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1. Summary 

α1-antitrypsin (AAT) is an acute phase glycoprotein, archetype member of the SERPIN 

superfamily (SERine Protease INhibitors) and a major inhibitor of serine proteases such as 

neutrophil elastase. It is predominantly produced by the hepatocytes, but also by macrophages, 

pulmonary alveolar cells and intestinal epithelial cells. Until recent years, the main biological 

function of AAT was attributed to its elastase inhibitory activity.  However current in vitro and 

in vivo studies from our group and other investigators clearly show that the biological activity of 

AAT is not limited to inhibition of serine proteases as AAT is found to modulate many 

physiological processes including apoptosis, reactive oxygen mediated toxicity, cell mediated 

immunity/or tolerance, endotoxin mediated inflammation, among others. We hypothesize that 

the biological activities of AAT are highly dependent on its molecular conformation and the 

environmental milieu of its action. 

We found that the C terminal peptide of AAT (C-36), a product of proteolytic degradation of 

AAT, mimics the effects of lipopolysaccharide (LPS) by inducing monocyte cytokine 

(TNFalpha, IL-1beta) and chemokine (IL-8) release in conjunction with the activation of nuclear 

factor-kappaB (NF-kappaB). By using receptor blocking antibodies and protein kinase inhibitors, 

we further demonstrated that C-36, like LPS, utilizes CD14 and Toll-like receptor 4 (TLR4) 

receptors and the mitogen-activated protein kinase (MAPK) signaling pathway (paper 1). By 

using affymetrix microarray technology, real time PCR and ELISA methods we have also shown 

that AAT inhibited TNF-α-induced self expression in primary human microvascular endothelial 

cells. Surprisingly, the effects of AAT on TNF-α-induced self expression was inhibited equally 

well by oxidized AAT, a modified form of AAT, which lacks serine protease inhibitor activity 

(paper 2). Our earlier in vitro studies have demonstrated that within a short term (2-4 hours) 

AAT acts as an enhancer of lipopolysaccharide (LPS)-induced primary human monocyte 

activation whereas after longer term (18-24 hours) AAT strongly inhibits LPS effects. Here, we 

investigate how AAT regulates inflammatory responses in a short term (4 hours) when 

administrated 2 hours post LPS challenge using a LPS mice model in vivo and in primary human 

monocytes and neutrophils in vitro. Our results show that within the short term AAT enhances 

the magnitude of LPS-induced specific cytokine/chemokine production thus suggesting that the 

effects of AAT are critically time-dependant (paper 3).  
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Even though many diverse biological activities of AAT have been discovered, the mechanism of 

cellular entry for AAT remains elusive.  Therefore, we aimed to investigate the mechanism of 

entry of AAT using primary human monocytes in vitro. Our findings for the first time highlight 

that the entry and cell-association of AAT is dependent on lipid raft cholesterol. AATs 

association with monocytes can be inhibited by cholesterol depleting/efflux-stimulating agents 

and oxidized low density lipoprotein (oxLDL) and conversely, enhanced by free cholesterol. 

Furthermore, SERPINA1/monocyte association per se depletes lipid raft cholesterol as 

characterized by the activation of extracellular signal-regulated kinase 2, formation of cytosolic 

lipid droplets, and a complete inhibition of oxLDL uptake by monocytes (paper 4). Taken 

together, our findings provide new insights for understanding of the biological activities of AAT.  
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2. Background 

2.1 SERine Protease Inhibitors (SERPINs) superfamily 

Serpin superfamily includes over 500 diverse proteins founds in humans, animals, plants, fungi 

and bacteria since they shared a 30-50% sequence homology and a conserved tertiary structure 

(1-3). Today there are 36 known human serpins that include 29 inhibitors of serine proteases 

(e.g. AAT, anti-thrombin III) and 7 non-inhibitory members with other biological functions ( e.g. 

corticosteroid binding globulin (CBG), thyroxin binding globulin (TBG)) (4,5). Serpins are 

typically 350-500 amino acids in size and fold into a highly conserved structure consisting of 3 

beta sheets (A, B, C) and 8-9 alpha-helices (A-I), which surround the beta sheet scaffold (figure 

1) (6). The most distinctive structural feature of the serpins is the flexible reactive centre loop 

(RCL), that contains the scissile bond (P1-P1’) and whose sequence determines the serpins 

inhibitory specificity. Cleavage of the scissile bond of most serpins results in a conformational 

change in which the RCL moves and becomes inserted in to a pre-existing β-sheet. For inhibitory 

serpins this massive structural changes are necessary for the formation of a stable complex with 

the target protease (7, 8). 

 

Figure 1. Structure of SERPINA1 (α1-antitrypsin) (picture adapted from Janciauskiene S. 

Biochim Biophys Acta, 2001, 1535:221-35.) 
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2.2 α1-antitrypsin (AAT) 

2.2.1 AAT synthesis and regulation 

α1-antitrypsin also referred to as α1-protease inhibitor or SERPINA1, is one of the most 

abundant serine protease inhibitors circulating in human plasma. It was first isolated in 1955 and 

named α1-antitrypsin because of its ability to inhibit trypsin (9). AAT is a glycoprotein mainly 

produced by the liver parenchyma cells (10). AAT may also be synthesized by blood monocytes, 

macrophages, pulmonary alveolar cells and by intestinal and corneal epithelial cells (11-14). 

AAT gene is also expressed in the kidney, stomach, intestine, pancreas, spleen, thymus, adrenal 

glands, ovaries and testes and demonstration of de novo synthesis of AAT in human cancer cell 

lines suggest that the transcription of its gene is not limited to a single tissue (15).  

The normal daily rate of synthesis of AAT is approximately 34 mg/kg body weight with a half-

life of 3 to 5 days. This results in high plasma concentrations ranging from 90 to 175 mg/dl as 

measured by nephelometry. As an acute phase protein the circulating levels of AAT can increase 

rapidly in response (3 to 4 fold) to inflammation and infection (16).  It has been reported that 

tissue concentrations of AAT can increase as much as 11-fold as a result of local synthesis by 

resident cells and invading inflammatory cells. For example human monocytes and alveolar 

macrophages can contribute to tissue AAT levels in response to inflammatory cytokines like IL-

1, IL-6 and TNF-α as well as endotoxins (17). Recent findings demonstrate the AAT expression 

by alpha and delta islet cells (18) and intestinal epithelial cells (19) is also enhanced by 

proinflammatory cytokines. AAT synthesis is enhanced following exposure to substrates like 

neutrophil or pancreatic elastase either alone or in complex with AAT (20). The serum 

concentration of AAT is also determined by the genetic alleles such as PiMM (normal variant – 

100%), PiMS (80%), PiSS (60%), PiMZ (60%), PiSZ (40%), PiZZ (10 to 15%) and null (0%) 

(21).        

 

2.2.2 Mechanism of protease inhibition 

Like other serpins the structure of AAT consists of thee β sheets (A, B, and C) and 9 α-helices 

(A-I). The amino acid at position P1 in the reactive site center of AAT and other serpins plays a 
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critical role in determining the specificity of the protease inhibition. AAT has an exposed 

polypeptide segment under reactive site loop which is susceptible to protease attack. Cleavage of 

the scissile bond in the loop results in a large conformational change as the reactive site loop 

migrates and inserts into the β-sheet A (figure 1) to form a very stable complex with the protease. 

Various biochemical and structural studies indicate that this loop insertion is necessary for 

formation of a stable complex and is considered to be critical for protease inhibition. The rate of 

AAT formation of AAT-Neutrophil elastase inhibitory complex is one of the fastest known 

reactions for the serpins (6.5x10
7
 M

-1
s

-1
) (22). Recent studies show that AAT also directly 

inhibits active caspase-3, a cysteine protease, suggesting a broader protease inhibitory role for 

AAT (23).    

 

2.2.3 Modified forms of AAT 

The structural properties of AAT that account for the protease inhibitory activity render the 

protein extremely susceptible to mutations and post-translational modifications including 

complex formation with non-target proteins and proteases, oxidation, polymerization and 

nitration and inter-molecular cleavage and degradation (figure 2). Some of these modified forms 

of AAT have been detected in tissues/fluids at inflammation sites. It is also suggested that such 

modification can lead to an acquired deficiency state where the synthesis of the protein is 

optimal but the anti-protease activity is compromised leading to excessive tissue degradation 

(24). On the other hand modified forms of AAT can express pro-inflammatory biological 

activities there by contributing to disease development. Currently the biological activity and 

pathophysiology related to such modified forms of AAT are poorly understood and needs further 

investigation.    

AAT is known to form complexes with non-target molecules such as monoclonal 

immunoglobulin kappa-type light chains in patients with myeloma and Bence-Jones proteinemia 

(25), factor XIa (26), glucose (27) complexes are common plasma from diabetic subjects. Di-

sulfide linked complexes between Immunoglobulin A and AAT have been detected at low levels 

in sera of healthy volunteers, and are significantly increased in the sera and synovial fluids of 

patients with Rheumatoid Arthritis, Systemic Lupus Erythematosus and Ankylosing Spondylitis  



 9 

(28). A study investigating the plasma of type-1 diabetic subjects has shown that AAT can also 

complexes with heat shock protein-70 (29). These findings suggest that unexpected casual links 

can exist between AAT and non-specific ligands altering both, the properties of AAT and the 

ligand.  

 

Figure 2. Modified forms of AAT (picture adapted from Janciauskiene S. Biochim Biophys 

Acta, 2001, 1535:221-35.) 

 

AAT oxidation is another common protein modification that has been detected in inflammatory 

exudates at levels of about 5-10% of total AAT (30). The amino acid at the P1 position in the 

reactive site loop of serpins that determine the specificity of the inhibitory reaction is a 

methionine in AAT which is highly susceptible to the attack of oxidants. AAT oxidation has 

been reported in inflammatory synovial fluid (31) and has been shown to be induced by  

myeloperoxidases and cigarette smoke in vitro (32,33).  

AAT undergoes proteolytic cleavage when it forms complex with a target proteases or when 

cleaved by non-target proteases without formation of a stable complex (34). Proteases including 
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Cathepsin L, gelatinase B (MMP 9), collagenases, macrophage elastase, bacterial proteases from 

Stalphylococcus aureus metalloproteinase, Pseudomonas aeruginosa elastase have been reported 

to cleave AAT in vitro (35,36). C-terminal fragments of AAT have been detected in biological 

fluids and tissues in vivo including human bile, placenta, pancreas, stomach, small intestines and 

in human atherosclerotic plaques (37,38). Recent studies show that the C-36 peptide of AAT 

expresses diverse biological activities such as stimulation of cytokine and free radical production 

in primary human monocytes, chemoattraction of neutrophils and suppression of bile acid 

synthesis in primary rat hepatocytes in culture and in mice in vivo (39,40).  

Another most studied conformational modification of AAT is polymers. A single amino acid 

change resulting from a point mutation at position 342 (Glu-Lys) in the AAT molecule causes 

alteration in the structure that leads to AAT polymerization and intracellular accumulation (41). 

The severe inherited ZZ AAT deficiency results in about 90% reduced levels of the circulating 

protein is the only proven genetic risk factor for developing chronic obstructive pulmonary 

diseases (COPD) (42). Polymerized forms of AAT have been detected in tissues and in 

circulation in individuals with or without inherited AAT deficiency (43,44).  

