment of Panc-1, MiaPaCa-2, and Capan-2 with rfhSP-D resulted in downregulation of Snail and Zeb1; however, Vimentin downregulation was only observed in Panc-1 and MiaPaCa-2 cells. Capan-2 has previously been shown not to express Vimentin (50). This suggests that due to downregulation of TGF-β, phosphorylation of SMADs is affected, since no Smad2/3 was seen either in the cytoplasm or nucleus, which then further causes the downregulation of EMT inducing genes resulting in a static state and loss of key EMT-associated morphological features. Moreover, when TGF-β was blocked for 6 h by a neutralizing antibody, gene expressions of Vimentin, Snail, and Zeb1 were downregulated similar to rfhSP-D treatment, re-affirming that rfhSP-D suppressed EMT by downregulating TGF-β pathway. These results, thus, explain the significantly reduced invasion of rfhSP-D-treated Panc-1 and MiaPaCa-2 in the matrigel matrix pre-coated with extracellular matrix proteins that promotes invasion, whereas the non-invasive Capan-2 cells remained unaffected.

In a previous study, stable and short hairpin RNA-mediated Zeb1-knockdown in Panc-1 and MiaPaCa-2 cells with overexpressed Zeb1 showed a reduced sphere formation, a hallmark of self-renewal and differentiation (9). In addition, Zeb1 knock-out in orthotopic mouse xenograft models significantly affected the tumor growth and EMT by switching the expression of Vimentin and E-cadherin (9). Similarly, downregulation of Snail in Panc-1 cells has been shown to increase its sensitivity to chemotherapeutics or radiation (51). Therefore, downregulation of mesenchymal markers can be crucial to target the EMT driven by TGF-β signaling pathway, which is a critical event in the progression of pancreatic cancer. In view of this study, rfhSP-D offers potentially a novel therapeutic approach to restore the epithelial phenotype in pancreatic cancer. Interestingly, rfhSP-D was most effective in the invasive cancer cells lines, i.e., Panc-1 and MiaPaCa-2, unlike in the non-invasive Capan-2 cell line, which indicates that it selectively targets the mesenchymal-differentiated cells. This is consistent with previous studies where rfhSP-D did not affect the eosinophils derived from healthy individual whereas it induced apoptosis in the sensitized eosinophils from allergic patients (21, 28). Targeting EMT pathway using rfhSP-D could not only lead to decreased invasiveness but also promote drug sensitivity. As mentioned earlier, Zeb1 knockout Panc-1 clones were more susceptible to chemotherapy and their proliferation was significantly reduced (9). Silencing of Zeb1 in Panc-1 and MiaPaCa-2 cells reversed the E-cadherin expression and a significantly increased apoptotic cell death was observed following gemcitabine, 5-FU, and cisplatin treatment (52). Therefore, it is important to explore the EMT suppressor role of rfhSP-D in combination with conventional chemotherapy as a therapeutic strategy against pre-malignant stages of solid tumor progression such as PDA.
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Surfactant protein D (SP-D) is a pattern recognition molecule belonging to the Collectin (collagen-containing C-type lectin) family that has pulmonary as well as extra-pulmonary existence. In the lungs, it is a well-established opsonin that can agglutinate a range of microbes, and enhance their clearance via phagocytosis and super-oxidative burst. It can interfere with allergen–IgE interaction and suppress basophil and mast cell activation. However, it is now becoming evident that SP-D is likely to be an innate immune surveillance molecule against tumor development. SP-D has been shown to induce apoptosis in sensitized eosinophils derived from allergic patients and a leukemic cell line via p53 pathway. Recently, SP-D has been shown to suppress lung cancer progression via interference with the epidermal growth factor signaling. In addition, a truncated form of recombinant human SP-D has been reported to induce apoptosis in pancreatic adenocarcinoma via Fas-mediated pathway in a p53-independent manner. To further establish a correlation between SP-D presence/levels and normal and cancer tissues, we performed a bioinformatics analysis, using Oncomine dataset and the survival analysis platforms Kaplan–Meier plotter, to assess if SP-D can serve as a potential prognostic marker for human lung cancer, in addition to human gastric, breast, and ovarian cancers. We also analyzed immunohistochemically the presence of SP-D in normal and tumor human tissues. We conclude that (1) in the lung, gastric, and breast cancers, there is a lower expression of SP-D than normal tissues; (2) in ovarian cancer, there is a higher expression of SP-D than normal tissue; and (3) in lung cancer, the presence of SP-D could be associated with a favorable prognosis. On the contrary, at non-pulmonary sites such as gastric, breast, and ovarian cancers, the presence of SP-D could be associated with unfavorable prognosis. Correlation between the levels of SP-D and overall survival requires further investigation. Our analysis involves a large number of dataset; therefore, any trend observed is reliable. Despite apparent complexity within the results, it is evident that cancer tissues that produce less levels of SP-D compared to their normal tissue counterparts are probably less susceptible to SP-D-mediated immune surveillance mechanisms via infiltrating immune cells.

Keywords: innate immunity, surfactant protein D, immune surveillance, bioinformatics analysis, immunohistochemistry, cancers, tumor microenvironment


INTRODUCTION

Surfactant protein D (SP-D) is a collagenous glycoprotein encoded by SFTPD gene belonging to the collectins family (1). Like other members of the collectin family, SP-D has a primary subunit structure that comprises of an N-terminal cysteine-rich region, a triple-helical collagen-like domain, an α-helical coiled neck domain, and a C-terminal C-type lectin domain [also called carbohydrate recognition domain (CRD)] (2). Each subunit of human SP-D comprises three identical polypeptide chains of 43 kDa, which is assembled into a tetrameric structure with four of the homotrimeric subunits linked via their N-terminal regions, but trimers, dimers, and monomers also exist. Tetrameric structures can undergo further oligomerization to give SP-D multimers that could contain up to 96 individual chains. SP-D was originally described in association with pulmonary surfactant; in the lung, it is synthesized and secreted by type II alveolar cells and non-ciliated bronchiolar epithelial cells. It has a key role in the maintenance of surfactant homeostasis by reducing surface tension (3). Reduced SP-D expression or genetic variations (single-nucleotide polymorphism) have been associated with an increased risk of respiratory diseases (4, 5).

Extra-pulmonary existence of SP-D has also been reported. SP-D is also expressed by epithelial cells lining various exocrine ducts, the mucosa of the gastrointestinal and genitourinary tracts, the nasal cavity, and in the brain (2). Furthermore, its presence has been demonstrated in healthy lacrimal gland, conjunctiva, cornea, and nasolacrimal duct samples (6). Other studies have shown the presence of SP-D in synovial fluid derived from patients with rheumatoid arthritis (7).

In addition to its role in surfactant homeostasis, SP-D has a critical function as a regulator of inflammation (3). It is involved in the recognition and neutralization of pathogens which promotes aggregation/agglutination and inhibition of microbial growth (8), SP-D has also been implicated in the clearance of necrotic and apoptotic cells (9). Thus, its function in the recognition of non-self and altered self makes it a potent and versatile humoral pattern recognition receptor (10–12). SP-D has also been described as a potent link between innate and adaptive immune mechanisms (13–15). Studies involving in vivo and ex vivo models of allergic inflammation revealed that SP-D can alleviate pulmonary hypersensitivity via suppression of IgE levels, promotion of Th2 to Th1 polarization (16), apoptosis induction in sensitized eosinophils via p53-mediated pathway (17), and inhibition of IgE synthesis by B cells (18). These studies highlighted a potential role of SP-D as an immune surveillance molecule. It has recently been shown that SP-D also plays a role in the control of lung cancer progression via epidermal growth factor (EGF) signaling (19). Very recently, Kaur et al. have shown that a recombinant fragment of human SP-D, composed of homotrimeric neck and C-type lectin domains, can induce apoptosis in pancreatic adenocarcinoma cell lines, such as Panc-1 (p53mt), MiaPaCa-2 (p53mt), and Capan-2 (p53wt), via Fas-mediated pathway (20).

In the current study, we performed a bioinformatics analysis in order to investigate whether SP-D can serve as a potential prognostic marker for human lung cancer. We extended our investigation to several non-pulmonary sites such as human gastric, breast, and ovarian cancer. We used the Oncomine dataset and the survival analysis platforms Kaplan–Meier plotter. Our results appear to suggest a likely pro-tumorigenic role of SP-D in gastric, breast, and ovarian cancers and an anti-tumor effect in lung cancer. Furthermore, we analyzed the presence of SP-D in normal and tumor human tissues via immunohistochemistry (IHC). Differential expression of SP-D was also investigated in human cells isolated from normal and tumor ovary tissues by real-time PCR. This in silico study, if validated via a retrospective study at the protein level, could be a step forward in ascertaining the importance of SP-D as a prognostic biomarker for different cancers.



MATERIALS AND METHODS


Oncomine Database Analysis

The expression level of SFTPD gene in various types of cancer was analyzed using Oncomine,1 a cancer microarray database and web-based data mining platform from genome-wide expression analyses (21, 22). We compared the differences in mRNA level between normal tissue and cancer. The mRNA expression level in neoplastic tissues compared to the healthy tissues was obtained as the parameters of p-value < 0.001, fold change > all, and gene ranking in the top 10%. Information about the datasets used in this study is summarized in Table 1.


TABLE 1 | Data characteristics used in the bioinformatics analysis.
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Kaplan–Meier Plotter Database Analysis

A Kaplan–Meier plotter database can assess the effect of 54,675 genes on survival using 10,461 cancer samples (5,143 breast, 1,816 ovarian, 2,437 lung, and 1,065 gastric cancer patients with a mean follow-up of 69/40/49/33 months) using probe sets on the HGU133 Plus 2.0 array. The prognostic significance of SP-D expression and survival in breast, ovarian, lung, and gastric cancer was analyzed by Kaplan–Meier plotter2 (23). The hazard ratio with 95% confidence intervals and logrank p-value was also computed.



Patients and Specimens

Eight fresh clinical specimens (four normal ovarian epithelial tissues and four malignant ovarian epithelial tumor tissues) were obtained from the Department of Gynaecology of IRCCS “Burlo Garofolo”, in Trieste, Italy between 2016 and 2017. Cancer patients underwent laparoscopy for diagnosis of pelvic mass whereas control patients underwent laparoscopy for other indications. Tissue samples from patients were collected after informed consent following ethical approval by the Institutional Board of IRCCS “Burlo Garofolo”, Trieste, Italy.



Immunohistochemical Analysis

For the immunohistochemical analysis, human normal and neoplastic tissues, including lung, breast, ovary, and stomach samples, were selected from the archives of the Department of Pathology, University of Palermo. Immunohistochemistry (IHC) was performed using a polymer detection method. Briefly, tissue samples were fixed in 10% v/v buffered formalin and then paraffin embedded. 4 μm-thick tissue sections were deparaffinized and rehydrated. The antigen unmasking technique was carried out using Novocastra Epitope Retrieval Solutions, pH 9 (Leica Biosystems) in a PT Link pre-treatment module (Dako) at 98°C for 30 min. Sections were then brought to room temperature and washed in PBS. After neutralization of the endogenous peroxidase with 3% v/v H2O2 and Fc blocking by a specific protein block (Novocastra, Leica Biosystems), samples were incubated overnight at 4°C with rabbit anti-human SP-D (dilution 1:300) polyclonal antibodies (MRC Immunochemistry Unit, Oxford, UK). Staining was revealed via polymer detection kit (Novocastra, Leica Biosystems) and AEC (3-amino-9-ethylcarbazole, Dako, Denmark) substrate-chromogen. Slides were counterstained with Harris Hematoxylin (Novocastra, Leica Biosystems). Sections were analyzed under the Axio Scope A1 optical microscope (Zeiss) and microphotographs were collected through the Axiocam 503 color digital camera (Zeiss) using the Zen2 software.