Taken together existing knowledge suggest that the levels of normal  AAT can be reduced due to 

the protein post-translational modifications leading to an “acquired” deficiency of AAT.    

 

2.3 Diseases associated with AAT deficiency (AATD)  

Clinical importance of AAT was recognized with the discovery in 1963 by Laurell and Eriksson 

that a inherited deficiency of AAT is related to development of early-onset of emphysema (45). 

Today AATD is linked to a variety of lung diseases including COPD with emphysematous and 

chronic bronchitis phenotypes (46), asthma, and bronchiectasis (47).  

In 1969 liver disease was first described in 10 children with AATD (48) and it was suggested 

that liver disease in AATD results from abnormal accumulation of AAT protein in the liver cells. 

Since then liver disease has been described both in infancy and in adulthood in AATD 

individuals, although the reason why only a minority of them develop clinical liver diseases is 

still not clearly understood.  



 11 

Until now AATD has been associated with a number of other inflammatory diseases although the 

association is only moderate or weak. These include systemic vasculitis, rheumatoid arthritis, 

psoriasis, panreatitis, pancreatic tumors, multiple sclerosis and panniculitis (49). More recently 

described are the beneficial effects of AAT augmentation therapy in reducing hyperglycemia and 

prolonging pancreatic islet allograft survival and cytoprotective effects (50).  

Although AATD is associated with a large number of clinical conditions, the knowledge 

regarding the role of AAT in the pathogenesis of these conditions is largely unknown. 

 

2.4 Augmentation therapy for AATD 

Intravenous administration of purified pooled plasma preparation of AAT product was 

introduced as an augmentation therapy for emphysema in AAT deficiency individuals in the 

early 1980s, with the main concept that a rise in the levels of blood and tissue AAT can protect 

the lungs against destruction by proteases particularly neutrophil elastase (51). Today there are 

several commercial preparations of AAT available including Prolastin (Talecris Biotherapeutics, 

USA), Aralast (Baxter BioTherapuetics, USA), and Zemaira (CSL Behring, USA). Infusions are 

administered at a dose of 60 mg/Kg/week. Studies have reported that such infusions resulted in 

augmented anti-elastase capacity in the lung (52), reduced frequency of lung infections (53), 

decreased rate of lung function decline and even decreased the levels of elastase, pro-

inflammatory cytokines and numbers of Pseudomonas aeruginosa in cystic fibrosis patients (54). 

Currently small molecule inhibitors are under development to block the polymerization of Z 

AAT (55), and the gene therapy for AAT (56). 

 

2.5 Novel biological activities of AAT 

Today there is considerable amount of evidence that AAT, both in the native conformation as 

well in the modified forms, can exhibit biological activities that are independent of the inhibition 

of serine proteases. For example, AAT has been reported to have anti-inflammatory activities 

including immune cells regulation (57), inhibition of neutrophil activation (40), induction IL-1 

receptor antagonist synthesis (17) and to enhance insulin induced mitogenesis in various cell 
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lines (58). Studies from our own group have shown that AAT significantly reduced 

lipopolysaccharide (LPS) induced pro-inflammatory cytokine/chemokine release while 

enhancing IL-10 production by primary human monocytes in vitro (59). Interestingly, our results 

show that AAT expresses dual effects in vitro. For example, simultaneous treatment of human 

monocytes with LPS and AAT for 2 hours amplified LPS-induced NF-κB nuclear translocation 

and pro-inflammatory cytokine (TNFα and IL-1β) and chemokine (IL-8) release, whereas longer 

term incubation (18 h) resulted in a significant inhibition of LPS-induced TNFα, IL-1β and IL-8 

mRNA and protein expression, and in the enhancement of IL-10 release (59). 

In vivo, AAT has been shown to protect against TNF-α/endotoxin induced lethality, to suppress 

cigarette smoke induced lung inflammation and connective tissue breakdown (60,61). 

Aerosolized AAT was shown to suppress bacterial proliferation in a rat model of chronic 

Pseudomonas aeruginosa lung infection (62). Animal studies provide further evidence that anti-

inflammatory effects achieved by using AAT therapy prolong islet graft survival in transplanted 

allogenic diabetic mice (63). 

Recent studies also show that AAT can protect lung endothelial cells, vascular smooth muscle 

cells and β-cells against apoptosis through the direct inhibition of caspase-3, a cysteine protease 

suggesting a broader inhibitory role (64).  We have recently shown that AAT inhibits and builds 

an SDS stable complex with the active domain of matriptase, a transmembrane serine protease 

needed for the activation of sodium ion channels (65,66). 

These additional activities of AAT point to a broader role of the protein that it not only affords 

protection against proteolytic injury but also have potential anti-inflammatory and anti-apoptotic 

activities. Thus, in diseases associated with inherited or “acquired” AAT deficiency there is not 

only a compromised anti-proteolytic effect but also compromised anti-inflammatory, anti-

apoptotic effects.  
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3.  Hypothesis 

Clinical and experimental studies over the last decades provide considerable amount of evidence 

that AAT is not only an inhibitor of neutrophil elastase but also can play an important role during 

infection/inflammation as a regulator of innate immunity. We hypothesize that AAT plays 

multiple roles during inflammation dependent on its molecular form and status of the 

inflammation (figure 3).  

 

 

 

 

 

 

 

 

 

Figure 3. Factors that determine the net functional activity of AAT 
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4. Specific aims and significance  

The aims are: 

 To investigate the biological function of the C-terminal peptide (C-36) of AAT in 

primary human monocytes in vitro (paper I) 

 To study the effects of native and oxidized AAT on primary human microvascular 

endothelial cells function (paper II) 

 To confirm the time dependant effects of AAT in a mouse model of endotoxin induced 

lung inflammation (paper III) 

 To characterize the mechanisms of cellular entry for AAT in primary human monocytes 

in vitro (paper IV) 

We believe that by understanding the multifaceted effects of AAT and the cellular mechanisms 

involved, we can firstly; advance our existing knowledge regarding the pathophysiology of the 

various AAT deficiency related diseases. Secondly, we can provide better strategies for the 

existing augmentation therapy and possibly suggest the use of this protein for broader clinical 

applications.  
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5. Results and discussion 

C-36 peptide, a degradation product of _α1-antitrypsin, modulates human monocyte activation 

through LPS signaling pathways (paper I) 

Author contributions: I have performed the monocytes isolation and various stimulation 

experiments (generated data for figures 2, 3, 4A, 4B, 5, 6, 7 and 8; Tables 1 and 2), analyzed 

data, prepared figures and manuscript. 

Several studies have alluded to the potential role of macrophage and neutrophil derived proteases 

and oxidants in the down-regulation of AAT inhibitory activity by promoting protein degradation 

(67) and the generation of peptide fragments and that the generated putative cleaved forms of 

AAT might exhibit novel biological activities in vivo. Immunohistochemical studies indicated 

that cleaved fragments of AAT, including a 44-residue C-terminal fragment, arising from non-

targeted proteolytic cleavage, may be present in a variety of human tissues (34). Another C-36 

peptide, corresponding to residues 359–394 was shown to suppress bile acid synthesis in vitro 

and in vivo via inhibition of 7α-hydroxylase (39). Our own studies have demonstrated significant 

pro-inflammatory activity of C-36 peptide in vitro including the stimulation of cytokine and 

chemokine release by human monocytes and protease release and chemotaxis in neutrophils 

(40,68). In our current study, we investigated whether we can detect the C-36 peptide in human 

lung tissues and if C-36 peptide can modulate the pro-inflammatory effects of endotoxin (LPS).  

Our current data demonstrate the presence of C-terminal peptide of AAT (C-36) in lung tissues 

with and without histological characteristics of COPD. Also our data indicate a number of 

similarities between the effects of LPS and C-36 on human monocyte activation suggesting that 

similar signaling pathways are involved. First, both agonists stimulated the release of TNF-α, IL-

1β, IL-6 and IL-8 in conjunction with the activation of NF-κB. Second, the stimulatory effects of 

C-36 peptide and LPS on TNF-α were blocked by antibodies to CD14 and TLR4. Third, both C- 

36- and LPS-stimulated TNF-α release were blocked by inhibitors of the p38 and extra-cellular 

signal-regulated kinases MAPK pathways. We confirmed the specificity of the C-36 response by 

showing inactivity of a shorter peptide (C-20) and the failure of C-36 to inhibit TNF-α stimulated 

IL-6 and IL- 1β release. In addition, our results showed that C–36 is not a general inhibitor of 

cellular activation since it failed to show significant effects of CD3/CD28-stimulated IL-2 
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receptor expression or proliferation in T-cells which lack TLR4 and CD14 receptors. Thus our 

data suggest that C-36 mediates its effects though the activation of LPS signaling pathways.  

To summarize, the effects of C-36 in vivo are likely to be complex. Although the molecule 

expresses pro-inflammatory activity per se, it also antagonizes the effects of LPS. Interaction of 

LPS with a receptor complex on monocytes/macrophages causes the sequential activation of 

multiply signaling pathways and transcription factors, resulting in gene transcription. This leads 

to the orchestrated production of both pro- and anti-inflammatory mediators and mediates 

endotoxin degradation and clearance (69). Thus, under conditions where there is extensive 

breakdown of AAT there appears to be some reserve anti-inflammatory activity available in the 

degraded molecule in the form of C-36. On the other hand the hydrophobic nature of the peptide 

may result in aggregate and/or amyloid formation amplifying the cytotoxic effects of the peptide.  

Thus, our findings that the C-36 peptide of AAT regulates LPS-induced monocyte activation in 

vitro further support the notion that AAT is a multifunctional protein and provide a basis for 

exploring as yet un-investigated anti-inflammatory properties of AAT in vitro and in vivo. 

 

TNF-α -induced self expression in human lung endothelial cells is inhibited by native and 

oxidized α1-antitrypsin (paper II) 

Author contribution: I have prepared the native and oxidized proteins, performed cell culture 

experiments with primary human microvascular endothelial cells (generated data for figures, 1, 

2, 3, 6, and 7 - ELISA), analyzed data, prepared figures and manuscript.  

Recently, it was shown that AAT can be internalized by pulmonary endothelial cells (43), raising 

speculation that it may modulate endothelial cell function in addition to suppressing protease 

activity. Endothelial cell abnormalities and a progressive loss of pulmonary vascular endothelial 

cells have been observed in COPD patients (70,71), and in an animal model, endothelial cell 

apoptosis appears to contribute to the development of emphysema. Together, these observations 

lead us to ask the question whether AAT can protect lung endothelial cells against TNF-α 

induced activation and whether these effects are related to its protease inhibitory activity. 
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Using Affymetrix microarray technology, real time PCR and ELISA methods we have 

investigated the effects of AAT on un-stimulated and TNF-α stimulated human primary lung 

microvascular endothelial cell gene expression and protein secretion. We find that AAT and 

TNF-α generally induced expression of distinct gene families with AAT exhibiting little activity 

in terms of inflammatory gene expression. Approximately 25% of genes up regulated by TNF-α 

were inhibited by co-administration of AAT including TNF-α-induced self expression. 

Surprisingly, the effects of AAT on TNF-α -induced self expression was inhibited equally well 

by oxidized AAT, a modified form of AAT, which lacks serine protease inhibitor activity. 

Overall, the pattern of gene expression regulated by native and oxidized AAT was similar with 

neither inducing pro-inflammatory gene expression.  

Our current study that native and oxidized forms of AAT inhibit TNF-α induced TNF-α 

expression clearly points to AAT as an important endogenous protein protecting endothelial cells 

against TNF-α induced damage. We suggest that the effects of AAT on gene expression are 

likely to be as important in terms of its protective role in COPD and other chronic inflammatory 

diseases, as inhibition of serine proteinase activity. 

 

Effects of α1-antitrypsin on endotoxin-induced lung inflammation in vivo (paper III) 

Author contribution: I have performed the cell culture as well as the mice experiments and 

analyses of cytokines (except the multi-plex analysis) and cell counts. I have analyzed data, 

prepared the figures and manuscript. 

So far, most of the protective effects of AAT have only been investigated under experimental 

conditions designed for long-term periods. Our former in vitro experiments demonstrated that 

AAT when added together with LPS to monocyte cultures could act either as an enhancer or as a 

suppressor of LPS-induced cells activation depending on the cell treatment time (59). This 

finding prompted us to hypothesis that AAT can regulate the progression and resolution of the 

acute-phase reaction in a time-dependent manner. Therefore, this study was designed to 

investigate how AAT regulates cytokine and chemokine release within a short time (4h) when 

administrated post-LPS challenge in primary human monocytes and neutrophils as well as in a 

mouse model of LPS-induced acute lung inflammation, in vivo. 
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Our results showed that exposure of monocytes to LPS followed by AAT, resulted in a more 

pronounced increase in all cytokines measured compared with LPS alone. Similarly, AAT in 

combination with LPS enhanced LPS stimulated neutrophil TNFα, IL-6 and IL-8 release by 

about 50% relative to LPS alone. In accordance with the data obtained from the primary cells, 

mice treated with LPS/AAT showed higher levels of almost all measured cytokines in broncho 

alveolar lavage (BAL) fluid as compared to mice treated with LPS. However, statistical 

significance was achieved only for RANTES. A similar profile was seen for the cytokine levels 

in un-lavaged lung homogenates. When compared to LPS treatment, LPS/AAT-treated mice had 

higher levels of all cytokines analyzed but statistical significance was reached only for IL-12 

(p40), IL-13, G-CSF, GM-CSF and IL-10. It should be pointed out, that AAT by itself had no 

significant effect on BAL and lung cytokine levels. Of the total cell population counted, the 

numbers of neutrophils, monocytes and lymphocytes did not statistically differ between the 

groups.  

The overall view that arises from the current data is that short-term enhancement of the LPS-

induced cytokine/chemokine generation may be the key mechanism by which the function of 

AAT, is accomplished. Several in vitro and in vivo studies have been published in which the 

prior initiation of an acute-phase response or the administration of a specific acute phase protein 

(APP) have been shown to switch the pro-inflammatory to the anti-inflammatory pathways 

necessary for the resolution of inflammation. Although the physiological roles of APPs are not 

completely understood, existing findings provide evidence that APPs act on a variety of cells 

involved in early and late stages of inflammation and that their effects are time- and 

concentration-dependent (72). Therefore, we believe that our findings may be of particular 

interest for future studies to determine the functional role of AAT in the context of the acute 

phase as a whole. It seems that the diseases associated with inherited AAT deficiency may not be 

entirely due to inadequate inhibition of elastase by AAT, but also to the inadequate acute-phase 

response and inability to eliminate invading pathogens and to resolve the inflammation 

processes. 
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Cholesterol rich lipid raft microdomains are gateway for acute phase protein, SERPINA1 (paper 

IV) 

Author contribution: I have performed the cell culture experiments (except confocal 

microscopy), analyzed data and participated in preparing the figures and manuscript. 

Despite tremendous work over the last decade investigating the biological functions of AAT, the 

mechanisms of cell interaction and internalization for this key protein have remained elusive. 

AAT in complex with its target enzymes, elastase and trypsin, has been shown to be endocytosed 

via low-density-lipoprotein related protein receptor (73) which is localised in lipid rafts (74,75). 

More recent studies provide further evidence that both clathrin-mediated endocytosis (76) and 

the caveolar pathway (77) might be responsible for the entry of AAT into the cell. Thus in our 

current study we aimed to elucidate the mechanism of entry of AAT in primary human 

monocytes in vitro. 

Our results demonstrate that AAT is localized within lipid rafts in primary human monocytes in 

vitro. AAT association with monocytes is inhibited by cholesterol depleting/efflux-stimulating 

agents (nystatin, filipin, MβCD (methyl-beta-cyclodextrin) and oxidized low density lipoprotein 

(oxLDL)) and conversely, enhanced by free cholesterol. Furthermore, AAT/monocyte 

association per se depletes lipid raft cholesterol as characterized by the activation of extracellular 

signal-regulated kinase 2, formation of cytosolic lipid droplets, and a complete inhibition of 

oxLDL uptake by monocytes. Our findings for the first time highlight that the entry and cell-

association of SERPINA1 is dependent on lipid raft cholesterol and that SERPINA1 depletes 

lipid raft cholesterol.  

Our findings provide the basis for future studies linking bioactivities of acute phase proteins to 

signaling pathways associated with lipid rafts cholesterol. Lipid rafts are therapeutic targets for 

various diseases and studies on physiological significance of interaction between acute phase 

proteins and lipid rafts of great importance.  
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6. Concluding remarks 

Our studies have expanded the existing knowledge regarding the multifaceted biological 

activities and of native and modified forms of AAT by showing that the net effect of AAT is 

highly dependent on its molecular conformation, time and inflammatory milieu. 

 In paper I, we showed that the C-36 peptide of AAT can be detected in human lung 

tissues and its effects are mediated through the LPS signaling pathways. 

 In paper II, we demonstrated that both native and oxidized forms of AAT are able to 

inhibit TNF-α induced self expression in primary human microvascular endothelial cells. 

 In paper III, we confirmed the time dependent effects of AAT in primary human 

monocytes, neutrophils and in a mouse model of lung inflammation. 

 In paper IV, we identified lipid rafts cholesterol as the key factor involved into the 

cellular entry of AAT. 

We believe that our data helps to broaden the existing basic knowledge about AAT and may 

open doors for new studies linking the biological activities of AAT to novel therapeutic 

strategies.  
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Abstract

!1-Antitrypsin (AAT), a major endogenous inhibitor of serine proteases, plays an important role in minimizing proteolytic

injury to host tissue at sites of infection and inflammation. There is now increasing evidence that AAT undergoes post-translational

modifications to yield by-productswith novel biological activity. One suchmolecule, the C-terminal fragment ofAAT, corresponding

to residues 359–394 (C-36 peptide) has been reported to stimulate significant pro-inflammatory activity inmonocytes and neutrophils

in vitro. In this study we showed that C-36 peptide is present in human lung tissue and mimics the effects of lipopolysaccharide

(LPS), albeit with lower magnitude, by inducing monocyte cytokine (TNF!, IL-1") and chemokine (IL-8) release in conjunction

with the activation of nuclear factor-#B (NF-#B). Using receptor blocking antibodies and protein kinase inhibitors, we further

demonstrated that C-36, like LPS, utilizes CD14 and Toll-like receptor 4 (TLR4) receptors and enzymes of the mitogen-activated

protein kinase (MAPK) signaling pathways to stimulate monocyte TNF! release. The specificity of C-36 effects were demonstrated

by failure of a shorter peptide (C-20) to elicit biological activity and the failure of C-36 to inhibit CD3/CD28-stimulated IL-2

receptor expression or proliferation in T-cells which lack TLR4 and CD14. We suggest that C-36 mediates its effects though the

activation of LPS signaling pathways.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

!1-Antitrypsin (AAT), the prototypic member of the

serine proteinase inhibitor (SERPIN) super family, is an

acute phase protein and a major circulating and tissue

inhibitor of serine proteinases (Carrell, Pemberton, &

Boswell, 1987;Potempa,Korzus,&Travis, 1994;Travis,

Shieh, & Potempa, 1988). The physiological importance

of AAT is highlighted by a substantially increased risk of

developing lung emphysema and other chronic inflam-

matory conditions in individuals with AAT deficiency

1357-2725/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.biocel.2005.09.021
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(Brantly et al., 1988; Carrell & Lomas, 2002). There

is now considerable evidence that AAT may exhibit

anti-inflammatory activity independent of its SERPIN

activity (Dabbagh et al., 2001; Daemen et al., 2000;

Graziadei, Gaggl, Kaserbacher, Braunsteiner, & Vogel,

1994; Ikari, Mulvihill, & Schwartz, 2001; Jeannin,

Lecoanet-Henchoz, Delneste, Gauchat, & Bonnefoy,

1998). Thus, AAT has been reported to inhibit neutrophil

superoxide production (Bucurenci, Blake, Chidwick, &

Winyard, 1992), to induce the release of macrophage-

derived interleukin-1 receptor antagonist (Churg et al.,

2001) and to increase hepatocyte growth factor produc-

tion in human lung fibroblasts (Kikuchi et al., 2000) in

vitro. AAT also exhibits anti-inflammatory activity in

vitro by inhibiting lipopolysaccharide (LPS)-stimulated

cytokine and chemokine release in human monocytes

(Janciauskiene et al., 2004; Janciauskiene, Zelvyte,

Jansson, & Stevens, 2004). In vivo, AAT has been shown

to protect against TNF! or endotoxin-induced lethality

(Libert, Van Molle, Brouckaert, & Fiers, 1996) and in

a mouse model of lung inflammation, AAT was highly

effective in suppressing inflammation and connective tis-

sue breakdown (Churg, Wang, Xie, & Wright, 2003).

Several modified molecular forms of AAT have now

been identified in vivo, which lack SERPIN activity

(Janciauskiene, 2001). Thus, polymerized, oxidized and

proteolytically cleaved forms ofAAThave been detected

in biological fluids from patients with rheumatoid arthri-

tis (Chidwick, Winyard, Zhang, Farrell, & Blake, 1991),

adult respiratory distress syndrome and emphysema

(Cochrane, Spragg, & Revak, 1983). Cleavage of AAT

may occur when native AAT forms an inhibitor com-

plex with target proteases (e.g. neutrophil elastase)

and subsequently undergoes proteolytic degradation by

non-target proteases. Non-target proteases reported to

cleave AAT in vitro, include cathepsin L, collagenases,

macrophage elastase, matrilysin, stromelysin-1 and

stromelysin-3, and bacterial proteinases from Staphylo-

coccus aureus, Serratia marcescens metalloproteinase

and Pseudomonas aeruginosa elastase (Banda, Rice,

Griffin, & Senior, 1988; Johnson, Barrett, & Mason,

1986; Michaelis, Vissers, & Winterbourn, 1992; Pei,

Majmudar, & Weiss, 1994; Sponer, Nick, & Schnebli,

1991; Zhang et al., 1994). In addition, gelatinase B

(MMP-9) has been proposed as an important non-target

protease capable of cleaving native AAT in vivo (Liu

et al., 2000). The non-specific cleavage of AAT gener-

ates a carboxyl-terminal fragment, which may remain

non-covalently bound or may dissociate from the par-

ent protein. The hydrophobic C-terminal peptides lib-

erated during proteolytical cleavage of AAT have been

isolated from the phospholipid fraction of human bile

and spleen (Johansson, Grondal, Sjovall, Jornvall, &

Curstedt, 1992; Stark, Jornvall, & Johansson, 1999).