Cell Isolation and Culture

Ovarian carcinoma cells (OvCa) and normal epithelial ovarian cells (OvEp) were isolated from biopsies derived from ovarian tissue. The tissue was finely minced with a cutter, incubated with a digestion solution composed by 0.5% trypsin (Sigma-Aldrich, Milan, Italy) and 50 μg/ml DNase I (Roche, Milan, Italy) in Hanks’ Balanced Salt solution containing 0.5 mM Ca2+Mg2+ (Sigma-Aldrich) overnight at 4°C. Next, the enzymatic solution was changed to collagenase type 1 (1.5 mg/ml) (Worthington Biochemical Corporation, DBA) diluted in Medium 199 with Hank’s salts (Euroclone Spa, Milan, Italy) for 30 min at 37°C. The digestion was blocked with 10% v/v fetal bovine serum (FBS; GIBCO, Life Technology) and the cell suspension was passed through a 100 μm pore filter (BD Biosciences, Italy). The cells were seeded in a 25 cm2 flask, coated with bovine gelatine, and cultured using Human Endothelial cells serum-free medium (HESF; Life Technologies), 10% heat-inactivated FBS supplemented with EGF (10 ng/ml), basic FGF (20 ng/ml) and Penicillin–Streptomycin (Sigma-Aldrich). Fresh medium was replaced every 2–3 days. The cells were maintained at 37°C in humidified atmosphere with 5% v/v CO2 and used at their fifth to eighth passage for in vitro experiments.



RNA Isolation, cDNA Synthesis, and Quantitative Real-Time PCR (qPCR)

Total RNA was extracted from cells using EuroGOLD trifast (Euroclone), according to the manufacturer’s instructions, and reverse-transcribed as previously described (24). qPCR was carried out using a Rotor-Gene 6000 (Corbett, Qiangen, Ancona, Italy) using iQ SYBR Green Supermix (Applied Biosystems, Milan, Italy). The sequences of the primers used for amplification of TataBox Binding Protein (TBP) housekeeping gene are Forward 5′-GAGCCAAGAGTGAAGAACAGTC-3′; Reverse 5′-GCTCCCCACCATATTCTGAATCT-3′. The sequences of SP-D primers are Forward 5′-AGGCTGCTTTCCTGAGCATGAC-3′; Reverse 5′-CCATTGGTGAAGATCTCCACACAG-3′. The melting curve was recorded between 55 and 99°C with a hold every 2 s. The relative amount of gene production in each sample was determined by the Comparative Quantification method supplied as part of the Rotor Gene 1.7 software (Corbett Research) (25). The relative amount of each gene was normalized with TBP and expressed as arbitrary units (AU) considering 1 AU obtained from fully differentiated macrophage used as calibrator.



Statistical Analysis

Survival curves were generated by the Kaplan–Meier plots. All results are displayed with p values from a logrank test. p-values < 0.05 were considered significant. Similarly, with Oncomine, the statistical significance of data (p-values) was provided by the program.




RESULTS


Clinical Significance of SP-D Expression in Lung Cancer

We initially compared the differences in the mRNA level of SP-D between neoplastic and healthy tissues using the Oncomine platform. While analyzing Bhattacharjee’s, Hou’s, and Garber’s datasets, we detected a significantly lower SP-D mRNA expression in lung adenocarcinoma, squamous cell carcinoma, large cell carcinoma, small cell carcinoma, and tumor carcinoid, compared to the normal lung tissue (Figure 1A, p < 0.05; Figure S1 in Supplementary Material, p < 0.05). We subsequently performed a bioinformatic analysis of SP-D mRNA expression using the Kaplan–Meier plotter dataset. As shown in Figure 1B, SP-D mRNA expression was positively related to an overall survival rate of the patients with lung cancer, stratified into lung adenocarcinoma and squamous cell carcinoma (p < 0.05).
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FIGURE 1 | Pathological significance of SP-D expression in lung cancer. Bhattacharjee’s and Hou’s datasets were used for bioinformatics analysis to explore SP-D mRNA expression in the lung cancer. A lower SP-D mRNA expression was detectable in lung adenocarcinoma, squamous cell carcinoma, large cell carcinoma, small cell carcinoma, and tumor carcinoid than in normal lung tissue [(A) p < 0.05]. According to the data from Kaplan–Meir plotter, SP-D mRNA expression was positively related to an overall survival rate of the patients with lung cancer, even stratified into lung adenocarcinoma and squamous cell carcinoma [(B) p < 0.05]. Abbreviations: HR, hazard ratio; SP-D, surfactant protein D.


IHC staining for SP-D confirmed a differential expression in healthy and neoplastic pulmonary parenchyma. Moreover, in lung adenocarcinoma and squamous cell lung carcinoma tissues, we observed a lower expression of SP-D within its microenvironment compared to the healthy pulmonary parenchyma (Figure 2).


[image: image1]
FIGURE 2 | Immunohistochemistry analysis for surfactant protein D (SP-D) in lung. Compared to healthy lung (A,B) a decreased expression of SP-D in adenocarcinoma (C) and squamous cell carcinoma of the lung (D) was observed. Polymer detection system with AEC (red) chromogen was used; scale bars, 50 μm. Polymer detection system with AEC (red) chromogen was used; scale bars, 50 μm.




Pathological Significance of SP-D mRNA Expression in Gastric, Breast, and Ovarian Cancers

The bioinformatics analysis on SP-D mRNA expression in gastric cancer via Cho’s and DErrico’s datasets showed its higher expression in healthy gastric mucosa compared to its malignant counterpart, stratified into intestinal, diffuse, and mixed-type adenocarcinoma by Lauren’s classification (Figure 3A, p < 0.05; Figure S2 in Supplementary Material, p < 0.05). According to the data from Kaplan–Meier plotter, SP-D mRNA expression was negatively related to an overall survival rate of the patients with gastric cancer (Figure 3B, p < 0.05). If stratified by Lauren’s classification, SP-D mRNA expression had a statistically significant association with intestinal-type adenocarcinoma, whereas no association with diffuse- and mixed-type adenocarcinomas was found (Figure 3C, p < 0.05). A higher expression of SP-D was negatively correlated with an overall survival rate in the patients without distant metastasis, HER2-negative and only intestinal-type adenocarcinoma (Figure 3D, p < 0.05).
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FIGURE 3 | Pathological significance of SP-D expression in gastric cancer. Cho’s dataset has explored SP-D mRNA expression in gastric cancer. A lower SFTPD expression was detectable in gastric cancer than that in normal mucosa, even stratified into diffuse-, intestinal-, and mixed-type adenocarcinomas by Lauren’s classification [(A) p < 0.05]. According to the data from Kaplan–Meier plotter, SP-D mRNA expression was negatively related to an overall survival rate of the patients with gastric cancer [(B) p < 0.05]. If stratified by Lauren’s classification, SP-D mRNA expression was negatively related to an overall survival rate in the patients with intestinal-type adenocarcinoma [(C) p < 0.05], without distant metastasis and Her2-negative [(D) p < 0.05]. Abbreviations: HR, hazard ratio; SP-D, surfactant protein D.


The information regarding the SP-D mRNA expression in breast cancer was obtained from Zhao’s, TCGA’s, and Curtis’s datasets, which showed that SFTPD was expressed at a lower level in invasive ductal breast carcinoma, male breast carcinoma, and breast phyllodes tumor, compared to normal breast tissues (Figure 4A, p < 0.05; Figure S3A in Supplementary Material, p < 0.05). According to the data from Kaplan–Meir plotter, SFTPD expression was negatively linked to the high overall survival rate in breast cancer patients with Luminal-A grade-1 and grade-2 cancers (Figure 4B, p < 0.05; Figure S3B in Supplementary Material, p < 0.05). No correlation between SP-D mRNA expression and overall survival rate was observed in patients with the other characteristics (Luminal-B, HER2+, Basal, grade-3, mutated p53, wild-type p53).
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FIGURE 4 | The clinicopathological significances of SP-D expression in breast cancer. Zhao’s and TCGA’s datasets have revealed a lower SP-D mRNA expression in invasive ductal breast carcinoma and male breast carcinoma than in normal breast tissues [(A) p < 0.05]. There was a negative association between SP-D mRNA expression and a favorable prognosis in the breast cancer patients with Luminal-A only with grade-1 and -2 cancers, for Kaplan–Meir plotter [(B) p < 0.05]. Abbreviations: HR, hazard ratio; SP-D, surfactant protein D.


Using IHC, we observed a variable presence and distribution of SP-D in normal tissues with respect to their cancer counterpart. In fact, IHC performed on either healthy or neoplastic gastric mucosa highlighted a significantly reduced expression of SP-D in the intestinal-type adenocarcinoma compared to gastric control tissue (Figures 5A,C). Likewise, a higher expression of SP-D in the normal mammary parenchyma was detected compared to that observed within microenvironment within the invasive ductal breast carcinoma, Luminal-A (Figures 5B,D).
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FIGURE 5 | Representative immunohistochemical microphotographs of surfactant protein D (SP-D) expression in the healthy gastric mucosa (A), and ductal mammary epithelium (B) and their malignant histotypes intestinal-type gastric adenocarcinoma (C) and invasive ductal breast carcinoma, Luminal-A (D). A decreased expression of SP-D in the intestinal-type gastric adenocarcinoma and invasive ductal breast carcinoma, Luminal-A respect to their normal counterparts can be observed. Polymer detection system with AEC (red) chromogen; scale bars, 50 μm.


We collected the results from Yoshihara’s and TCGA’s datasets and analyzed SFTPD expression in ovarian cancer. We observed a lower expression of SFTPD mRNA expression in normal ovary than in serous cystadenocarcinoma (Figure 6A, p < 0.05). The Kaplan–Meier plotter data, derived from stage-1 and -2 patients, showed a negative ratio between SFTPD expression and either overall or progression-free survival rates of patients with serous cystadenocarcinoma (Figure 6B, p < 0.05). However, no correlation was observed between SFTPD expression and these parameters (overall or progression-free survival rates) of patients with stage-3 and -4 ovarian cancer.
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FIGURE 6 | Pathological significance of SP-D expression in ovarian cancer. Yoshihara’s and TCGA’s datasets explored SP-D mRNA expression in ovarian cancer. A higher SP-D mRNA expression was detectable in serous cystadenocarcinoma than that in normal ovary [(A) p < 0.05]. According to the data from Kaplan–Meir plotter, SP-D mRNA expression showed a negative relationship both overall or progression-free survival rates of patients with serous cystadenocarcinoma, if stratified by stage-1 and -2 [(B) p < 0.05]. Abbreviations: HR, hazard ratio; SP-D, surfactant protein D.




SP-D Expression in the Microenvironment of Ovarian Cancer

The mRNA expression of SP-D was also evaluated by real-time PCR in primary cells isolated from four samples each of human ovarian serous cystadenocarcinoma and normal ovarian tissues. As shown in Figure 7A, the cells isolated from ovarian serous cystoadenocarcinoma tissues expressed more SP-D compared to the normal tissue, confirming the data obtained with the bioinformatics analysis. IHC analysis also revealed the presence and the distribution of SP-D in the normal ovary where it appeared to be localized in the ovarian epithelium lining and in the serous cystadenocarcinoma. In addition, we detected a differential expression in the normal as well as its malignant histotypes. Moreover, in the ovarian context, it showed an enrichment of SP-D expressing cells within the tumor microenvironment compared to the control tissue (Figures 7B,C).
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FIGURE 7 | Quantitative real-time PCR analysis of surfactant protein D (SP-D) performed on the normal ovarian epithelium and the epithelial ovarian tumor (A). Representative microphotographs showing an enrichment in SP-D positive cells in the serous cystadenocarcinoma (B) compared to the normal ovarian epithelium (C). Polymer detection system with AEC (red) chromogen; scale bars, 50 μm.





DISCUSSION

The importance of SP-D in the regulation of the inflammation and homeostasis and in the protection against infection and allergens in the lung and at a range of extra-pulmonary mucosal sites is well documented (26, 27). However, there are recent evidences to implicate SP-D as an immune surveillance molecule against cancer (19, 20). In this study, we examined the potential prognostic value of this protein in lung, gastric, breast, and ovarian cancers. We focused our attention on these tumor types because we performed a bioinformatics analysis using the Kaplan–Meier plotter dataset, a manually curated database containing the information of 54,675 genes on 5,143 breast, 1,816 ovarian, 2,437 lung, and 1,065 gastric cancer samples. This is the most updated and reliable dataset available that offers the possibility of stratifying the analysis based on different tumor settings. The bioinformatics analysis highlighted a favorable prognostic effect of SP-D mRNA expression in the lung cancer, both in adenocarcinoma and squamous cell carcinoma; on the contrary, an unfavorable prognostic effect in gastric, ovarian, and breast cancer was revealed. In particular, SP-D mRNA expression showed a negative correlation with the intestinal-type gastric adenocarcinomas, grade-1 and grade-2 breast cancers and with stage-1 and -2 ovarian cancers. No significant correlation was showed within stage-3 and -4 in breast and ovarian cancers.