Recently cleaved forms of AAT were also detected in

urine samples obtained frompatientswith IgAnephropa-

thy (Machii et al., 2005).

Several studies suggest that putative cleaved forms of

AAT might exhibit novel biological activities in vivo.

For example, the C-terminal fragment of AAT, C-36

peptide, corresponding to residues 359–394 was shown

to suppress bile acid synthesis in vitro and in vivo

via inhibition of 7!-hydroxylase (Gerbod-Giannone,

Del Castillo-Olivares, Janciauskiene, Gil, & Hylemon,

2002). Our own studies have demonstrated signifi-

cant pro-inflammatory activity of C-36 peptide in vitro

including the stimulation of cytokine and chemokine

release by human monocytes and protease release and

chemotaxis in neutrophils (Janciauskiene et al., 2004;

Janciauskiene, Zelvyte et al., 2004; Moraga, Lindgren,

& Janciaskiene, 2001).

In this study we for the first time demonstrate that

C-terminal peptide of AAT is present in human lung

tissue and it is a pro-inflammatory activator of human

monocytes in its own right, but also inhibits LPS-induced

monocyte activation by mechanisms, which involve the

partial agonism of LPS signaling pathways.

2. Materials and methods

2.1. Materials

Synthetic carboxyl-terminal peptide (C-36 peptide)

ofAAT (corresponding to residues 359–394;NH2-SIPP-

EVKFNKPFVFLMIEQNTKSPLFMGKVVNPTQK)

and a negative control peptide C-20 (corresponding

to residues 375–394; NH2-IEQNTKSPLFMGKVVN-

PTQK) of more than 95% purity were purchased from

Saveen Biotech AB (Denmark). The peptides were

reconstituted in sterile medium at a concentration of

2mg/ml and then diluted immediately, prior to use.

Endotoxin levels in the peptide preparations were below

the detection limits as determined by the Limulus

endochrome kit (Charles River Endosafe, SC, USA).

LPS (Escherichia coli, Cat. no.: L-5014) and TNF!

were obtained from Sigma, USA. Purified anti-human

CD14 monoclonal antibody (azide free, low endotoxin,

Cat. no.: 555395) and anti-human Toll-like receptor

4 and 1 (TLR4 and TLR1) monoclonal antibodies

(Cat. no.: 551964, Cat. no.: 552033), were obtained

from BD PharMingen, USA. Mouse monoclonal 5G11

antibody, highly specific against C-36 peptide were

produced in a collaboration with Fermentas AB (Life

Sciences, Lithuania). The anti-TLR4 and anti-TLR1
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antibodies were dialyzed in phosphate buffered saline

(PBS) overnight at +4 ◦C to remove sodium azide

prior to use. A highly specific, cell-permeable inhibitor

of p38 kinase SB 203580 4-(4-fluorophenyl)-2-(4-

methylsulfinylphenyl)-5-(4-pyridyl)-1H-imidazole and

selective inhibitor of MAP kinase (MEK) PD 98059

(2′-amino-3′-methoxyflavone) were purchased from

Calbiochem, USA. Antibodies used for flowcytometric

analysis of T-cells were anti-CD16 FITC, anti-CD14

R-PE, anti-CD3 PE-Cy5, anti-CD25 FITC, anti-CD4

R-PE and anti-CD8 PE-Cy5 all from DAKO, Glostrup,

Denmark. Antibodies used for stimulation of T-cells

were anti-CD3 (azide free, low endotoxin, Cat. no.:

555336) and anti-CD28 (azide free, low endotoxin, Cat.

no.: 555725) both from BD Pharmingen, San Diego,

USA.

2.2. Immunostaining of lung tissue samples

Lung tissue samples for immunohistochemistry

examination were obtained from the tissue bank at the

Department of Pathology and Cytology, Malmö Uni-

versity Hospital. The tissues were prepared at autop-

sies, fixed in formalin, embedded in paraffin and stored

as paraffin blocks. The specimens for this study were

selected via the autopsy diagnosis registry and classified

as chronic bronchitis and emphysema (COPD) (n= 10)

and without signs of COPD (n= 10). The study protocol

was approved by the Ethics Committee at Lund Univer-

sity.

Mousemonoclonal antibody 5G11, specifically react-

ing with human C-terminal peptide (C-36) of AAT

is available in our laboratory. Negative control mouse

IgG2b and secondary, peroxidase-labeled antibodies

were obtained from DAKO (Dako, Denmark). The

embedded tissues were sectioned with a microtome (to

4$m thickness) and dried at 60 ◦C for 1 h. The sections

were deparaffinized, rehydrated and twice microwaved

for 5min in 10mM citrate buffer at pH 6. After

cooling, the sections were washed in distilled water

for 20min. Immunohistochemical analyses were per-

formed by an indirect, streptavidin–biotin method with

an automated TechMate 500 Plus apparatus (DAKO

A/S, Glostrup, Denmark). Blocking antibody was intro-

duced and left to react for 20min at room temper-

ature and the primary antibody 5G11 (1:1000) was

added and allowed to react for 90min at room tem-

perature. Controls were performed in which the pri-

mary antibody was omitted (pre-incubated with anti-

gen, i.e. C-36 peptide) or replaced with non-immunized

mouse IgG (1:1000). The biotinylated secondary anti-

body and solutions supplied in a ChemMate detection

kit (DAKO, Denmark) were added and incubated for

30min at room temperature. In this method, a biotiny-

lated secondary antibody is detected with horseradish

peroxidase-conjugated streptavidin, and the peroxidase

activity is detected with 3,3-diaminobenzidine tetrahy-

drochloride (DAB). The tissues were counter-stained

with hematoxylin. The specimens were analyzed by

microscopy, using an Olympus Bx41 (Olympus Opti-

cal Co., Hamburg, Germany). Images were taken with

an Olympus camera DP50 (Olympus Optical Co., Ham-

burg, Germany) at an original magnification of 100 and

400×.

2.3. Isolation of monocytes

Monocytes were isolated from buffy coats using

Ficoll–Paque PLUS (Pharmacia, Sweden). Briefly, buffy

coats were diluted 1:2 in PBS with 10mM EDTA and

layered on Ficoll. After centrifugation at 400× g for

35min at room temperature, the cells at the plasma–ficoll

interface were collected and washed three times in

PBS–EDTA. The cell number and purity were deter-

mined using anAC900EOAuto Counter (Swelab Instru-

ments, AB). The cell purity was greater that 90%.

Cells were plated in cell culture plates (6- or 12-well

plates) at a density of 5× 106 cells/ml in RPMI 1640

(Gibco BRL, Life Technologies, Paisley, Scotland) sup-

plemented with 2mM N-acetyl-l-alanyl-l-glutamine,

100U/ml penicillin, 100$g/ml streptomycin, 1% non-

essential amino acids, 2% sodium pyruvate and 20mM

Hepes (Fluka, Chemie AG) without serum at 37 ◦C

in a 5% CO2. After 1.25 h, non-adherent cells were

removed by washing with PBS supplemented with cal-

cium and magnesium. Monocytes used for the exper-

iments were isolated from 36 subjects, and cell isola-

tion protocol was approved by Lund University Ethics

Committee.

2.4. Effects of C-36, either alone or in combination

with LPS, on human monocyte activation

Cells were cultured with C-36 (0.015–0.24mg/ml)

and LPS (10 ng/ml) either alone or in combination

for 18 h at 37 ◦C in a 5% CO2. In a pharmacologi-

cal interaction study concentration response curves to

LPS (0–1000 ng/ml) were constructed in the presence of

either of 0.06 or 0.24mg/ml C-36 peptide and TNF! lev-

els were determined after 18 h. In control experiments,

the effect of C-36 on TNF!-stimulated cytokine release

was also investigated as were the effects of a control

peptide (C-20, a shorter C-terminal fragment of C-36

peptide) on LPS-stimulated mediator release.
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2.5. RNA expression analysis

RNA expression was determined with an HG-U133A

affymetrix gene chip. U133A analyses the expression

levels of 18,400 transcripts and variants, including

14,500well-characterized human genes.Monocytes iso-

lated from three different donors were incubated with

LPS either C-36 peptide alone or in combination, or

with an equivalent volume of PBS for 18 h at 37 ◦C

in an atmosphere of humidified air with 5% CO2.

Total RNA from three monocyte culture experiments

was then isolated using TRIZOL® (Invitrogen, Pais-

ley, UK) and the yield was determined spectrophoto-

metrically. Microarray hybridization probes were syn-

thesized from 5$g total RNA according to manu-

facturer’s instructions (Affymetrix, Santa Clara, US).

Briefly, double-stranded cDNA was synthesized using

the SuperScriptTM Choice System (Invitrogen) and in

vitro transcription performedwith the Enzo BioArrayTM

HighYieldTM RNA transcript labeling kit (Affymetrix).

Human HG-U133AGeneChip® arrays were hybridized,

washed and stained according to the protocol provided

by Affymetrix (www.affymetrix.com). The Affymetrix

MAS 5.0 software was used to calculate mRNA expres-

sion levels. The resulting expression signals were used to

calculate fold changes between basal and experimental

conditions. Only genes showing aminimumof a 1.5-fold

change (lower bound of the confidence interval for the

fold change) and a minimum intensity difference of 25

in all three experiments were selected.

2.6. Cytokine determination

Following incubationwith either C-36, LPS or a com-

binations of the two,monocyte culture supernatantswere

analyzed for TNF!, IL-1", IL-6 and IL-8 using DuoSet

ELISA sets (R&D Systems, MN, USA; detection levels

15.6, 3.9, 7.8 and 31.2 pg/ml, respectively) according to

manufacturer’s instructions.

2.7. Preparation of nuclear extracts and nuclear

factor-κB (NF-κB) determination

Nuclear extracts from monocytes were prepared as

described previously (Dichtl et al., 1999). Briefly, cells

cultured in the presence of LPS and C-36, either alone

or in combination for 4 h and were then washed twice

with ice-cold PBS. The cells were scraped off, cen-

trifuged and the pellets lysed in hypotonic buffer (10mM

Hepes, 10mM potassium chloride, 1.5mM magnesium

chloride; Sigma, Sweden) containing protease inhibitors

(leupeptin 15$g/ml, aprotinin 15$g/ml, dithithreitol

1mM, phenylmethanesulfonylfluoride 1mM; Sigma,

Sweden). After centrifuging at 9000× g for 2min at

+4 ◦C, the pellet was incubated for 10min in hypotonic

buffer supplemented with 0.4% Nonidet p40 (Sigma,

USA) to lyse the nuclear membrane and centrifuged as

before. The pellet was then washed once with 0.02M

potassium chloride buffer containing 20mM Hepes,

22% glycerol, 1.5mMmagnesium chloride and 0.2mM

EDTA(Sigma,USA) and resuspended in the samebuffer.

Protein concentrations in the nuclear extracts were deter-

mined using a Coomassie PlusTM protein assay kit

(Pierce, USA) according to manufacturer’s instructions.

The NF-#B p65 sub-unit was analyzed in the nuclear

extracts by an ELISA-based transcription factor assay

kit (TransAM NF-#B, Active Motif, USA) according to

manufacturer’s instructions. Detection limits for the kit

were between 0.2 and 5$g of cell extract/well.

2.8. Effect of blocking TLR4 and CD14 on C-36

peptide-stimulated TNFα and IL-8 production

In some experiments, monocytes were pre-incubated

with anti-human CD14 or anti-human Toll-like receptor

4 or 1 (TLR4 or TLR1) monoclonal antibody (both at

2$g/ml) for 30min on ice prior adding LPS or C-36

peptide and then incubated at 37 ◦C, 5% CO2 for 18 h.

The anti-human TLR1 monoclonal antibody (2$g/ml)

was used as an isotype control.

2.9. Effect of inhibitors of mitogen-activated protein

kinase (MAPK) signaling pathways on C-36

peptide-stimulated monocyte activation

In experiments addressing the intracellular signaling

mechanisms by which C-36 peptide stimulates TNF!

and IL-8 secretion, cellswere pre-treatedwith theMAPK

inhibitors, SB203580 (10$M) or PD98059 (50$M) or

combination of the two for 1 h before LPS (10 ng/ml)

or C-36 peptide (0.12mg/ml) stimulation and mediator

levels were determined 18 h later as described above.

2.10. Purification of T-cells

Human peripheral blood mononuclear cells were

isolated as described above and CD3+ T-cells were

purified by CD3 MACS immunomagnetic separation

according to the manufactures instructions (Miltenyi

biotec, Germany). The purity of the cells was confirmed

by flowcytometric analysis for CD16, CD14 and

CD3 and was typically 96–99%. Cell cultures were

performed in 96-well plates in RPMI 1640 medium

supplemented with glutamax-1 and 25mM HEPES

(Invitrogen/Gibco, Paisley,UK), 10% fetal bovine serum



D. Subramaniyam et al. / The International Journal of Biochemistry & Cell Biology 38 (2006) 563–575 567

and 1% penicillin–streptomycin (Invitrogen/Gibco,

Paisley, UK). In cultures stimulated with anti-CD3

and anti-CD28, cells were added to wells coated with

1$g/ml of anti-CD3 and then stimulated with 5$g/ml

of soluble anti-CD28.

2.11. Effects of C-36 on T-cell activation and

proliferation

T-cells were incubated with 0.03–0.24mg/ml of

C-36 or control (C-20 peptide) in the presence or

absence of anti-CD3 and anti-CD28 stimulation. After

48 h, T-cells were harvested and stained with anti-

bodies against the activation marker CD25 FITC (!-

sub-unit of IL-2 receptor), CD4 R-PE and CD8 PE-

Cy5 and analyzed by flowcytometry. T-cell proliferation

was measured by incorporation of 3H-thymidine. Cells

were pulsed with 3H-thymidine and 8 h later harvested

for determination of 3H-thymidine incorporation. Each

proliferation experiment was performed in triplicate

wells.

2.12. Statistical analysis

The differences in the means of experimental results

were analyzed for their statistical significance with the

Fig. 1. Detection of C-36 peptide of AAT in the lung tissue: (A) mouse monoclonal antibody 5G11 (1:1000) stains C-36 peptide of AAT (original

magnification×100); (B) amyloid-like structures stained with 5G11 antibody (×400); (C and E) immunostaining of inflammatory cells and alveolar;

(D) abolished staining by pre-incubation of the 5G11 antibody with the peptide C-36; (F) non-immunized mouse IgG (1:1000) as a negative control

(×100). Positive staining with 5G11 antibody indicated by arrow.
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one-wayANOVAcombinedwith amultiple-comparison

procedure (Scheffe multiple range test), with an overall

significance level of α= 0.05. Statistical package (SPSS

for Windows, Release 11.0) was used for the statistical

calculations.

3. Results

3.1. Immunohistochemical detection of C-terminal

peptide of AAT in human lungs

Our results demonstrate a positive immunoreactivity

of C-36 peptide in 3 out of 20 lung tissue samples inves-

tigated (2 with and 1 without COPD). Typical examples

of positively stained lung tissue specimens with mouse

monoclonal 5G11 antibody are shown in Fig. 1A–C

and E. Monoclonal antibody shows immunoreactivity

in a surrounding and within the inflammatory cells.

In some places positive staining of C-36 peptide rep-

resents amyloid-like deposits (Fig. 1B) and it is bor-

dered by alveolar air spaces and the epithelium. The

replacement of monoclonal 5G11 antibody with non-

immunized mouse IgG (1:1000) completely abolished

immunostaining (Fig. 1D). In addition, staining with the

anti-C-36 antibody was abrogated by the pre-incubation

of antibody with the competing C-36 peptide (1:10)

overnight at 4 ◦C (Fig. 1F).

3.2. Effect of the C-36 peptide on LPS-stimulated

TNFα, IL-6 and IL-1β release

It has previously been shown that LPS and C-

36 peptide up-regulate pro-inflammatory cytokines and

chemokines in human monocytes, in vitro (Moraga et

al., 2001; Ulevitch & Tobias, 1995). As illustrated in

Fig. 2, C-36 peptide increases monocyte TNF! and

IL-8 release by 10.6- and 6.9-fold, respectively, above

un-stimulated levels (p< 0.001). We next investigated

whether a combination of the two agonists result in

additive pro-inflammatory cell activation. Monocytes

were incubated with C-36 (0.12mg/ml) either alone

or in combination with LPS (10 ng/ml) for 18 h and

cytokine release was determined. Although signifi-

cant, the effects of C-36 were considerably less than

observed with LPS (Table 1). Combinations of C-36

and LPS, however, stimulated significantly less IL-6,

IL-1" and TNF! release than LPS alone (p< 0.001)

(Table 1). In a pharmacological interaction experiment

we observed a rightward parallel shift of the LPS-

stimulated TNF! concentration–response curve with

increasing concentrations of C-36 peptide suggestive of

competitive antagonism of LPS signaling (Fig. 3). The

Fig. 2. Concentration-dependent effects of C-36 peptide on TNF! (A)

and IL-8 (B) release. A freshly isolated blood monocytes were treated

with various concentrations (0–0.24mg/ml) of C-36 peptide for 18 h.

TNF! and IL-8 levels were measured by ELISA. Data are the means

of quadruplicate culture supernatants±S.E. and are representative of

three separate experiments.

Fig. 3. Concentration-dependent effects of LPS alone and in combina-

tion with C-36 peptide on TNF! release. The monocytes isolated from

three donors were treated with various concentrations (0–1000 ng/ml)

of LPS in the presence or absence of C-36 peptide (0.06 or 0.24mg/ml)

for 18 h. Cell supernatants were collected and TNF! levels were mea-

sured by ELISA. Each curve represents a mean of three independent

experiments±S.E.
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Table 1

Inflammatory cytokines released from monocytes incubated for 18 h

with LPS, C-36 peptide or C-36/LPS combination

Conditions Cytokines (meana ±S.E.)

IL-6 IL-1" TNF!

Control 13 ± 3 4 ± 0.2 40 ± 3

LPS (10 ng/ml) 19292 ± 440 16166 ± 357 2861 ± 56

C-36 (0.12mg/ml) 35 ± 5 37 ± 2 424 ± 38

LPS+C-36 2614 ± 190 2535 ± 161 652 ± 13

Cytokines are in ng/ml.
a Mean value of measurement from three experiments with two

repeats.

Fig. 4. Concentration-dependent effects of C-36 peptide- and LPS-stimulated TNF! (A) and IL-8 (B) release andmRNA expression. (A)Monocytes

were exposed to C-36 peptide (0–0.12mg/ml) alone or in combination with LPS (10 ng/ml) for 18 h. TNF! release was analyzed by ELISA. The data

represent mean±S.E. of three experiments with duplicates for each experiment. Monocytes were treated with fixed concentration of C-36 peptide

(0.12mg/ml), LPS (10 ng/ml) or their combination for 18 h. Total RNA was isolated and analyzed for TNF! mRNA expression profiles using HG-

U133A affymetrix gene chips. Bars represent the mean of signal intensity of two independent repeats. (B) Monocytes were exposed to C-36 peptide

(0–0.12mg/ml) alone or in combination with LPS (10 ng/ml) for 18 h. IL-8 release was analyzed by ELISA. The IL-8 data represent mean±S.E.

of three experiments with duplicates for each experiment. Monocytes were treated with fixed concentration of C-36 peptide (0.12mg/ml), LPS

(10 ng/ml) or their combination for 18 h. Total RNA was isolated and analyzed for IL-8 mRNA expression profiles using HG-U133A affymetrix

gene chips. Bars represent the mean of signal intensity of three independent repeats±S.E. (***p< 0.001).

shift was clearly present at C-36 concentrations as low

as 0.06mg/ml.

3.3. Concentration-dependent effect of the

C-36-peptide on LPS-induced TNFα and IL-8

protein and mRNA expression

To further investigate the effects of C-36 peptide

(0.015–0.12mg/ml) on monocyte activation, TNF! and

IL-8 protein and mRNA were measured after expo-

sure cells for 18 h to C-36 and LPS either alone or

in combination. As shown in Fig. 4A cells treated
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Fig. 5. Effects of C-20 peptide of AAT on LPS-induced TNF! release.

Monocytes were stimulated with LPS (10 ng/ml) alone or in combina-

tion with C-20 peptide (0.015–0.12mg/ml) for 18 h. TNF! release was

analyzed by ELISA. The data represent mean±S.E. of three experi-

ments with duplicates for each experiment.

with C-36 and LPS (10 ng/ml) simultaneously released

significantly less TNF! compared to cell exposed to

LPS alone. The effects of C-36 were concentration-

dependent and at highest concentration used C-36 sup-

pressed LPS-inducedTNF! release by 77.2%, p< 0.001.

Both LPS- and C-36 peptide-induced TNF!mRNA (72

and 55%, respectively), whereas their combination had

no effect on mRNA levels compared to non-treated con-

trols (Fig. 3A). In contrast to their effects on TNF!, co

incubation of C-36 peptide and LPS elicited the release

of IL-8 to levels similar to either agonist alone. In sup-

port, both C-36- and LPS-stimulated IL-8 mRNA syn-

thesis with similar magnitudes (Fig. 4B).

3.4. Effects of control peptide C-20 on

LPS-stimulated TNFα production

To demonstrate the specificity of the C-36 peptide we

used C-20 peptide of AAT that has the same amino acid

sequence as the C-36 but is 16 amino acids shorter, i.e.

correspond to amino acids 375–394 of the C-36 peptide.

This peptide was tested for its ability to activate mono-

cytes and to inhibit LPS-stimulated cytokine release. In

contrast to the C-36, C-20 peptide showed no biological

activity with regard to stimulation of monocyte TNF!

or other cytokine release (data not shown) and failed to

inhibit LPS-stimulated TNF! release (Fig. 5).