Sin et al. (28) have suggested that low SP-D levels may be correlated with the development of lung cancer. They observed a reduction of the concentration of SP-D in the bronchoalveolar lavage fluid of heavy smokers that was linked to bronchial dysplasia. More recently, Hasegawa et al. (19) noted the presence of SP-D in lung cancer, and demonstrated that SP-D was able to interfere, via its CRD region, with the interaction between EGF and EGF receptor (EGFR), a tyrosine kinase receptor of the ErbB family, causing downregulation of the EGF induced signaling (19). EGFR is commonly altered in epithelial tumors and its dysregulation leads to cell proliferation, angiogenesis, invasion, and metastasis (29). Furthermore, it has been recently demonstrated that SP-D is also able to interact with the mutant form of EGFR, inhibiting its ligand-independent dimerization (29). In addition, Kaur et al. have reported the ability of a recombinant truncated form of human SP-D to induce apoptosis via TNF-α/Fas-mediated pathway in human pancreatic adenocarcinoma using Panc-1 (p53mt), MiaPaCa-2 (p53mt), and Capan-2 (p53wt) cell lines. Treatment of these cell lines with a recombinant form of truncated human SP-D (made up of homotrimeric neck and C-type lectin domains) for 24 h caused growth arrest in G1 cell cycle phase and triggered transcriptional upregulation of pro-apoptotic factors such as TNF-α and NF-κB. Translocation of NF-κB from the cytoplasm into the nucleus of pancreatic cancer cell lines was observed following treatment with SP-D. SP-D treatment caused upregulation of pro-apoptotic marker Fas, which then triggered cleavage of caspase 8 and 3. This study raises the possibility of using recombinant SP-D as a therapeutic molecule against pancreatic cancer irrespective of their p53 phenotype (20).

The EGFR is commonly overexpressed in non-small cell lung cancer (in 89% squamous cell carcinoma; 41% adenocarcinomas) (30), and therefore, it is considered a potential target for cancer therapy (30). The presence of SP-D in these cancers could exert a protective effect via downregulation of the EGFR pathway. It has also been shown that serum level of SP-D reflects its levels in the lung and that higher amount of SP-D in the serum correlated with better overall survival in patients with EGFR mutant adenocarcinoma undergoing treatment with gefitinib, a tyrosine kinase inhibitor (29).

Our study appears to highlight a more favorable prognosis for adenocarcinoma with respect to squamous cell carcinoma. A possible explanation of this observation may be that adenocarcinoma originates from peripheral airways progenitor cells that are able to produce SP-D. Moreover, more SP-D production may be indicative of a more differentiated cancer.

SFTPD, together with a number of genes selectively expressed in the respiratory epithelial cells, is under the control of the thyroid transcription factor 1 (TTF-1) (31, 32). A recent meta-analysis showing that TTF-1 overexpression is related to a favorable prognosis for non-small cell lung carcinoma patients (33), appears to strengthen the results being reported here.

Although the overexpression of the EGFR gene has also been reported in a variety of other cancers including those of head and neck, ovary, cervix, bladder, esophagus, stomach, brain, breast, endometrium, and colon (24), the above-mentioned mechanisms cannot explain the opposite results obtained via the bioinformatics analysis of Kaplan–Mayer dataset for gastric, ovarian, and breast carcinomas, where SP-D showed an unfavorable prognostic effect. We think that the unfavorable prognostic effect of SP-D in other tumor settings can be due to its direct or indirect action on the immune population present in the tumor microenvironment (15). The following mechanisms can explain the role of SP-D in determining a tumor microenvironment favorable to tumor progression. For example, the protective effect of SP-D against breast cancer cells can be negated by the presence of hyaluronic acid, which is abundantly present in the microenvironment of a number of solid tumors (34) (Murugaiah, Bulla, and Kishore, unpublished data).

SP-D is able to reduce the expression of CD11c (15). CD11c is predominantly expressed on dendritic cells, but also on effector cells in the local tumor microenvironment, such as some macrophages, natural killer (NK), and activated T cells (25). It has been shown that low CD11c expression indicates unfavorable prognosis in patients with gastric cancer (35).

SP-D can promote production of TNF-α and IFN-γ (16, 18, 36). The anti-tumor effects of Th1 cells may reflect their known role in enhancing CD8+ T cell responses and activating macrophages, through the secretion of TNF-α and IFN-γ. IFN-γ can increase tumor cell class I MHC expression and sensitivity to lysis by NK cells and cytotoxic T lymphocytes (CTLs). Besides, antigen-presenting cells such as macrophages and dendritic cells can directly activate antigen-specific Th1 or CTLs, which can activate the anti-tumor immune response and are thus associated with favorable prognosis in a diverse range of cancers (37, 38).

It has been demonstrated that SP-D binds to lymphocytes and suppress T cell proliferation (14) via apoptosis induction in activated PBMCs. SP-D has been shown to enhance expression of CTLA-4, a negative regulator of T cell activation and proliferation (39). In addition, monocytes expressed CTLA-4, but only the lymphocytes treated with SP-D show a significant overexpression of CTLA-4 (15). There are strong experimental and clinical evidence to suggest that T cell responses to some tumors are inhibited by the involvement of CTLA-4, one of the best-defined inhibitory pathways in T cells (40, 41). In fact, tumor-infiltrating T cells often have a dysfunctional (exhausted) phenotype that is characterized by impaired effector functions and increased expression of CTLA-4 and other inhibitory molecules (40, 41). Blockade of the CTLA-4 pathways is now being widely used in the clinic to reverse the dysfunctional phenotype of tumor-specific T cells and enhance their ability to kill tumor cells (41). Thus, SP-D, by increasing the expression of CTLA-4, may contribute to the inhibition of the anti-tumor immune responses.

SP-D is able to inhibit the IL-12p40 production by macrophages via the SIRPα/ROCK/ERK signaling pathway (12). IL-12p40 is a component of IL-12p70 and IL-23, and its regulation is important for both innate and adaptive immunity. IL-12p40 is a marker of M1-like macrophages and data indicate that IL-12p40 may be contributing to inducing Th 1 polarization (42, 43). Macrophages derived from IL-12p40-deficient mice have a bias toward M2-like polarization (42). The production of IL-12p40 by macrophages and dendritic cells is associated with the ability to migrate to the lymph node and initiate T cell responses (44). We think that SP-D repressing the expression of IL-12p40 in macrophages may maintain the steady M2-like polarization and inhibit Th1 polarization.

SP-D has also been shown to interact with the leukocyte-associated Ig-like receptor-1 (LAIR-1) (45), known as CD305. This molecule is a transmembrane glycoprotein and is expressed on almost all immune cells as well as CD34+ hematopoietic progenitor cells. SP-D acts as a ligand for the inhibitory receptor LAIR-1, which inhibits the function of multiple types of immune cells (45), indicating that SP-D present in the tumor microenvironment may exert its immunomodulatory effect and inhibit the anti-tumor immune responses through LAIR-1 activation. Thus, the context of immune infiltration and composition of tumor microenvironment are likely to dictate the consequent effects of SP-D, and hence, tumor progression or resistance.

In summary, our in silico analysis, if confirmed with a retrospective study at the protein level, could highlight a possible role of SP-D as a novel marker for tumor prognosis in a range of cancers. The presence of SP-D could be associated with a favorable prognosis in lung cancer where it has been demonstrated to downregulate the EGF signaling, and unfavorable prognosis in non-pulmonary sites such as gastric, breast, and ovarian cancers.
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FIGURE S1 | Surfactant protein D (SP-D) expression in lung cancer. Garber’s dataset has explored SP-D mRNA expression in the lung cancer. A lower SP-D mRNA expression was detectable in large cell carcinoma, adenocarcinoma, squamous cell carcinoma, and small cell carcinoma than in normal lung tissue (p < 0.05).

FIGURE S2 | Surfactant protein D (SP-D) expression in gastric cancer. DErrico’s dataset has revealed a lower SP-D mRNA expression in intestinal-type adenocarcinoma than in normal mucosa (p < 0.05).

FIGURE S3 | Pathological significance of SP-D expression in breast cancer. Curtis’s dataset has revealed a lower SP-D mRNA expression in phyllodes tumor than in normal breast tissue [(A) p < 0.05]. There was a negative association between SP-D mRNA expression and a favorable prognosis in the breast cancer patients with Luminal-A with grade-1, for Kaplan–Meir plotter [(B) p < 0.05]. Abbreviations: HR, hazard ratio; SP-D, surfactant protein D.
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Cardiovascular disease (CVD) is responsible for 31% of all global deaths. Atherosclerosis is the major cause of cardiovascular disease and is a chronic inflammatory disorder in the arteries. Atherosclerosis is characterized by the accumulation of cholesterol, extracellular matrix, and immune cells in the vascular wall. Recently, the collectin surfactant protein-D (SP-D), an important regulator of the pulmonary immune response, was found to be expressed in the vasculature. Several in vitro studies have examined the role of SP-D in the vascular inflammation leading to atherosclerosis. These studies show that SP-D plays a dual role in the development of atherosclerosis. In general, SP-D shows anti-inflammatory properties, and dampens local inflammation in the vessel, as well as systemic inflammation. However, SP-D can also exert a pro-inflammatory role, as it stimulates C-C chemokine receptor 2 inflammatory blood monocytes to secrete tumor necrosis-factor α and increases secretion of interferon-γ from natural killer cells. In vivo studies examining the role of SP-D in the development of atherosclerosis agree that SP-D plays a proatherogenic role, with SP-D knockout mice having smaller atherosclerotic plaque areas, which might be caused by a decreased systemic inflammation. Clinical studies examining the association between SP-D and cardiovascular disease have reported a positive association between circulatory SP-D level, carotid intima-media thickness, and coronary artery calcification. Other studies have found that circulatory SP-D is correlated with increased risk of both total and cardiovascular disease mortality. Both in vitro, in vivo, and clinical studies examining the relationship between SP-D and CVDs will be discussed in this review.
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INTRODUCTION

Cardiovascular disease (CVD) is the most frequent cause of death worldwide, with an estimated 17.9 million deaths every year, accounting for about 31% of all global deaths (1). Atherosclerosis is the major cause of CVD and is caused by both genetic and environmental factors (2, 3). We know that atherosclerosis is a chronic inflammatory disorder of the arteries characterized by the accumulation of cholesterol, extracellular matrix, and immune cells in the subendothelial space. Both the innate and adaptive immune systems are implicated in the development of atherosclerotic plaques (4).

Briefly, circulating lipoprotein particles, such as low-density lipoprotein (LDL), can penetrate the arterial wall and accumulate in the subendothelial space. Atherogenic modification of LDL, such as oxidation (oxLDL), induces an immune response triggering immune cells, including neutrophils, natural killer (NK) cells, and monocytes/macrophages, which are the first responders. Macrophages especially participate in the engulfment and accumulation of intracellular oxLDL, leading to the transition of well-functioning macrophages to lipid-filled foam cells (5, 6). Activation of the innate immune cells leads to the secretion of various pro-inflammatory cytokines, where interleukin (IL)-1 (7–9), interferon (IFN)-γ (10–12), and tumor necrosis factor (TNF-)α (13, 14) have an especially proatherogenic effect (6). IL-6 is also a major contributor to the development of atherosclerosis by playing a dual pathological and protective role (15–17).

Following activation of an innate immune response, an adaptive immune response is triggered and mediated by T- and B-cells. Activation of type 1 T helper (Th1) cells by exogenous or endogenous antigens, including oxLDL, leads to the secretion of IFN-γ and enhancement of monocyte infiltration, foam-cell formation, lipid accumulation, and macrophage activation (4).

Recently, the collectin surfactant protein (SP)-D, an important regulator of the innate immune response in the lung, was shown to be expressed in the vasculature, where it regulates local inflammation (18, 19).

This review gives a comprehensive overview of recent in vitro, in vivo, and clinical studies that have attempted to examine SP-D-mediated inflammation in the vasculature and its function in the pathogenesis of CVD.



THE COLLECTIN FAMILY AND ROLES IN INFLAMMATION

The collectins are members of a superfamily of collagenous, calcium-dependent (C-type) lectins. All members of the collectin family are characterized by the presence of a cysteine-rich N-terminal non-collagenous domain, a collagen-like domain, an α-helical coiled-coil neck domain, and a globular C-type lectin domain (20). These are soluble effector proteins that also possess the property of pattern recognition by recognizing terminal conserved carbohydrate domains on microbes, leading to complement activation (20). The family includes mannose-binding proteins (MBLs), SP-A, SP-D, and three novel human defense collagens; collectin-10, collectin-11, and collectin-12 (21–23). The collectins are known to be an important part of the innate immune defense due to their interaction with a range of microbes. Binding of MBL leads to opsonization of the microorganisms through complement activation via the lectin pathway, whereas SP-A and SP-D have more direct antimicrobial effects (24). SP-D/-A cooperate with alveolar macrophages to facilitate phagocytosis via binding of bacteria, viruses, fungi, and helminthic parasites for clearance through opsonization (24). The collectins do not only exert anti-microbial effects but possess dual biological activity either by suppressing or enhancing the production of pro-inflammatory cytokines (25, 26). Gardai et al. (25) suggested that collectins are capable of differential cellular receptor binding through either their collagen-like domain or their C-type lectin domain, and thereby initiate pro-inflammatory or anti-inflammatory signaling, respectively. Under normal conditions, collectins bind the cellular receptor, signal regulatory protein (SIRP)-α, on innate immune cells via their C-type lectin domain and prevent pro-inflammatory signaling. When pathogens are present, the C-type lectin domain is occupied by its corresponding ligand, and the collectins will then interact with the innate immune cells through a receptor complex of cluster of differentiation (CD)91 and calreticulin. This binding is mediated through the collagen-like domain on the collectin and induces pro-inflammatory signaling (25). Gardai et al. (25) only validated the hypothesis for SP-A, but a study by Fournier et al. validated the binding between SP-D and SIRP-α (27). Moreover, a series of additional cellular receptors have been suggested as mediators of SP-D signaling. Central receptors are mentioned beneath.



THE STRUCTURE OF SP-D

SP-D is a large oligomeric structure, composed of oligomers of 130 kDa subunits (28). The subunits are comprised of three identical polypeptide chains containing an N-linked oligosaccharide structure (Figure 1). Following assembly of the triple-helical collagen-like domain, the N-terminal cysteine residues form disulfide bridges between monomers, dictating the degree of multimerization and thus the SP-D isoform (28). Human SP-D has different isoforms; the 520 kDa dodecameric isoform structure is the most commonly found in bronchoalveolar lavage fluid (BALF), but also fuzzy ball, trimeric, dimeric, and monomeric isoforms are present in BALF from healthy subjects (29). To understand the function of SP-D, it is important to keep in mind that a shift in SP-D isoforms can lead to changes in its pro- or anti-inflammatory role. The importance of SP-D isoforms will be discussed in this review.
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FIGURE 1. SP-D can undergo several post-translational modifications leading to changes in both structure and function. SP-D is capable of multimerization depending on the local environment. The most common isoform is the dodecameric structure, which is thought to have anti-inflammatory properties through binding via its C-type lectin domain. However, in an inflammatory or more acidic environment, the dodecameric form can change to a trimeric or monomeric isoform. The monomers and trimers are believed to have pro-inflammatory properties through binding via its collagen-like domain. When pathogens are present, the C-type lectin domain is occupied by its corresponding ligand and thus incapable of eliciting its anti-inflammatory signaling.





SP-D SITES OF EXPRESSION AND FUNCTION

For many years, SP-D/-A were referred to as lung-specific; they were discovered in the phospholipid-rich pulmonary surfactant (28, 30). The fact that surfactant-like lubrication is produced and secreted by a number of other organs led to the hypothesis that SP-D/-A are also synthesized in extra-pulmonary tissues.

SP-D/-A are primarily synthesized in the lung, where they are produced and secreted onto the epithelial surface by alveolar type II epithelial cells and unciliated bronchial epithelial cells (31). In the lung, SP-D/-A function as regulators of lipid levels in the pulmonary surfactant, where they also exert their antimicrobial effects (24, 32). Since SP-D/-A were first discovered in the lung, this is also the organ where their function is most extensively examined. Studies on SP-D/-A knockout (KO) mice generally reported increased susceptibility to acute and chronic infections and a general enhanced acute inflammatory response upon pathogen or smoke exposure of the lung (33–36). Taken together, these studies underline the important roles of SP-D/-A in the pulmonary innate host defense and regulation of surfactant homeostasis (31).

Even though the primary site of SP-D expression is in the lung, it has been localized to a range of non-pulmonary tissues, including the external or luminal surfaces of the gastrointestinal tract (37, 38), glandular system (37, 38), reproductive tract (37–39), urinary tract (37, 38), and in the cardiovascular (CV) system (18, 19). In the CV system, SP-D expression has been localized to endothelial and smooth muscle cells (SMCs), where its suggested function is the modulation of inflammatory signaling (18, 19). The sources of circulating SP-D are not fully clarified. In addition to lung spillover as primary contributor, it is possible that SP-D can be secreted from the arterial wall and affect the total serum concentration. Recent studies by Kati et al. and Gargiulo et al. have shown that circulatory SP-D levels correlate with the presence of pulmonary embolism (40) and with alveolar leakage in heart failure (41), thereby supporting the hypothesis that circulatory SP-D variation is partly a consequence of CVD-mediated lung damage. Based on recent clinical studies pinpointing SP-D as a systemic biomarker of CVD morbidity and mortality (42, 43), it is suggested that SP-D has an important function in the cardiovascular system as a regulator of inflammation, which might have implications for atherosclerosis and CVD.



IN VITRO STUDIES OF SP-D-MEDIATED CELLULAR EFFECTS

Several in vitro studies have examined how SP-D modulates the function of a range of cell types (Table 1). This section focuses on recently published in vitro studies investigating SP-D-mediated cellular effects that might be relevant for the development of CVD.



Table 1. SP-D-mediated effects related to CVD.

[image: image]





Vascular Inflammation as an SP-D-Mediated Contributor to the Development of CVD

It is well established that chronic inflammation within the vessel wall is a strong contributor to the development of atherosclerosis. Chronic low levels of inflammation caused by pro-inflammatory molecules, such as lipopolysaccharide (LPS), has previously been implicated in the development of atherosclerosis (both in mice and humans) (57, 58). Although SP-D has been implicated in atherosclerosis, the exact mechanisms are very poorly understood.

It is recognized that SP-D/-A can modify the inflammatory response upon binding to LPS on the bacterial surface (59–61). Snyder et al. (19) examined the expression of SP-D in the human coronary artery SMCs and its ability to modify LPS-induced inflammation within these cells. After treatment of the human coronary artery SMCs with LPS, exogenously added SP-D had the ability to suppress the secretion of the pro-inflammatory cytokine IL-8 (Figure 2). Thus, SP-D is shown to have an anti-inflammatory role in SMCs when exposed to LPS and could possibly exert local protection against atherosclerosis in this way. A study by Liu et al. (62) examined the serum levels of the pro-inflammatory and proatherogenic cytokines IL-6 and TNF-α in septic wildtype and SP-D KO mice. This study showed that SP-D KO mice had significantly increased levels of both cytokines in serum. These results show that SP-D regulates not only local tissue inflammation but also systemic inflammation and, thus, possibly the propensity of atherosclerotic plaque formation.
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FIGURE 2. Proposed anti-inflammatory mechanisms for SP-D in the development of atherosclerosis. SP-D plays a dual role in the development of atherosclerosis. This figure aims to depict what we know about the anti-inflammatory properties of SP-D in the development of atherosclerosis. Circulatory SP-D originates from lung-spillover or directly from the atherosclerotic artery. SP-D binds its receptor LAIR-1 on PBMCs, leading to inhibition of ROS and thereby inhibition of the oxidation process of serum LDL. Circulatory SP-D also inhibits circulatory IL-6 and TNF-α and thus the transport of oxidized LDL from the artery lumen to the subendothelial space. SP-D has been shown to inhibit the proliferation of Th1 cells and their secretion of IFN-γ and TNF-α; this ultimately leads to inhibition of activated macrophages and foam cell formation. TNF-α secretion from NK cells and foam cells stimulates vascular smooth muscle cells (VSMC) to produce and secrete SP-D into the subendothelial space, where it again exerts its negative-feedback loop on NK cells. SP-D is able to inhibit IL-8 from LPS-stimulated VSMC, thus decreasing vascular inflammation.





SP-D-Mediated Effects on Immune Cells

Peripheral Blood Mononuclear Cells

The cellular effects of SP-D on inflammatory cytokine levels are multifaceted. Borron et al. (44) investigated the effect of SP-D/-A on peripheral blood mononuclear cell (PBMC) proliferation and found that SP-D/-A directly inhibits T lymphocyte proliferation; both IL-2-dependent and -independent (Figure 2). A recent study by Pandit et al. (45) further examined how recombinant human (rh)SP-D affects phytohaemagglutinin (PHA)-stimulated PBMCs (45). The levels of two potent pro-inflammatory and pro-atherosclerotic cytokines, circulatory IL-6 and TNF-α, were significantly downregulated in rhSP-D treated PBMCs (Figure 2). Interestingly, this study observed no effect on IL-2 expression by rhSP-D (45). The identification of SP-D as a down-regulator of serum IL-6 and TNF-α is in agreement with the observations in Liu et al. (62).

Pro-atherosclerotic effects of IL-6 include vascular SMC proliferation (63, 64) and activation of endothelial cells (65, 66). However, the atheroprotective effects of IL-6 have also been reported, as IL-6 lowers plasma LDL by upregulating LDL receptor gene expression (67, 68). Clinical studies have shown that serum IL-6 is elevated in coronary artery calcification in patients with chronic kidney disease and might be a predictive biomarker of mortality risk, coronary artery disease, and inflammation related to CVD (69–71). Similar to the function of IL-6, TNF-α is also a pro-atherosclerotic cytokine and increases the development of atherosclerosis in several ways. Circulating TNF-α is associated with endothelial dysfunction and barrier disruption (72, 73), increased expression of adhesion molecules on endothelial cells (74), and vascular SMC proliferation (75).

Monocytes and Macrophages

Recently, a new receptor for SP-D was found on the cell surface of C-C chemokine receptor 2 (CCR2)+ inflammatory blood monocytes (46). The SP-D receptor osteoclast-associated receptor (OSCAR) was strongly expressed in lipid-laden macrophages localized in the tunica intima and in some of the macrophages in tunica media of clinical atherosclerosis plaques. Binding of SP-D to OSCAR induced secretion of TNF-α from the CCR2+ inflammatory monocytes infiltrating the atherosclerotic plaques (46) (Figure 3).
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FIGURE 3. Proposed pro-inflammatory mechanisms for SP-D in the development of atherosclerosis. SP-D plays a dual role in the development of atherosclerosis. The figure aims to depict what we know about the pro-inflammatory properties of SP-D in the development of atherosclerosis. SP-D is actively contributing to the inflammatory process in the artery. SP-D stimulates LPS-induced TNF-α-secretion from CCR2+ inflammatory monocytes through binding via its receptor OSCAR. TNF-α stimulates translocation of oxidized LDL from the artery lumen to the subendothelial space and thus contributes to the atherosclerotic plaque formation. The pro-inflammatory role of SP-D is also mediated through NK cells, where SP-D binds the receptor NKp46 leading to secretion of IFN-γ, which activates macrophages. Activated macrophages secrete the cytokines IL-8 and IL-1 and are able to engulf the oxidized LDL, leading to foam cell formation and production of IL-8, IL-1, IL-6, and TNF-α. These cytokines stimulate and activate VSMC to proliferate and migrate to stabilize the growing atherosclerotic plaque.



Olde Nordkamp et al. (47) found that SP-D binds the leukocyte-associated immunoglobulin-like receptor 1 (LAIR-1), a receptor expressed on most immune cells, including monocytes, and macrophages (76, 77) (Figure 2). SP-D inhibits reactive oxygen species (ROS) production through binding between SP-D collagen domains and LAIR-1 (47). ROS production is strongly associated with the development of atherosclerosis (78–80). A newer study by Yi et al. (81) demonstrated that silencing of LAIR-1 in human Tohoku Hospital Pediatrics (THP)-1 macrophages increases foam cell formation. This could be a possible link between SP-D and development of atherosclerosis, suggesting that binding between SP-D and LAIR-1 leads to a decreased foam cell formation, but this needs further examination.

These studies support a dual role for SP-D in the development of atherosclerosis. Signaling through OSCAR results in TNF-α secretion from monocytes that leads to a pro-inflammatory response, whereas signaling through LAIR-1 inhibits ROS formation but possibly induces foam cell formation.