3.5. Effects of C-36 peptide on TNF-α-stimulated

cytokine responses

To confirm that C-36 peptide effects were restricted

to LPS signaling in monocytes we examined the effects

Table 2

Inflammatory cytokines released from monocytes incubated for 18 h

with TNF!, C-36 peptide or C-36/TNF! combination

Conditions Cytokines (meana ±S.E.)

IL-6 (ng/ml) IL-1" (ng/ml) IL-8 (ng/ml)

Control 7 ± 0.1 9 ± 0.7 8 ± 2

TNF! (1$g/ml) 38 ± 1.9 67 ± 3 179 ± 24

C-36 (0.12mg/ml) 44 ± 2.4 39 ± 2.5 162 ± 17

TNF!+C-36 104 ± 7 63 ± 2 193 ± 18

Cytokines are in ng/ml.
a Mean value of measurement from three experiments with two

repeats.

of C-36 on TNF!-stimulated IL-8, IL-6 and IL-1" pro-

duction. We found that in contrast to LPS-stimulated

responses, TNF!-stimulated IL-1" or IL-6 production

was unaffected by co-incubation with C-36. However,

in concordance with its effects on LPS-stimulated IL-8,

C-36 had no inhibitory effects on TNF!-stimulated IL-8

generation (Table 2).

3.6. Effects of LPS and C-36 peptide on NF-κB

activation

The pharmacological interaction studies described

above, in which C-36 peptide competitively inhib-

ited TNF! release in response to LPS, suggested

that both agonists used similar signaling pathways.

To further characterize the effects of C-36 peptide,

monocytes were incubated with either C-36 peptide

(0.12mg/ml) or LPS (10 ng/ml) for 4 h and NF-#B

(p65 sub-unit) nuclear translocation was determined

using an ELISA-based transcription factor assay. Both

LPS and C-36 peptide significantly stimulated the

nuclear translocation of NF-#B compared to controls

(Fig. 6). However, the translocation response to C-36

was lower in magnitude to LPS and co-incubation of C-

36 significantly inhibited LPS-stimulated p65 sub unit

translocation.

3.7. Effect of blocking TLR4 and CD14 on C-36

peptide-stimulated TNFα and IL-8 release

The role of CD14 and TLR4 in LPS activation of

human monocytes and macrophages has been demon-

strated both biochemically and genetically (Chow,

Young, Golenbock, Christ, & Gusovsky, 1999; Du,

Poltorak, Silva, & Beutler, 1999; Hoshino et al., 1999;

Shimazu et al., 1999). In monocytes, ligation of TLR4

with CD14/LPS, results in the activation of the several

intracellular signaling pathways that include the tran-
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Fig. 6. Effects of LPS and C-36 peptide on NF-#B activation. Mono-

cytes were stimulated with LPS (10 ng/ml), C-36 peptide (0.12mg/ml)

or their combinations for 4 h. Nuclear extracts were prepared as

described in Section 2. The quantitative assay for NF-#B p65 activa-

tionwasperformedusingELISA-basedkit.Bars representmean±S.E.

from four separate experiments (***p< 0.001).

scription factor-#B and three mitogen-activated protein

kinase pathways (Guha et al., 2001). Using neutralizing

monoclonal antibodies to CD14, TLR4 and TLR-1 (as

an isotype control), the role of these molecules in sig-

naling responses to C-36 and LPS were examined. Both,

C-36 peptide- and LPS-stimulated TNF! release were

significantly inhibited by antibody to CD14 (p< 0.001)

and TLR4 (p< 0.001) but not TLR-1 (Fig. 7A). By con-

trast LPS- and C-36 peptide-stimulated IL-8 release was

only inhibited by antibody toTLR4 (p< 0.01 and<0.001,

respectively) (Fig. 7B).

3.8. Effects of ERK and p38 MAP kinase pathway

inhibitors on LPS- and C-36-stimulated monocyte

TNFα and IL-8 release

The involvement ofmitogen-activated protein (MAP)

kinase p38 (Dean, Brook, Clark, & Saklatvala, 1999;

Lee et al., 1994) and the extra-cellular signal-regulated

kinase (ERK) p42/44 (Foey et al., 1998; Scherle et

al., 1998) in LPS-stimulated cytokine production and

release has been documented extensively. We, there-

fore, examined the effects of a p38 MAPK inhibitor,

SB203580 and the MEK1/2 inhibitor, PD98059 on

TNF! and IL-8 release stimulated by C-36 or LPS.

TNF! and IL-8 release by monocytes stimulated with

either C-36 peptide or LPS were significantly inhib-

ited by 10$M SB203580 or 50$M PD98059. Further-

more, combination of both inhibitors was additive, abol-

ishing both TNF! and IL-8 responses to both stimuli

(Fig. 8).

Fig. 7. Effects of blocking CD14, TLR4 and TLR1 on LPS- and C-36

peptide-stimulated TNF! (A) and IL-8 (B) release. Monocytes were

stimulated directly with LPS (10 ng/ml) or C-36 peptide (0.12mg/ml)

or after pre-treatmentwith 2$g/ml of azide-free anti-receptor antibody

for 30min. TNF! and IL-8 were measured in cell culture supernatants

harvested after 18 h incubation. Data are expressed as a percent-

age±S.E. of the values measured for LPS or C-36 peptide alone.

Quantification of the data represents the mean of three independent

experiments performed in duplicates (**p< 0.01; ***p< 0.001).

3.9. Effects of C-36 peptide on T-cell IL-2 receptor

expression and proliferation

To examine the cellular and stimulus specificity of

C-36 we evaluated its effects on CD3/CD28-stimulated

T-cell activation and proliferation. Incubation of T-cells

with anti-CD3 and anti-CD28 resulted in increased

expression of IL-2 receptor and proliferation. Stimu-

lation with C-36 peptide had no significant effect on

IL-2 receptor (CD25) expression (Fig. 9) or prolifera-

tion (Fig. 10) on CD3/CD28-stimulated T-cells nor did

it affect un-stimulated T-cells. No effects were observed

in similar experiments using the control peptide (data not

shown).
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Fig. 8. Effects of ERK and p38 MAP kinase pathway inhibitors on LPS (A) and C-36 peptide (B)-stimulated monocyte TNF! and IL-8 release.

Monocytes were pre-treated with SB203580 (10$M) and PD98059 (50$M), or combination of both inhibitors for 60min and stimulated with

LPS (10 ng/ml) or C-36 peptide (0.12mg/ml) for 18 h. TNF and IL-8 release was measured by ELISA. Data are the means of quadruplicate culture

supernatants±S.E. and are representing two independent experiments (***p< 0.001).

Fig. 9. Effects of C-36 peptide on T-cell IL-2 receptor (CD25) expres-

sion. T-cells were stimulated with 0.12 or 0.24mg/ml of C-36 for 48 h

in the presence or absence of CD3/CD28 stimulation. The percent-

age of CD4+ and CD8+ cells expressing CD25 was measured using

flowcytometry. C-36 did not significantly alter the CD25 expression

in any group. Data are presented as mean±S.E. of three independent

experiments.

Fig. 10. Effects of C-36 peptide on T-cell proliferation. T-cells were

stimulated with 0.03–0.24mg/ml of C-36 for 48 h in the presence

or absence of CD3/CD28 stimulation. Cells were pulsed with 3H-

thymidine, and after 8 h harvested for determination of 3H-thymidine

incorporation. C-36 did not significantly alter T-cell proliferation in

any analyzed group. Data are presented as mean±S.E. of three inde-

pendent experiments.
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4. Discussion

It is widely accepted that the primary role of AAT

in vivo is to minimize proteolytic injury to host tis-

sue at sites of inflammation, infection and injury by

inhibiting the activity of neutrophil serine proteases, for

example, neutrophil elastase. In a number of inflam-

matory disease states, however, tissue fluids have been

shown to contain free neutrophil elastase together with

modified or proteolytically degraded forms of AAT

which lack SERPIN activity (Ossanna, Test, Matheson,

Regiani, &Weiss, 1986). Thus, it has been proposed that

loss of serine proteinase inhibitory activity is a pivotal

step in the pathogenesis of neutrophil-mediated tissue

damage.

Several studies have alluded to the potential role of

macrophage and neutrophil derived proteases and oxi-

dants in the down-regulation of AAT inhibitory activ-

ity by promoting protein degradation (Taggart et al.,

2000) and the generation of peptide fragments. Immuno-

histochemical studies indicated that cleaved fragments

of AAT, including a 44-residue C-terminal fragment,

arising from non-targeted proteolytic cleavage, may be

present in a variety of human tissues (Nieman, Narkates,

& Miller, 1992). In this study by using monoclonal anti-

body developed against a 36-residue C-terminal peptide

of AAT (C-36) we discovered that lung tissues with and

without histological characteristics of COPD, can be

intensely positive for the C-36. It is important to point

out that some lung regions were found to be positive for

the C-36 peptide, which showed amyloid-like deposits

formation. In our previous work we have demonstrated

that C-36 peptide of AAT is extremely hydrophobic

and can form amyloid fibrils in vitro (Janciauskiene

& Lindgren, 1999). These fibrils were also shown to

trigger the morphological transformation of monocytes

into macrophages, to induce pro-inflammatory activa-

tion and to affect intracellular cholesterol homeostasis

(Janciauskiene & Lindgren, 1999). Thus, these find-

ings together further support the hypothesis that AAT

peptide(s) may be an important contributor to chronic

inflammation development in vivo.

More recently cleaved fragments of AAT have also

been shown to act as potent chemoattractants for neu-

trophils and to stimulate cytokine and chemokine release

from monocytes in vitro (Janciauskiene et al., 2004;

Janciauskiene, Zelvyte et al., 2004;Moraga et al., 2001).

In this study we have examined themechanism bywhich

C-36 peptide, a cleavage product of AAT, elicits its bio-

logic activity in monocytes. Our data indicate a number

of similarities between the effects of LPS and C-36 on

human monocyte activation suggesting that similar sig-

naling pathways are involved. First, both agonists stim-

ulated the release of TNF!, IL-1", IL-6 and IL-8 in con-

junction with the activation of NF-#B. Second, the stim-

ulatory effects of C-36 peptide and LPS on TNF! were

blocked by antibodies toCD14 andTLR4. Third, bothC-

36- and LPS-stimulated TNF! release were blocked by

inhibitors of the p38 and extra-cellular signal-regulated

kinases MAPK pathways. Although these studies have

not identified a specific mechanism, it is tempting to

speculate that C-36 peptide forms a new member of

a group of endogenous ligands capable of activating

TLR4, either directly or indirectly. However, due to the

hydrophobic nature of C-36, we have been unable to

show specific C-36 peptide binding to TLR4 or other

LPS binding sites. By analogy with LPS, C-36 peptide

may use adaptor molecules to initiate a signaling com-

plex through TLR4 (Guha et al., 2001).

The inhibitory effects of C-36 on LPS-stimulated

monocyte activation are intriguing and the pharmaco-

logical interaction study strongly suggests that C-36

operates by partial activation of LPS signaling pathways.