NK Cells

A study by Ge et al. (48) showed that SP-D binds directly to pulmonary natural killer (NK) cells through the receptor NKp46 and thereby induces secretion of IFN-γ (Figure 3). This is the most specific receptor for NK cells and is expressed on the surface of all NK cell subsets (82, 83). It is possible that SP-D can bind and activate NK cells present in the artery, leading to secretion of IFN-γ, and thus stimulating an inflammatory response within the artery.




IN VIVO STUDIES OF SP-D IN CVD

Two in vivo studies have been performed to investigate the role of SP-D in atherosclerosis (Table 1). A study by Hirano et al. examined the function of SP-D in the development of atherosclerosis in ApoE (KO) mice (31). A similar study was previously performed by Sorensen et al. in SP-D KO mice receiving a proatherogenic diet containing a low percentage of cholate (18).

The function of SP-D has also been examined in relation to tobacco smoking, as tobacco is a major contributor to CVD. Haanes et al. (49), examined the contractile changes in the vasculature after 3-months sidestream smoking in wildtype and SP-D KO mice.


Plaques Size and Composition

Hirano et al. (31) assessed the development of atherosclerosis in ApoE KO and SP-D/ApoE double KO (DKO) mice. Atherosclerotic plaque size was measured in the brachiocephalic arteries and aortic root where plaque formation often is seen. The DKO mice exhibited significantly reduced plaque size in both the brachiocephalic arteries (37% reduction) and aortic root (25% reduction) compared to ApoE KO mice (31). This result is supported by Sorensen et al. who examined the function of SP-D in relation to atherosclerosis in mice fed an atherogenic diet (18). These authors found that SP-D KO mice had significantly smaller lesion areas only consisting of foam cells, whereas WT mice had larger mature atherosclerotic plaques with an extracellular matrix containing lipid and collagen (18).

Furthermore, Hirano et al. revealed that the plaques in SP-D/ApoE DKO mice harbored significantly fewer macrophages in each plaque (46% reduction) and had more SMC coverage of the luminal surface of the plaque compared to ApoE KO mice. SMC coverage of the luminal surface of the plaque is associated with a more stable plaque phenotype in humans (84, 85). Based on these results it seems that SP-D has a function in the attraction of macrophages and thereby initiation of early inflammation, which ultimately leads to the development of more severe atherosclerosis. Furthermore, it seems as if SP-D has a function in changing the stability of the plaque, leading to a more unstable plaque formation and a higher risk of plaque rupture.



Lipoprotein Profile

The smaller plaque areas observed in SP-D KO and SP-D/ApoE DKO mice were hypothesized to be caused by an SP-D-mediated change in the lipoprotein profile, leading to a lower degree of lipids and cholesterol in the blood. Both Hirano et al. and Sorensen et al. detected a significant change in the lipoprotein profile of the SP-D KO and SP-D/ApoE DKO mice (18, 31). Surprisingly, SP-D/ApoE DKO mice had a 39% higher fasting plasma level of cholesterol and significantly higher levels of chylomicron cholesterol, very-low-density lipoprotein cholesterol (VLDL-C), as well as high-density lipoprotein cholesterol (HDL-C) (31). In addition to disturbed blood lipids, SP-D/ApoE DKO mice had elevated body weight and adipose tissue mass, as well as increased fasting plasma insulin, glucose, leptin, and adiponectin compared to ApoE KO mice (31). Sorensen et al. found that SP-D KO mice had significantly higher levels of plasma HDL-C (18%) and triglycerides (27%) but similar levels of LDL and total cholesterol compared to WT mice (18). Sorensen et al. (18) examined the effect of intravenous administration of rhSP-D on plasma lipid concentrations. Administration of rhSP-D to SP-D/ApoE DKO mice decreased the serum concentration of HDL-C, LDL-C, and total cholesterol. This SP-D-mediated regulation of multiple lipid fractions indicates that a general factor in lipid metabolism or transport is affected by SP-D.

It is well-known that obesity, insulin resistance, increased fasting glucose, and increased levels of plasma VLDL, LDL, and cholesterol are associated with the development of atherosclerosis and CVD (86–90). However, the SP-D mediated mechanisms modulating these metabolic outcomes and how they are interlinked with CVD remain unknown.



Inflammation in vivo

To investigate if the effect of SP-D on plaque size was caused by a change in inflammatory markers, Hirano et al. (31) and Sorensen et al. (18) evaluated the level of cytokines in plasma. Strikingly, SP-D/ApoE DKO mice had significantly lower plasma level of IL-6 compared to ApoE KO mice (31). It has previously been shown that injection of IL-6 in ApoE KO mice increases the levels of pro-inflammatory cytokines and lesion size and that the use of IL-6 lentivirus led to the destabilization of plaques (15, 16). The decreased plasma IL-6 level could, therefore, be partly responsible for the attenuation of atherosclerosis in SP-D/ApoE DKO mice, despite the elevated body weight and plasma lipoproteins, which are known risk factors for the development of CVD (86–90). However, this is not in accordance with an in vitro study by Liu et al. (62), who found that serum levels of IL-6 and TNF-α were increased in septic SP-D KO mice compared to wildtype. This discrepancy can be explained by a change in the function of SP-D during sepsis—where it possibly functions as a neutralizer of the sepsis-inducing agent—compared to its function at basal state.

Furthermore, SP-D/ApoE DKO mice had significantly reduced absolute blood monocyte (46% reduction) and neutrophil counts (49% reduction), as well as a 46% reduction in spleen weight (relative to body weight) compared to ApoE KO mice (31). The spleen is a major reservoir of both monocytes and neutrophils, and its reduced weight can explain the decreased monocyte and neutrophil counts. Sorensen et al. found that SP-D KO mice had a significantly lower level of plasma TNF-α (18), which could contribute to the lower atherosclerosis propensity, similar to the IL-6 regulation mentioned above. TNF-α is associated with an increased risk of CV disease in clinical studies (91), and TNF-α/ApoE DKO mice had reduced lesion areas (50%) with a decreased number of foam cells in the vessel wall (92).



SP-D-Mediated Responses to Smoking

Tobacco smoking is a well-studied cause of CVD (93). A study by Haanes et al. (49), examined the contractile changes in the vasculature after 3-months sidestream smoking in wildtype and SP-D KO mice. Haanes et al. (49) studied the vasocontractile endothelin-1 receptor and the uridine diphosphate receptor P2Y6 in the pulmonary artery left anterior descending coronary artery and the basilar artery. Endothelin-1 sensitivity was not affected by SP-D. When stimulating the P2Y6 receptor in the coronary artery, there was a significantly decreased contraction after cigarette smoking in the wildtype mice compared to control wild-type mice. This significant decrease in contraction was not observed after smoking in the SP-D KO mice compared to control SP-D KO mice. Thus, the control SP-D KO mice had similar UDP-induced contractility in the coronary artery to those of cigarette smoking WT mice.

Although the SP-D mediated mechanisms were not investigated, the observation suggests that the SP-D-deficient artery is more vulnerable to inflammatory stimuli, such as tobacco smoking.

Pilecki et al. (36) recently performed a study combining observations of SP-D immunostaining in resected lung tissue from smoking patients with both in vitro and in vivo experiments. These authors found an increased expression of SP-D in lungs exposed to cigarette smoke, that SP-D deficiency aggravated airway inflammation and ceramide accumulation in mice exposed to cigarette smoke, and that treatment with rhSP-D ameliorated cigarette smoke-induced inflammation and epithelial apoptosis in both mice and alveolar (A)459 cells. This indicates that SP-D takes part in the regulation of ceramide synthesis, which has also been implicated in atherosclerosis. Ceramides promote the secretion of IL-6 and C-reactive protein (94), increases ROS formation (95), promotes transcytosis of oxLDL across endothelial cells (96), and increases monocyte adhesion (97), thereby promoting inflammation and atherosclerosis (98, 99).




SP-D VARIATION IN CLINICAL STUDIES

It has long been known that chronic lung disease is associated with increased risk of CVD and total mortality. Independent studies have suggested that SP-D might function as a blood biomarker of smoke-induced lung injury and chronic obstructive pulmonary disease (COPD) (Table 1) (100–103). COPD is an independent risk factor for coronary artery disease, and COPD patients are at increased risk of death due to CVD (104, 105).


Association Between Circulatory SP-D, Total Mortality, and CVD

A recent elderly twin population study by Wulf-Johansson et al. (43) examined the correlation between circulating SP-D levels with total mortality. The twin with highest-circulating SP-D level had a significantly increased risk of dying before the co-twin during the study follow-up period. Adjusting for smoking did not change this result. This observation is supported by Hill et al. (42), who examined the correlation between circulating SP-D and the risk of cardiovascular morbidity and mortality. The study found that increased serum SP-D was associated with total mortality in patients with documented coronary artery disease also when adjusting for well-established risk factors such as smoking, age, sex, plasma cholesterol, and plasma IL-6 levels. The relationship between SP-D and CVD was further supported by Hu et al. (51), showing a positive association between circulatory SP-D level and carotid intima-media thickness and coronary artery calcification.

A new study by Brankovic et al. (52) examined the potential of SP-D as a biomarker in patients with chronic heart failure. Brankovic et al. (52) reported that SP-D was associated with a worsened clinical outcome (worsened heart failure, heart transplantation, death to CVD) independently of the patient's clinical profile and pharmacological treatment during the follow-up period. However, SP-D did not remain as a significant biomarker after adjustment for time-varying cardiac biomarkers, including N-terminal pro-brain natriuretic peptide and high-sensitivity cardiac troponin T (52). The study mainly based its results on a population with a less severe heart failure (74% was in NYHA class 1 or 2), which might have contributed to the failure to show a robust association between SP-D and heart failure, since lung damage is more pronounced in the more advanced stages of chronic heart failure (41). Another recent study by Otaki et al. (53) examined the association between SP-D and the outcome of peripheral artery disease (PAD) patients. PAD is an occlusive disease in the lower limb arteries and is a well-known risk factor for the development of CVD and death. Patients with a high circulatory SP-D level (≥ 100 ng/mL) had more severe PAD determined using the Fontaine class according to TASC II guidelines (53). Patients with high SP-D also had a higher prevalence of diabetes mellitus and tibial or peroneal artery stenosis/occlusion compared to patients with low SP-D. Furthermore, the study found an association of SP-D levels with endpoints, such as cardiovascular death, heart failure, and leg amputation. The study concluded that circulating SP-D could be a potential therapeutic target and also be useful as a biomarker for tracking atherosclerotic health status in PAD patients.



Single Nucleotide Polymorphisms in the SP-D Gene Related to CVDs

Leth-Larsen et al. (55) and Pueyo et al. (56) examined single nucleotide polymorphisms (SNPs) in the SP-D gene SFTPD and their relationships to SP-D oligomerization and development of diseases (55, 56). Leth-Larsen et al. (55) showed that a common SNP, rs721917, resulting in either threonine or methionine at position 11 in the mature protein (Met11Thr), affects the oligomeric structure of the SP-D molecule. Interestingly, this SNP was also found to be associated with type 2 diabetes mellitus and insulin resistance independently of circulatory SP-D levels (56). A recent study by Sorensen et al. (54) examined the relationship between plasma SP-D and subclinical carotid artery atherosclerosis. The study found no association between plasma SP-D and carotid artery intima-media thickness or subclinical atherosclerotic plaque development. Sorensen et al. (54) further examined two SNPs in the SP-D gene SFTPD: rs721917 and rs3088308. Both SNPs were significantly associated with a decreased plasma SP-D level independently of patient smoking status. Moreover, rs721917 was significantly associated with carotid intima-media thickness, whereas rs3088308 was significantly associated with the presence of plaques—both as a smoking-dependent effect of the SNPs (54). Thus, the effects of SP-D are likely caused by an interplay between structural SP-D variations and tobacco smoking.




DISCUSSION

SP-D can undergo several post-translational modifications leading to changes in both structure and function (106, 107). The most common isoform is the dodecameric structure, which is thought to have anti-inflammatory properties (29, 106). However, in an inflammatory environment, the dodecameric form can change to a trimeric or monomeric isoform that is believed to have pro-inflammatory properties (106) (Figure 1). This could explain the ambiguous role of SP-D as both an anti- and pro-inflammatory stimulator in the development of CVD and in the absence of microbial binding. Most studies do not examine which SP-D isoform exerts the observed effect, and therefore the relationship between SP-D isoforms and risk of CVD and all-cause mortality is unknown. It is also relevant to examine the correlation between not only total circulatory SP-D and CVD but also between SP-D polymorphisms and CVD; Met11Thr is especially known to affect the function of SP-D. Also, many studies do not report the content of SP-D in BALF or other measurements of lung disease and thus do not consider where the circulatory SP-D originates from. In a recent study by Sarashina-Kida et al. (108), it was shown that SP-D could also originate from the gallbladder, where it had an anti-inflammatory role in a dextran sulfate sodium (DSS)-induced murine colitis. However, Nexoe et al. (109) performed a similar study and could not replicate the anti-inflammatory role of SP-D in the DSS-model. Regardless, the conclusion is that SP-D not only originates from the lung but can be secreted by various sources, such as the arteries and gallbladder. Where the SP-D originates from is important since previous studies have suggested that SP-D might be upregulated in non-pulmonary organs during inflammation. Future studies are needed to explore which tissues and cell types secrete SP-D.

When interpreting results from in vivo studies examining SP-D KO mice, it is important to keep in mind that these data can sometimes be misleading. Deficiency of an immunoregulatory protein, such as SP-D, might lead to a compensatory increase in other immunoregulatory proteins. This compensatory mechanism might lead to a different outcome than expected. Rokade et al. (50), examined the function of SP-D in testicular immune privilege and sperm function in LPS-challenged SP-D KO mice. These authors found that endogenous absence of SP-D resulted in significantly increased testicular levels of immunosuppressive molecules and reduced levels of immune cell activation markers. The change in immunoregulative moieties led to a reduced response to LPS in testis and could be a compensatory mechanism to restore the immune dysregulation caused by SP-D KO to preserve fertility. In a similar way, SP-D KO in murine CVD models might promote compensatory mechanisms, resulting in reduced plaque areas and immune cell counts.

Studies examining the function of SP-D have previously been focused on its association with pulmonary diseases, especially COPD. It is important to elucidate the role of SP-D in other pathologies, and its recent association with CVD supports the possibility of SP-D as a potential therapeutic target. The effect of exogenously added SP-D in atherosclerotic mouse models needs further validation but results from basic cardiovascular studies suggest systemic side effects, such as disturbance of lipoprotein levels and body fat distribution. These studies imply that treatment with exogenously added SP-D, when possible, should be locally administered instead of systemically. The conformation-dependent pro- or anti-inflammatory role of SP-D should be further elucidated, as blockage or stimulation of certain isoforms can change the SP-D-mediated treatment effect. Besides being a target for CVD treatment, SP-D has shown promise as a new potential biomarker for the severity and clinical outcome of CVD. Studies have shown significant association between circulatory SP-D levels and development of atherosclerosis and heart failure. Circulatory SP-D might reflect the level of atherosclerosis or the risk of cardiovascular-related death and thus the clinical outcome. It is important to continue examining the association between SP-D and CVD to fully elucidate the potential of SP-D as a treatment target and/or CVD biomarker.
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Adj., adjusted by age and gender using logistic regression; ref., reference genotype.
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Datasets Study description Experiment type

Bhattachariee lung 139 lung adenocarcinoma, 21 squamous celllung carcinoma, 20 lung carcinoid tumor, 6 smal cel lung carcinoma, and 17 mRNA
normal lung samples were analyzed on Affymetrix USSA microarrays. Sample data includes type, age, M stage, max tumor
percentage, N stage, primary/metastatic, recurrence, sex, site of metastasis, smoking rate (packs per year), stage, survival,
and T stage

Hou lung 91 non-small cell lung carcinoma and 65 adjacent normal lung samples were analyzed. Sample data includes age, sex, cancer MANA
sample site, and survival

Garber lung 67 lung carcinoma samples of various types and 6 normal lung samples were analyzed on cONA microarrays. Sample data  mRNA
includes type, grade, TNM stage, and survival

Cho gastric 65 gastric adenocarcinoma, 19 paired surrounding normal tissue, and 6 gastrointestinl stromal tumor samples were analyzed. MRNA
Sample data includes age, grade, stage, TNM stage, sex, and subgroup.

DErico gastric 31 paired gastric carcinoma and adjacent normal gastric mucosa and 7 unmatched gastric carcinoma samples were analyzed. mRNA
Sample data includes microsatelite status, age, sex, and TNM stage

Zhao breast Normal breast (1 = 3) and breast carcinoma (1 = 61) samples were analyzed on cDNA microarrays. Sample data includes MANA
tumor percentage, age, E-Cadherin status, estrogen receptor status, grade, HER2 status, lymph node metastasis status, and
progesterone receptor status

TCGA breast 532 invasive breast carcinoma, 61 paired normal breast tissue, and 3 paired metastatic samples were analyzed. Sample data  MANA
includes age, histology, TNM stage, ER/PR/ERBB2 status, sex, stage, and others. This dataset consists of Level 2 (processed)
data from the TCGA data portal

Curis breast 1,992 breast carcinoma samples and 144 paired normal breast samples were analyzed for the METABRIC project. Sample  mRNA
data includes ER/PR/ERBB2 status, overal survival status and follow-up time, stage, grade, and others

Yoshihara ovarian 43 ovarian serous adenocarcinomas and 10 normal peritoneum samples were analyzed. Sample data includes cancer sample  mRNA
site, stage, and sex

TCGAovarian 586 ovarian serous cystadenocarcinoma samples and 8 normal ovary samples were analyzed. Sample data includes age, mANA

stage, grade, survival, and others. This ataset consists of Level 2 (processed) data from the TCGA data portal

Abbreviations: TNM, Tumor-Nodes-Metastasis; HER2, Human Epidermal Growth Factor Receptor 2; ER, Estrogen Receptor; PR, Progesterone Receptor; ERBB, Erb-b2 receptor

tyrosine kinase 2.
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Target Forward primer Reverse primer

188 5'-ATGGCCGTTC 5'-CGCTGAGCCA
TTAGTTGGTG-3' GTCAGTGTAG-3"

IL-6 5'-GAAAGCAGCA 5'-TTTCACCAGG
AAGAGGCACT-3 CAAGTCTCCT-3

IL-12 5'-AACTTGCAGC 5'-GACCTGAACG
TGAAGCCATT-3' CAGAATGTCA-3'

TNF-a 5'-AGCCCATGTT 5'-TGAGGTACAG
GTAGCAAACC-3' GCCCTCTGAT-3'

M1 5'AAACATATGTCTGATAAC 5'GCTGAATTCTACCT
(GAAGGAGAACAGTTCTT-3' CATGGTCTTCTTGA-3'

RANTES 5'-GCGGGTACCAT 5'-GGGTCAGAATC
GAAGATCTCTG-3 AAGAAACCCTC-3'

IFN-a &-TTT CTC CTG CC 5'-GCT AT GAT TTC
T GAA GGA CAG-3 TGC TCT GAC A-3"

IFN-p. 5'-AAA GAA GCA G 5'-CCT TGG CCT TCA

CA ATT TTC AGC-3' GGT AAT GCA-3'
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Mouse Male
9NOWPE  Eayinfection O + infection
SP-AT(BA%)  SP-AIMFA  SP-AIM_O
SP-A2 (1A%)  SP-A2M_FA  SP-A2M_Og
SP-AKO KOM_FA KOM_Os

Four mice were used in each of the 12 groups.

Female
FA +infection  Og + infection
SP-ATF_FA SP-A1F_O3

SP-A2F_FA SP-A2F_O3
KOF_FA KOF_Os
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Mouse Cell counts (x10%) % of Macrophage % of Neutraphil

genotype/sex/
L Mean£SD Mean  SD  Mean SD
SP-A1_M_FA 1462665 622 291 378 291
SP-A1_M_O3 2331465 362 %09 638 309
SP-A1_F_FA 15.43 £ 155 751 262 245 265
SP-A1_F.03 1875+53 318 114 678 113
SP-A2_M_FA 68129 57.0 45.6 14.4 15.0
SP-A2_M_03 2143408 263 190 747 190
SP-A2_F_FA 818 £3.1 69.8 217 30.2 1 Fr g
SP-A2_F 03 214351 261 112 788 112
KO_M_FA 1087446 773 306 227 306
KO_M_03 387+7.1 265 56 735 56
9.31 £3.4 80.1 103 199 103

31.56 + 15.6 208 16.8 79.3 16.8
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Protein ID

(Similar to) Glutathione
S-transferase A1

14-3-3 zeta protein

Aburmin
Annexin A3

Annexin AS

Ceruloplasmin
Complement C5
Complement component 3

Cytosolic malate
dehydrogenase
Esterase 1
Gamma-actin

Gelsolin

Glutathione S transferase,
omega 1

Glutathione S-transferase
AL

Haptoglobin
Heat shock protein 5
Heat shock protein, 1A
Hemopexin

Kininogen 1

Kpnb1 protein

Lactate dehydrogenase 2
Murinoglobulin-1
Peroxiredoxin 6
Pregnancy zone protein

Pulmonary
surfactant-associated
protein A (SP-A)

Rho GDP dissociation
inhibitor (GDI) alpha
SEC 14-ike 3

Selenium binding protein
Serine protease inhibitor,
Ata

Serine protease inhibitor,
Alc

Serine protease inhibitor,
A3K

Serine protease inhibitor,
Ate

Serine protease inhibitor, A1
Serine protease inhibitor
(antithrombin i), C1

Serum amyloid
P-component

Transferrin

Gene
symbol

Gstal
Ywhaz

Ab1
Anxa3
Anxab
Cp
c5
c3
Mdht

Est
Actgt

Gstol
Gstad

Hp
Hspas
Hsp0aat
Hpxn
Kng1
Kpnb1
Ldhb
Mugt
Pro6
Pzp
sfipat

Ahgdia

Sectdi3
Selenbp1
Serpinata

Serpinatc
Serpinadk
Serpinate

Serpinal
Serpinct

Apos

T

Accession
No.

P13745

P63101

PO7724
QsucLo
P48036
Q61147
P0B684
QBOXP1
P14162

P23963
P63260
P13020

009131

P24472

Q60574
P20029
Q8oYs2
Q8K1U6
008677
‘QQ9KM9
P16125
P28665
QBGT24
Q61838
P35242

Q9PT1

QssQ27
P17563
PO7758

Q00896

PO7759

Q00898

P26595
P32261

P12246

Qo211

Functional
group

RED, DEF

DEF, RED,
PMM

RED
DEF
DEF
RED
DEF
DEF
RED

DEF
PMM

DEF, RED,
PMM

DEF, RED

DEF, RED

DEF, RED
DEF, PMM
DEF, PMM
RED

DEF, PMM
PMM
RED, DEF
PMM, DEF
RED, DEF
PMM, DEF
DEF, RED

PMM

PMM
DEF, RED
DEF, PMM

PMM

PMM

PMM

DEF, PMM
PMM

DEF, PMM

PMM, RED,
DEF





OPS/images/fimmu-10-00561/fimmu-10-00561-g007.gif





OPS/images/fimmu-10-00561/fimmu-10-00561-g008.gif





OPS/images/back-cover.jpg
Advantages
of publishing
in Frontiers






OPS/images/fimmu-09-01543/fimmu-09-01543-g003.jpg
00 20

0.
SPD /A
(92/538)

40 60 80

SP-D pg/ml

/G T/A

10.0

/G

native protein
C/A

IZX R X
Q
@

M sP-D

Il SP-D+maltose
3 SP-D+EDTA
[ sP-D + glucose





OPS/images/fimmu-09-01543/fimmu-09-01543-g004.jpg
>

FITC%
3

SP-D
(92/538)

Aggregating cells/Fleld

8

SPD -
(92/538)

H

8
. 4

Chemokine-recruited cells/Field
8
L

SPD
SP-D + maltose
3 sP-D + glucose

]
O3 sP-D + glucose

A C/A ¢/ TA T/G6

M. bovis BCG

¢A c/G6 TA T/G

M. bovis BCG

N C/A c/G

M. bovis BCG





OPS/images/fimmu-09-01543/fimmu-09-01543-g005.jpg
|

CCK8 OD,5
(=3

0.
SP-D .
(92/538) N oA de ua
M. bovis BCG
B —_—
. ® _
= .
El
o 15
g~
£Z.
s 2
g =
5 &
°
o
o
SP-D - N ¢cA c/G TA

(92/538)
M. bovis BCG

1/6

T/G

|
[}
444

M spD
I spP-D + maltose
[ sP-D +glucose

+ maltose

P-D + glucose





OPS/images/fimmu-09-02256/fimmu-09-02256-t004.jpg
Interaction # SNP #1 SNP #2 Interaction type x2 p-value