Thus, C-36 peptide, by behaving as a partial agonist,

antagonized the effects of LPS on TNF!, IL-1" and IL-

6 production. In the interaction study this was observed

as a rightward parallel shift and subsequent collapse of

the LPS-stimulated TNF! concentration response curve

in the presence of increasing concentrations of C-36. In

contrast to its effects on TNF!, C-36 appeared to be a

full agonist (with respect to LPS) of IL-8 generation and

was, therefore, unable to antagonize the effects of LPSon

IL-8. We confirmed the specificity of the C-36 response

by showing inactivity of a shorter peptide (C-20) and the

failure of C-36 to inhibit TNF!-stimulated IL-6 and IL-

1" release. In addition, we provided data that C–36 is not

a general inhibitor of cellular activation since we failed

to show significant effects of CD3/CD28-stimulated IL-

2 receptor expression or proliferation in T-cells which

lack TLR4 and CD14 receptors.

The antagonistic effects of C-36 peptide in the pres-

ence of LPS with regard to the stimulation of TNF! and

IL-1", but not IL-8 and the apparent independence of

CD14 for both LPS- andC-36-stimulated IL-8 responses

are intriguing and require further investigation. It is pos-

sible that C-36 is revealing subtle differences in LPS sig-

naling of TNF! and IL-8 that have yet to be fully appre-

ciated. With regard to the potentially anti-inflammatory

effects of C-36 peptide on human monocytes in the con-

text of an LPS response, it is interesting to note that

cleaved forms of antithrombin also demonstrate potent

antiangiogenic and antitumor activity in mouse models

(O’Reilly, Pirie-Shepherd, Lane, & Folkman, 1999). It is

also of note that C-36 peptide may complement the pre-
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viously reported anti-inflammatory effects of native and

polymerized forms of AAT (Janciauskiene et al., 2004;

Janciauskiene, Zelvyte et al., 2004).

In addition to effects on monocytes we have

previously reported pro-inflammatory effects of C-

36 in human neutrophils including stimulation of

adhesion, chemotaxis, superoxide and degranulation

(Janciauskiene et al., 2004; Janciauskiene, Zelvyte et al.,

2004). The mechanisms underlying the effects of C-36

onneutrophils also remain to be elucidated butmaydiffer

from monocytes since the pattern of stimulated biologi-

cal activity in neutrophils differs to what is observed in

these cells exposed to LPS.

To summarize, the effects of C-36 in vivo are likely

to be complex. Although the molecule expresses pro-

inflammatory activity per se, it also antagonizes the

effects of LPS. Interaction of LPS with a receptor com-

plex on monocytes/macrophages causes the sequential

activation of multiply signaling pathways and transcrip-

tion factors, resulting in gene transcription. This leads

to the orchestrated production of both pro- and anti-

inflammatory mediators and mediates endotoxin degra-

dation and clearance (Jiang, Akashi, Miyake, & Petty,

2000). Thus, under conditions where there is extensive

breakdownofAAT there appears to be some reserve anti-

inflammatory activity available in the degradedmolecule

in the form of C-36. On the other hand the hydropho-

bic nature of the peptide may result in aggregate and/or

amyloid formation amplifying the cytotoxic effects of

the peptide.

Thus, our findings that AAT regulates LPS-induced

monocyte activation in vitro, further support the notion

that AAT is a multifunctional protein and provide a basis

for exploring as yet un-investigated anti-inflammatory

properties of AAT in vitro and in vivo.
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Abstract

Endothelial cells are among the main physiological targets of the pro-inflammatory cytokine tumor necrosis factor-! (TNF-!).

In endothelial cells TNF-! elicits a broad spectrum of biological effects including differentiation, proliferation and apoptosis. !1-

antitrypsin (AAT), an endogenous inhibitor of serine proteases plays a vital role in protecting host tissue from proteolytic injury at

sites of inflammation. Recently, it has been shown that AAT can be internalized by pulmonary endothelial cells, raising speculation

that it may modulate endothelial cell function in addition to suppressing protease activity. Using Affymetrix microarray technology,

real time PCR and ELISA methods we have investigated the effects of AAT on un-stimulated and TNF-! stimulated human primary

lung microvascular endothelial cell gene expression and protein secretion. We find that AAT and TNF-! generally induced expression

of distinct gene families with AAT exhibiting little activity in terms of inflammatory gene expression. Approximately 25% of genes

up regulated by TNF-! were inhibited by co-administration of AAT including TNF-!-induced self expression. Surprisingly, the

effects of AAT on TNF-!-induced self expression was inhibited equally well by oxidized AAT, a modified form of AAT, which

lacks serine protease inhibitor activity. Overall, the pattern of gene expression regulated by native and oxidized AAT was similar

with neither inducing pro-inflammatory gene expression. These findings suggest that inhibitory effects of native and oxidized forms

of AAT on TNF-! stimulated gene expression may play an important role in limiting the uncontrolled endothelial cell activation

and vascular injury in inflammatory disease.
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1. Introduction

The pulmonary vascular endothelial cells play a

crucial role in the regulation of the pulmonary vascular

tone and in the maintenance of the barrier function

and integrity of the alveolar-capillary membrane. It

also plays a major role in coagulation, fibrinolysis, and

angiogenesis and participates in inflammatory reactions.

Impairment of endothelial function, however, may play

a crucial role in the initiation and progression of a

1357-2725/$ – see front matter © 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.biocel.2007.07.016
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number of chronic inflammatory disorders including

chronic obstructive pulmonary disease (COPD) (Cella

et al., 2001; Cines et al., 1998; Karoli, Rebrov, &

Iudakova, 2004). Endothelial cell abnormalities and

a progressive loss of pulmonary vascular endothelial

cells have been observed in COPD patients (Chow,

1993; Peinado et al., 1998), and in an animal model,

endothelial cell apoptosis appears to contribute to the

development of emphysema (Tuder et al., 2003).

Activation of the endothelium at sites of inflam-

mation allows macrophages and neutrophils to attach

and then pass through the vascular wall. Tissue leuko-

cytes may then release cytokines, including TNF-!,

and other factors that propagate the inflammatory

process often leading to bouts of chronic inflam-

mation. The extensive alteration in endothelial gene

expression in response to TNF-! is well described

(Murakami et al., 2000) with induction of genes favour-

ing the inflammatory response and vascular injury.

For example, TNF-! induces the expression of adhe-

sion molecules (ICAM-1, E-selectin and VCAM-1)

(Haraldsen, Kvale, Lien, Farstad, & Brandtzaeg, 1996),

metalloproteinases, chemokines and cytokines (IL-8,

MCP-1, MIP-2) (Sana, Janatpour, Sathe, McEvoy, &

McClanahan, 2005). In addition to promoting the inflam-

matory response, TNF-! may play an important role

in vascular injury. Thus, by enhancing the generation

of reactive oxygen species by leukocytes (Takahashi et

al., 2007) and depleting glutathione, a cellular antiox-

idant (Glosli et al., 2002; Witkamp & Monshouwer,

2000) TNF-! may promote the endothelial cell injury

and apoptosis (Marcho, White, Higgins, & Tsan,

1991).

In this study, we have examined the role of

!1-antitrypsin (AAT) in regulating TNF-! induced

endothelial cell activation. AAT is an acute phase protein

and a major inhibitor of neutrophil elastase and pro-

teinase 3 (Travis, Shieh, & Potempa, 1988). As such

AAT is thought to play a role in limiting host tissue

injury by proteases at sites of inflammation. The clin-

ical importance of AAT is highlighted by an increased

risk of developing COPD in individuals with inher-

ited AAT deficiency (Stoller & Aboussouan, 2005).

The severe Z AAT deficiency results from point muta-

tion that distort the structure of the protein to allow

a protein–protein interaction, polymerisation and loss

of inhibitory activity (Potempa, Korzus, & Travis,

1994).

There is now increasing evidence, however, that

AAT may exhibit biological activities independent of

its serine protease inhibitor function. AAT has been

reported to inhibit neutrophil superoxide production

(Bucurenci, Blake, & Chidwick, 1992), induce the

release of macrophage-derived interleukin-1 receptor

antagonist (Tilg, Vannier, Vachino, Dinarello, & Mier,

1993), inhibit active caspase-3 and apoptosis (Petrache

et al., 2006), and inhibit lipopolysaccharide (LPS)-

stimulated TNF-! release and expression in human

monocytes in vitro (Janciauskiene & Larsson, 2004).

In vivo, AAT has been shown to protect against TNF-

! or endotoxin-induced lethality (Libert, Van Molle,

Brouckaert, & Fiers, 1996). Churg et al. (2004) and

Churg, Wang, and Xie (2003) have demonstrated that

mice exposed to cigarette smoke and treated with

AAT are protected against the development of emphy-

sema and against smoke induced increase in serum

TNF-!.

Interestingly, some of the novel bioactivities of

AAT are shared by its modified forms that lack pro-

tease inhibitor activity. Thus, conformationally modified

(oxidized, complexed and polymerised) and degraded

forms of AAT demonstrate specific biological effects

in vitro and in vivo and highlight the potentially

broader modulatory role of AAT in inflammatory disease

(Ikebe et al., 2000; Janciauskiene, Zelvyte, Jansson, &

Stevens, 2004; Scott, Russell, Nixon, Dawes, & Mattey,

1999).

Oxidized AAT is a modified form of AAT found in

inflammatory exudates at levels of about 5–10% that

of total AAT (Ueda, Mashiba, & Uchida, 2002; Wong

& Travis, 1980). Evidence that AAT undergoes oxida-

tive modifications in vivo come from the discovery that

AAT purified from inflammatory synovial fluid contains

methionine sulfoxide residues and is inactive as a ser-

ine protease inhibitor (Maier, Leuschel, & Costabel,

1992; Zhang, Farrell, Blake, Chidwick, & Winyard,

1993). Oxidative inactivation of AAT in association

with enhanced neutrophil mediated tissue proteolysis

has been implicated in the pathogenesis of pulmonary

emphysema (Hubbard et al., 1987). In addition, oxida-

tive inactivation can enhance the susceptibility of AAT

to proteolytic attack, particularly by neutrophil elastase

(Scott, Russell, Nixon, Dawes, & Mattey, 1999). Thus it

is suggested that oxidation and proteolytic processes in

some cases may work synergistically to promote inflam-

mation. Although oxidized AAT is believed to play a

pro-inflammatory role at sites of inflammation, it cannot

be excluded that this modified form of the protein may

also express other biological activities that are related to

inflammation.

Together, these observations lead us to ask the ques-

tion whether AAT can protect lung endothelial cells

against TNF-! induced activation and whether these

effects are related to its protease inhibitory activity.
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2. Materials and methods

2.1. Native α1-antitrypsin (AAT)

Purified human AAT was obtained from the Depart-

ment of Clinical Chemistry, Malmö University Hospital,

Sweden and Calbiochem (USA). The purity of AAT

preparations was greater than 97% as determined by

chromatography and electrophoresis methods. AAT

activity was measured as residual porcine pancreatic

elastase activity employing 1 mM N-succinyl-(ala)3-

p-nitroanilide as a chromogenic substrate (Travis &

Johnson, 1981). AAT inhibitory activity was ≥75%.