Gene name SNP ID Gene name SNP ID
1 SFTPA1 rs1136450 SFTPA2 rs1059046 ald2 3.1699 0.0485
2 SFTPA1 rs4253527 SFTPA2 rs1059046 atl $5.1800 0.0233
3 SFTPA1 rs1136450 SFTPB rs7316 did2 27136 0.0213
4 SFTPAT 1$1059057 SFTPB 57316 2 3.1499 0.0332
5 SFTPA1 rs4263627 SFTPB rs7316 d2 3.2619 0.0303
6 SFTPA1 rs1069047 SFTPC rs1124 d2 5.6874 0.0053
ald2 7.8947 0.0014
did2 4.6019 0.0021
7 SFTPA1 rs1136451 SFTPC rs1124 d2 6.1400 0.0007
ald2 6.6633 0.0449
did2 3.4875 0.0027
8 SFTPA1 rs1069067 SFTPC rs1124 d2 6.1716 0.0007
d1 4.4217 0.0104
ald2 8.4508 0.0146
did2 5.3013 0.0293
9 SFTPA1 rs1058047 SFTPC rs4715 ald2 3.1655 0.0487
10 SFTPA1 rs1136450 SFTPC rs4715 ald2 3.6583 0.0182
11 SFTPAT 151136450 SFTPC rs1124 atd2 4.1079 0.0187
12 SFTPA1 rs1136451 SFTPC rs4715 d2 3.2576 0.0328
ald2 4.8166 0.0236
did2 2.6958 0.0218
13 SFTPA1 rs4263627 SFTPC rs1124 d2 2.2285 0.0404
14 SFTPA2 rs1059046 SFTPB rs1130866 ald2 3.4707 0.0390
15 SFTPA2 rs1965707 SFTPB rs2077079 did2 4.1099 0.0043
16 SFTPA2 rs1965708 SFTPB rs2077079 did2 2.4406 0.0262
17 SFTPA2 rs1965708 SFTPB rs7316 d2 24172 0.0331
18 SFTPA2 rs17886395 SFTPC rs1124 ald2 6.4974 0.0038
d2 3.6608 0.0257
19 SFTPA2 rs1069046 SFTPC rs4715 ald2 4.1992 0.0227
20 SFTPA2 151059046 SFTPC rs1124 &2 2.9051 0.0471
ald2 4.1161 0.0221
21 SFTPB rs2077079 SFTPC rs1124 ald2 3.5371 0.0344
22 SFTPB rs1130866 SFTPC rs4715 dia2 4.6271 0.0121
23 SFTPB rs1130866 SFTPC rs1124 d2 3.9303 0.0207
24 SFTPB rs7316 SFTPC rs1124 d2 2.4947 0.0303
ald2 2.4947 0.0392
25 SFTPB rs2077079 SFTPD rs2243639 ala2 8.3128 0.0058
26 SFTPB rs3024798 SFTPD rs2243639 ala2 7.0808 0.0058
a2 3.6108 0.0311
27 SFTPB rs7316 SFTPD rs2243639 did2 2.6436 0.0094
d2 2.0496 0.0494
28 SFTPB rs2077079 SFTPD rs721917 ala2 $5.4000 0.0108
did2 2.6197 0.0306
29 SFTPB 153024798 SFTPD s721917 ata2 4.4454 0.0398
did2 2.5095 0.0242
dfa2 4.0265 0.0151
30 SFTPB 151130866 SFTPD s721917 d1a2 3.4263 00193
31 SFTPB rs1130866 SFTPD rs2243639 d2 3.1616 0.0382
dia2 3.0764 0.0347
32 SFTPC rs4715 SFTPD rs721917 d1a2 5.8333 0.0049
33 SFTPC rs1124 SFTPD rs721917 d1 5.0004 0.0075
dia2 4.5151 0.0099
34 SFTPC rs1124 SFTPD rs2243639 d1 4.4393 0.0247

A total of 34 interactions of the 5 surfactant protein genes are associated with CF. Interaction type: a - addlitive, d - dominant, ad - additive x dominant, da - dominant x additive, and
dd - dominant x dominant between the two SNPs.

Number 1and 2 in interaction type column; represent SNP1 and SNP2.

The af stands for a additive effect for SNP1 and a2 stands for aditive effect for SNP2.

The d1 stands for a dominant effect for SNP1, and d2 stands for a dominant effect for SNP2.

The ald2 stands for the interaction type is additive effect for SNP1 and dominant effect for SNP2.

The d1a2 stands for the interaction type is dominant effect for SNP1 and additive effect for SNP2.
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Interaction #

SFTPB
SFTPB
SFTPB
SFTPB
SFTPB
SFTPB
SFTPB
SFTPB
9 SFTPA2

L I

rs7316
rs7316
rs7316
rs7316
rs3024798
rs1130866
rs1130866
rs7316
rs1069046

SFTPA2
SFTPA1
SFTPA1
SFTPAT
SFTPD
SFTPD
SFTPD
SFTPD
SFTPA1

These were significant after Bonferroni correction in the entire CF group.

Interactions in mild subgroup (1-8); *Interaction in moderate/severe subgroup.
Interaction type: a-ad(itive, - dominant, da - dominant x additive, and dd - dominant x dominant between the two SNPS.
Number 1 and 2 in interaction type column; represent SNP #1 and SNP #2.
The a1 stands for a additive effect for SNP1 and a2 stands for additive effect for SNP2.

The d1 stands for a dominant effect for SNP1, and d2 stands for a dominant effect for SNP2.
The d1a2 stands for the interaction type is dominant effect for SNP1 and additive effect for SNP2.

SNP #2

rs1965708
rs1136450
rs1069067
rs4263527
rs721817

5721917

rs2243639
rs2243639
rs1136450

Interaction type

di
did2
di
di
did2
dta2
dla2
did2
at

x2

3.66565180
3.81926684
4.77561020
5.55638114
5.47559633
6.90124062
5.83841692
3.49408711
2.29978365

p-value

0.00820001
0.00807927
0.00931902
0.00510446
0.00077503
0.00057516
0.00299812
0.00210045
0.00205943
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Gene VariationID  Otherusedname  Nucleotide Disease association References
SFTPA2' 11059046 aad Asn/Thr AC Respiratory syncytial virus (RSV), Influenza, Asthma, (46-50)
Pneumonia infection
1517886395 aa91 Pro/Ala oG RSV, Tuberculosis (TB), Asthma (46, 48, 51, 52)
11965707 aal40 Ser/Ser o Asthma (46)
151965708 aa223 Ginllys c/A T8, Allergic thinitis, High alttude pulmonary edemma, RSV, (46, 48, 49, 51-59)
recurrent Urinary tract infection (UTI), Meningococcal
infection, Influenza
SFTPA1* rs1058047 aal9 Ala/Val cT Idiopathic pulmonary fibrosis (IPF), Pneumonia infection, (46, 48, 51, 53, 56, 60)
Asthma, RSV
151136450 aaS0 LewNal oG IPF, Pneumonia infection, Asthma, T8 (46, 48, 61, 62)
151136451 a62 Pro/Pro G/A TB, IPF, Chronic obstructive pulmonary disease (COPD) (17, 52, 61, 63)
11059057 aal33 Thi/Thr G/A Asthma (@6)
rs4253527 aa219 Arg/Trp cT T8, IPF, Influenza, Asthma, Pneumonia infection (46, 48, 52, 61-64)
SFTPB' 12077079 CA-18, CA1022 c/A RSV, Respiratory distress syndrome (RDS), COPD, (65-70)
Asthma
153024798 CA1013, CA2052 AC Invasive pneumococcal disease (IPD), RDS (69, 71)
rs1130866T  TC1580, TC2619 T/C COPD, Influenza, Pneumonia, RSV, Systemic Sclerosis, (50, 64, 65, 67-70, 72-84)
aal31 lle/Thr Acute lung injury
17316 AGI306, AGI0345  A/G Acute lung injury, RDS (77,85)
SFTPCE 14715 a188 Asn/Thr AC RDS, Perinatal respiratory disease (PRD) (86-89)
rs1124 2a186 Asn/Ser AG RDS, RSV, Asthma (86, 88-90)
SFTPDF 1721917 aat1 Met/Thr TC T8, Allergic rhinitis (AR), Asthma, COPD, RSV, Coronary ~ (91-123)
artery stenosis, Bronchopulmonary dysplasia (BPD),
RDS, Axial spondyloarthritis, Atherosclerosis, Sjogren
syndrome, Interstitial lung diseases (ILDs), Type 2
diabetes (T2D), Inflammatory bowel disease (IBD)
152243639 aal60 Thr/Ala AG RSV, Ulcerative colts (UC), BPD, RDS, COPD, IBD (16,54, 73, 77,93, 94,99, 101,

102, 108, 109, 111, 124-132)

“Numbering of amino acids in SFTPA2, SFTPAT, and SFTPB, is that of the precursor molecule i.e. includes the signal peptide. *Numbering of amino acids in SFTPC and SFTPD is
based on the mature protein and does not include the signal peptide.
Al the SNP changes are located within the exons, except the three SFTPB marked with . The SFTPB @) rs2077079 is located 10 nt downstream of TATAA box, §' reguletory region
(133); b) rs3024798 is located in the intron at the splice sequence of intron 2-exon 3 (65); and ) rs7316 is locatedin the 3 UTR 4 nucleotides upstream of the TAATAA polyadenyation
signal (133). The SFTPB rs1130866 marked with T is located within a potential N-inked glycosylation site, which has been shown to be glycosylated (134)
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Gene Variation ID

SFTPA2 rs1069046

rs17886395

131965707

rs1965708

SFTPA1 rs1059047

rs1136450

rs1136451

rs1059067

rs4263527

SFTPB rs2077079

rs3024798

rs1130866

rs7316

SFTPC rs4715

rs1124

SFTPD rs721917

rs2243639

Low case letters: mismatch to DNA sequence.

DTN

DM IODT DT DM DT

DMIT | IMODTOMDTADT

DT DT

Primer sequence §' - 3/

GCT GTG CCC TCT GGC CCT Ta

TCC TTT GAC ACC ATC TC

AGA GCG TGG AGA GAA GGG GcA

GGG TTT GTC TGATCC CCATC

CAT AAT GAC AGT AGG AGA GAA GGT CTT CTC
ACC CTC AGT CAG GCC TAC AT

GGA GCC TGC AGG TCG GGG AAA Atc G

TCA GAA CTC ACA GAT GGT CA

ACC TCATCT TGA TGT CAG CCT CTG GTG CaG
AGG GCC CAG GTC TCC TCT GA

ACC TCA TCT TGA TGT CAG CCT CTG GTG CaG
AGG GCC AGG GTC TCC TeT GA

TTT TCT CTG CAG GCC CCATGG GTg C

GGG TTT GTC TGATCC CCATC

TCT GCA GGG CTC CAT ATT Ge

CAC ACACTG CTC TTT TCC tC

TCT GCA GGG CTC CAT ATT Ge

CAC ACACTG CTC TTT TCC tC

GTC CAG CTA TAA GGG GCC GTG

GTG AGT GGT GGA GCT GCC TA

ACT CTT GTG TCC TCC ACC TTG

GGC ATA GGT CAT CCT GGG CA

CTC GAA TTC ACT CGT GAA CTC CAG CAC CC
GTG AGC TTG CAG CCC TCT CA

CTG TGT AAT ACA ATG TCT GCA CTA

CTC GAA TTC TGC TGG GAT TGC AGG TGT GA

GCT GAT CGC CTA CAA GCC CAG
CTG GAA GTT GTG GAC TTT aCT A
GAT GGA ATG CTC TCT GCA GG
GCA CCT CGC CAC ACA GGG aG

CTC CTC TCT GCA CTG GTC AT

ACC AGG GTG CAA GCA CTG cG
AGC GTG GAG TCC CTG GAA gC
AGA TTC TCT CCA TGT TCC CAG

Restriction enzyme

Tru91

Bov |

Bfal

aTaq

Bov |

Dde |

Hhal

Mspl

aTaq|

Apal_|

Nia lll

Dde |

Bfal

Spel

Fspl

Hhal

References

(136)

(136)

(189)

61)

(136)
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Gene SNP #1 1D SNP #21D

Genetic association of STFPB and SFTPC with CF by a single SNP
1 SFTPB rs7316
2 SFTPC rs1124

Genetic association of SFTPB and SFTPA1 with CF by intragenic SNP interaction

3 SFTPB rs2077079 rs3024798
4 SFTPA1 rs1136451 rs1059057
5 SFTPA1 rs1136451 rs4253527

Interaction type: d - dominent, in single SNPs.
Number 1 and 2 in interaction type column; represent SNP1 and SNP2.
The d1 stands for a dominant effect for SNP1, and d2 stands for a dominant effect for SNP2.

Interaction type

di
d2
d2

x

6.9689
5.8674

3.2688
27329
3.5625

p-value

0.0083
0.0154

0.0325
0.0469
0.0238
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Gene HIV-1 (FC)
name
INFLAMMATION
ADAMI7  Up
(1.51)
MMP9 Down
(-3.69)
MYD88 Up
(1.82)
RIPK1 Up
(1.29)
cDss Up
(1.64)
TFF2 Up
(1.99)
SERPINE1  Down
(-2.04)
ccL20 Up
(2.94)
TRIM21 Up
8.29)
socs2 Down
(-12)
S0CS3 No change
(1.09)
NOS3 Up
(1.16)
PYCARD  Down
(-1.64)
SMARCD1  Down
(-1.95)
CREB1 Up
(1.69)
RIPK3 Down
(-1.28)
SoD1 Down
(~1.30)
TGFBR2  Up
(.21
TGFA Up
(1.15)
SMAD6 Down
(-137)
STX3 Up
.01
XRCC2 Up
(2.33)

hSP-D +
HIV-1 (FC)

Down
(-1.16)

Up
@75

Down
(~1.26)

Down
(~1.25)

Down
(-2.11)

Up
2.92)

Down
(-2.61)

No change
(1.08)

Up
(1.63)

Up
1.9

Down
(-1.19)

Up
@.47)

Up
(2.45)

Down
(-2.04)

Up
(1.64)

Up
(1.28)

Down
(~1.46)

Up
(1.59)

Down
(-2.04)

Down
(-2.38)

Functions

A protease critical in cleavage of
TNF- and other inflammatory
proteins to active form. Important in
diverse cellular processes such
prolferation, migration, cell
adhesion

Proteolytic enzyme, degrades
extracellular matrix.

universal adapter protein
downstram of TLRs

(except TLR 3) to activate the
transcription factor NF-xB

Serine/threonine kinase that
reguiate a varisty of cellular
processes such as cell death and
innate immune responses to viral
and bacterial infection, induces
necroptosis

Interaction between CD2 and its
counterreceptor, CD58

(LFA-3) aids in T cell-APC cell cell
contact

Secreted into the mucus layer
where it stabilizes the mucin gel
layer and stimulates migration of
epithelial cells. Upgregulated in
chronic inflammation

An inhibitor of fibrinolysis, high
concentrations of the gene product
are associated with thrombophila

Responsible for the
chemo-attraction of iDCs,
effector/memory B cells and T cells.
High specificity for CCR6

Intracellular antibody effector in the
intracellular antibody-mediated
proteolysis pathway. Directs the
virions to the proteasome.

Down-regulation of cytokine
signaling

Down-regulation of cytokine
signaling

Meajor determinant of vascular tone
and blood pressure

Involved in NLRP3 induced
inflammasome. Responsible for
cleavage of pro-caspase 1

Part of SWI/SNF complexes that
regulate gene activity of chromatin
remodeling, may act as tumor
suppressor

CREB family of transcription factors
consists of AMP-responsive
activators including CREB, cAMP
response element modulator, and
activating transcription factor

Serine/threonine kinases that
regulate a cellular processes such
as cel death and innate immune
responses to viral and bacterial
infection, induces necroptosis

Enzyme attaches

(binds) to molecules of copper and
zinc to break down toxic, charged
oxygen molecules called
superoxide radicals.

TGF-B mediates its actions through
heteromeric kinase receptor
complex consisting of TGF
receptors of type 1 and 2

Exerts several effects on target
cells, such as neovascularization
promotion and mitogenic signaling.

Smad inhibits signaling by the
TGF-beta superfamily

Potentially involved in secretion of
IL-6 from dendritic cells following
activation of TLRs

DNA repair protein binding to
double stranded breaks

Ref.

PMID: 20184396

PMID: 12540195

PMID 18064347

9524512
4129419
PMID: 26086143

PMID: 10380930

PMID: 19064997

PMID: 24669362

PMID: 27617163

PMID: 21045130

PMID: 12208853

PMID: 9202125
PMID: 9430658
PMID: 9857039

PMID: 7514568

PMID: 20303873

PMCID:

PMC5406639

PMID: 10872467

PMID: 19524512
PMID: 24129419
PMID: 26086143

PMID: 7901908

PMID: 1333888

PMID: 9242560

PMID: 9336505

PMID: 25674084

PMID: 10227297

Role in HIV

Nef activates and shuttles
activated ADAM17 into
exosomes

Exosomal Nef and ADAM17
activates quiescent CD4+ T
Lymphooytes via TNF-«

Induced by Tat in astrocytes
Upregulated by gp120 in
vaginal epithelial cell line

HIV-1 Tat Activates both the
MyD88 and TRIF Pathways
To Induce TNF-e and IL-10
in Monocytes

Cleaved by HIV proteases
and modulate cellular
response

Engagement of CD58
enhances HIV-1 replication
in monocytic cells

Monocytes from
‘asymptomatic viremic
HIV(+) individuals show
increased PAI-1
(SERPINET)

Attracting key immune cells,
including Th17 cells and
dendiitic cells, to sites of
infection and propagating
the virus to other sites of the
body

Chimeric restrition factor
TRIM21-CypA provides
highly potent protection
against HIV-1 without loss
of normal innate immune
TRIM activity

Tat impaired the IFN y -
receptor signaling pathway
atthe level of STATY
activation, via
Tat-dependent induction of
suppressor of cytokine
signaling-2 (SOCS-2)
activity

Protein levels were lower in
CD4 (+) Tcells of
HiV-infected patients than in
healthy controls,
Suppressed Th17 levels
correlate with elevated
SOCS3 expression in CD4T
cells during acute simian
immunodeficiency virus
infection

Nitric oxide inhibits HIV
tat-induced NF-kB
activation

Involved caspase-1
dependent pyroptosis of
HIVinfected CD4 T cells

Role in HIV-1 assembly,
interaction between Nef and
INI1/SMARCB1 augments
replicability of HIV-1 in
resting PBMCs facilitate
Tat-mediated HIV-1
transcription

Tat utiizes CREB to
promote IL-10 production,
although the significance of
this regarding HIV
pathogenesis is not entirely
clear, IL-10 can inhibit HIV-1
replication in monocytes
and macrophages

Not cleaved by HIV
proteases and moduiate
cellular response

SOD1 prevented gp120 and
Tat elicited reactive oxygen
species (ROS) and rescued
neuron apoptosis

Increased expression upon
Tat treatment of epithelial
cells

Significant rise in chronic
HIV type 1 infection

Down-regulated after Tat
treatment of U937
macrophages

Depletion of STX3 reduced
HCMV production

Suppression of retroviral
infection by XRCC2

Ref.

PMID: 23317503

PMC4178784

PMC2679334
PMC3222676

PMID: 27063562

PMC4546280

PMID: 8656013

PMID: 22815948

PMID: 28005525

PMID: 22009012

PMID: 19279332

PMID: 21337543
PMID: 23596301

PMID: 10393859

PMC4047036

PMID: 27558426
PMID: 25659666
PMID: 16889668

PMID: 7527449

PMC4546280

PMID: 17336361

PMID: 15857508

PMID: 27268396

PMID: 16282533

PMID: 25683387

PMID: 16207876

CYTOSKELETON AND CELL-CELL INTERACTION AND INTEGRITY

GJAT

CD44

CAV1

CAV2

DBN1

NECTIN1

IGFBP3

ACTN1

GJB6

Down
(-3.07)

Down
(-2.42)

Down
(-189)

Down
(-122)

Down
(~186)

No change
(1.04)

No change

(~1.05)

No change
(-1.01)

Down
(~1.95)

FC-Fold Change.

Up
8:39)

Up
(5.25)

Up
(2.53)

Up
(2.48)

Up
(1.74)

Up
(2.94)

@11)

Up
(1.34)

Up
(2.87)

Involved in intercellular
‘communication

(GJIC) between cells to reguiate cell
death, proliferation, and
differentiation. Involved in
inflammation

Cell-surface glycoprotein involved in
cell-cell interactions, cell adhesion
and migration

Cav-1 s enriched in caveolae,
involved in endocytosis, signal
transduction. Role in innate immune
defense, and it regulates
macrophage cytokine production
and signaling

Similar to Cav-1 and also inhibits
call prolferation, migration and
invasion

DBN1 suppresses
dynamin-mediated endocytosis via
interaction with cortactin. DBN1
restricts the entry of viruses into
host cells and more broadly to
function as a crucial negative
regulator of diverse
dynamin-dependent endocytic
pathways

Nectin cell adhesion molecule,
plays role in organization of adheren
junctions and tight junction

Binds IGF-1 and IGF-1l with relatively
low affinty, and belongs to a
subfamily of low-affinity IGFBPs. It
also stimulates prostacyclin
production and cell adhesion.

Major actin cross-linking proteins
found in virtually all cell types as a
oytoskeleton.

Gap junctions allow the transport of
ions and metabolites between the
cytoplasm of adjacent cells

PMID: 26110696
PMID: 26560303

PMID: 28546458

PMID: 16982844

PMID: 23454155

PMID: 28416666

PMID: 28392362

PMID: 21835307

PMID: 26312134

PMID: 19944606

Blocking of HIV entry
through CD44-hyaluronic
acid interactions.

Cav-1Tat induced
alterations of tight junction
protein. Cav-1 mediated
uptake via langerin restricts
HIV-1 infectivity

Drebrin is a negative
regulator of HIV entry and
HIV-mediated cell fusion.
Down-regulation of drebrin
expression promotes HIV-1
entry, decreases F-actin
polymerization, and
enhances profilin local
accumulation in response to
HIV-1

HIV-Induced Exposure of
Neotin-1 Faciltates HSV-1
Infection

Inhibit the replication of
HIV-1 in cultured cord blood
mononuclear cells and
chronically HiV-infected
U937 cells

a-Actinin regulates the
immune synapse formation
and s required for efficient T
cell activation. silencing of
either EWI-2 or a-actinin-4
increased cell infectivity.
Regulation of the actin
cytoskeleton at T cell
immune and virological
synapses

Gap junction channels
sshutdown under
inflammatory conditions,
including viral diseases.

PMID: 25156464
PMID: 25320329

PMID: 18667611
PMID: 25551286

PMID: 23926103

PMID: 24586397

PMID: 7676911

PMID: 22689882

PMC4774036
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miRNA Fold change in Fold change Target molecule

D females in males

let-7a-5p 1.089" 1.327* CCND1, CCND2, E2F3, PPARA

miR-101b-3p 1.152% 2338 MTDH

miR-103-3p 0.819* 0.845* E2F3, PPARA

miR-125b-5p 1.269* 0.834% TLR2, TNF, ARG1, MYD88

miR-143-3p 2370 0.835" E2F3

miR-151-5p, 1127 1.452" PTEN

miR-165-5p 1.248% 1.316% IL-6, TLR2, MYD88

miR-16-5p 1.148* 1.012* CCND1, CCNE1, CDK7, TNFSF12, E2F3, BCL2
miR-17-5p 0.959% 0.952* CCND1, CCND2, CCNE1, CDK7, STAT3, EGR2, E2F3, MYC, TNFSF12
miR-181a-5p 0.677* 1.063* SMAD2

miR-191-5p 1.082% 0.455" IL-6, TLR3

miR-193a-5p 0.252* 0.856* IL-10, IL2RG

miR-199b-3p 1.829 0542" PTEN, TNFSF12

miR-21a-5p 1.739* 1.447% BCL2, AKT

miR-27a-3p 1.053 1.482" E2F3

miR-340-5p 2572 1.051* MTDH, MYD88

miR-455-3p 2776 0.491* TNFSF12

miR-503-5p 2332 0.918" CDK2

miR-92a-3p 0773 0.795* CCND1, CCNE1, CDK7, IL-6, TLR2, TLR3, EGR2, JUN, E2F3, TNF, SMAD2
miR-1196 0.797* 4.739 STAT3

miR-320-3p 0.700* 0.876% MYD88

miR-130b-3p 0.127* 0.505* PPARA

miR-130b-5p 0.581* 0.445* MYD88

*Indicates downregulation.
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