Native AAT was diluted in phosphate buffered saline

(PBS), pH 7.4. To ensure the removal of endotoxins,

AAT was decontaminated using Detoxi-Gel Affini-

tyPak columns according to instructions from the

manufacturer (Pierce, IL, USA). Purified batches of

AAT were then tested for endotoxin contamination

with the limulus amebocyte lysate endochrome kit

(Charles River Endosafe, USA). Endotoxin levels were

less than 0.1 enzyme units/mg protein in prepara-

tions used. The protein concentrations of the prepared

AAT in the endotoxin-purified batches were deter-

mined according to the Bradford method (Bradford,

1976).

2.2. Oxidized α1-antitrypsin (AAT)

Native AAT was oxidized with N-chlorosuccinimide

(Sigma Chemical Co., St. Louis, MO). Briefly, reac-

tion between AAT and N-chlorosuccinimide in a molar

ratio 1:25 in a 0.1 M Tris–HCl buffer, pH 8.0 was

allowed to proceed at room temperature for 30 min, and

oxidized AAT was recovered after passing the reac-

tion mixture through a centrifugal micro concentrator

Centricon-30 (Amicon). The quality of oxidized AAT

was analysed by 7.5% SDS-PAGE. The oxidized AAT

was also tested for capacity to form covalent com-

plex with pancreatic elastase (EC 3.4.21.36) (Sigma).

Samples of oxidized AAT or native AAT were incu-

bated with pancreatic elastase at a 1.2:1 molar ratio for

30 min at room temperature. Reaction was stopped by

adding SDS sample buffer, and mixtures were analysed

by 7.5% SDS-PAGE and stained with Coomassie Blue

(Fig. 1).

2.3. TNF-α

Human recombinant tumor necrosis factor-! (TNF-

!) was purchased from Sigma–Aldrich, USA, and

reconstituted in sterile 0.9% NaCl.

Fig. 1. 7.5% SDS-PAGE analysis of native, oxidized, and elastase-

complexed forms of AAT. Lanes: 1—molecular size markers;

2—native AAT; 3—native AAT + elastase; 4—oxidized AAT;

5—oxidized AAT + elastase.

2.4. Endothelial cell culture

Human microvascular endothelial cells derived from

lung (HMVEC-L) (Clonetics, USA) were grown in the

EGM2-MV medium supplemented with 5% fetal bovine

serum (Clonetics) at 37 ◦C in a 5% CO2 humidified air

incubator. Experiments were performed between pas-

sages 3 and 6 at 80% confluence.

2.5. Endothelial cell treatment

Cells were used at 80% confluence, after culture in

NuncloneTM Delta Surface 80 cm2 flasks (Nunc A/S,

Roskilde, Denmark). Immediately prior to experiments,

cell-culture medium was changed to serum-free medium

and the cells were stimulated with TNF-! (25 ng/ml),

AAT (0.5 mg/ml), oxidized AAT (0.5 mg/ml), TNF-

!/AAT, TNF-!/oxidized AAT combinations, or buffered

saline (PBS) control for 18 h at 37 ◦C in a 5% CO2

humidified air incubator. Experiments were performed

in triplicates.

2.6. RNA preparation and gene expression profiling

by Affymetrix GeneChip® microarrays

Total RNA from three replicate cell culture exper-

iments was prepared using TRIZOL® (GibcoBRL

Invitrogen, Sweden). RNeasy® Mini Kit (VWR Inter-

national, Sweden) was used to further purify the isolated

RNA. Prior to cDNA synthesis the integrity of the RNA

was confirmed by visualisation of two ribosomal RNA

bands on 1% agarose gels. The RNA concentration was

determined spectrophotometrically.
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Ten micrograms of total RNA from each sam-

ple was used to generate cDNA according to the

Affymetrix GeneChip Expression Analysis Technical

Manual (Affymetrix, CA, USA). Briefly, double-

stranded cDNA was synthesised (GibcoBRL Invitrogen)

and then used in an in vitro transcription reaction in

the presence of biotinylated nucleotides using Enzo

BioArrayTM HighYieldTM RNA Transcript Labelling

Kit (Enzo Life Sciences, Inc., USA). Eighteen micro-

grams of cRNA was fragmented and an aliquot analysed

on an agarose gel to check the size distribution. Fifteen

micrograms were then hybridised to Affymetrix Human

Genome U133A high-density oligonucleotide arrays,

containing approximately 22,000 probe sets. Hybridisa-

tion, staining and washing of the arrays were performed

according to the protocol provided by Affymetrix.

2.7. Microarray data analysis

Probe level expression values and Present calls for

each array were calculated using the Affymetrix GCOS

software. The resulting expression signals were aver-

aged and then used to calculate fold changes between

basal and experimental conditions. Samroc, a modified

t-test (Broberg, 2003), was used to assess the signifi-

cance of differential expression and calculate p-values

for the different group comparisons. Present rate for a

probe set was defined as the fraction of samples where

its detection call was “present”. Unless indicated other-

wise, only genes showing samroc p-value <0.01, present

rate >0.2 and a minimum of a twofold change were con-

sidered as up or down regulated. For analyses of effects

of AAT on TNF-! induced gene expression however, the

criteria were relaxed. By using the standard cut-off’s we

found only 4 genes (TNF-!, TNF-! induced protein 2,

podocalyxin-like precursor and leukocyte specific tran-

script 1) that were down regulated in the presence of

AAT. Since the magnitude of effects of AAT are subtle

compared to TNF-!, we relaxed the criteria to samroc

p-value <0.05 and present rate >0.2, with no fold change

limitation. The Spotfire® DecisionSiteTM (Spotfire Inc.,

Sweden) software was used for data visualisation and

analysis. The Simca (Umetrics AB, Sweden) software

was used for multivariate analysis (Principle Component

Analysis, PCA) of the expression data.

Functional categorization of groups of genes which

were either up regulated or suppressed was performed

using the GOstat software, designed for finding statisti-

cally over represented Gene Ontology terms within sets

of genes (Beissbarth & Speed, 2004). Significant GO

biological processes were defined by GOstat p-value

cut-off of 0.01.

2.8. Quantitative real-time RT-PCR analysis

Five micrograms of total RNA was treated with

DNase 1 according to the DNA-freeTM protocol

(Ambion, USA) and cDNA subsequently synthesised

from three micrograms of RNA with the High-

Capacity cDNA Archive Kit (Applied Biosystems,

USA). Real-time PCR was performed on cDNA cor-

responding to 25 ng of total RNA in a 7900HT Fast

Real-Time PCR System (Applied Biosystems) in a

total volume of 25 "m. Samples were diluted 500

times for 18S rRNA analysis. IL-8 and 18S rRNA

transcript levels were analysed using the SYBR®

GREEN PCR Master Mix (Applied Biosystems) with

primers; IL-8 F: CGGAAGGAACCATTCTCACTG,

IL-8 R: GGAAGGCTGCCAAGAGAGC, 18S rRNA

F: CGGCTACCACATCCAAGGAA and 18S rRNA

R:GCTGGAATTACCGCGGCT. Melting curve analy-

sis was performed on the 7900HT instrument after each

run, to make sure that the signal was generated by one

PCR product only. Taqman® Gene Expression Assays

Hs00174128 m1 and Hs00234140 m1 were used to

quantify TNF-! and MCP-1 mRNA levels according

to the standard protocol (Applied Biosystems). Fold

expression values were calculated versus the sample with

the lowest levels of each transcript using the ""Ct-

method after normalisation to the internal control 18S

rRNA.

2.9. Cytokine analysis by ELISA

Cell culture supernatants from non-treated endothe-

lial cells and cells treated with TNF-!, native AAT,

oxidized AAT, AAT/TNF-! or oxidized AAT/TNF-

! combinations were analysed to determine levels

of TNF-!, IL-8, MCP-1 using quantitative enzyme

linked immuno-sorbent assay (ELISA) (R&D Systems,

Minneapolis, USA) according to manufacturer’s instruc-

tions. The duplicate readings for each standard, control

and sample were averaged and the optical density of

the average zero standard was subtracted. The t-test

assuming equal variances was used for the statistical

calculations.

3. Results

3.1. Changes in endothelial cell gene expression in

response to TNF-α, native AAT, oxidized AAT and

native AAT/TNF-α combination

Primary human lung microvascular endothelial cells

(HMVEC-L) were treated with TNF-!, native AAT,
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Table 1

Total number of genes differentially expressed by treatment with native

or oxidized AAT and TNF-!. Corresponding numbers of probe sets are

shown in parentheses

Treatment

vs. Control

Up regulated

genes

Down regulated

genes

Differentially

expressed genes

TNF-! 223 (289) 112 (130) 335 (419)

Native AAT 134 (171) 105 (119) 239 (290)

Oxidized AAT 59 (85) 16 (17) 75 (102)

TNF-! + AAT 408 (542) 322 (369) 730 (911)

native AAT/TNF-! in combination and oxidized AAT

for 18 h. PBS treated cells were used as negative con-

trols. All treatments (n = 5) were performed in triplicate

resulting in 15 microarray experiments. The arrays were

of good quality as determined by visual inspection of

the array images, scaling factors after the normalisa-

tion, GAPDH 3′/5′ ratios and the number of present

calls. A principal component analysis revealed that the

differences between the treatments were much greater

than within-condition variability (data not shown). Thus,

most of the variability in the data was related to the treat-

ments. Differential gene expression in treated cells was

determined using a cut-off of 2 in absolute fold change,

present rate >0.2 and samroc p-value <0.01. Using

these criteria, a total of 1722 probe sets (1379 genes)

showed differential gene expression following incuba-

tion with TNF-!, native or oxidized AAT and native

AAT/TNF-! combination, compared to basal control

(Table 1).

3.2. Effects of native and oxidized AAT on

endothelial cell gene expression

A total of 134 genes were up regulated and 105

genes down regulated in cells challenged with native

AAT compared to controls. By contrast, oxidized

AAT modulated a much smaller number of genes (59

genes were up regulated and 16 genes down regu-

lated compared to the controls) (Table 1). The genes

most significantly induced by AAT were those associ-

ated with metabolism, biosynthesis and transport while

oxidized AAT up regulated genes associated with pro-

tein binding, cell adhesion and metabolism (Fig. 2).

Specific genes up regulated by native AAT included

plasminogen activator inhibitor type 1, member 2 (SER-

PINE2), the kruppel-like factor 4 (KLF4), low density

lipoprotein receptor (LDLR), very low density lipopro-

tein receptor (VLDLR) and low-density lipoprotein

related protein 16 (LRP16). The genes most strongly

up regulated by oxidized AAT included low-density

lipoprotein receptor (LDLR), E selectin precursor and

angiopoietin 2.

Interestingly, both native and oxidized AAT down

regulated genes associated with regulation of cell cycle

and mitosis. Using the cut-off criteria (samroc p-value

<0.01, present rate >0.2) we found no genes that were

oppositely regulated by native and oxidized AAT. How-

ever, as illustrated in Fig. 3, the magnitude of changes

in specific gene expression tended to be greater with

native than oxidized AAT. Genes modulated by both

AAT and (to a lesser extent) by oxidized AAT included

vascular endothelial growth factor (VEGF), kruppel-like

factor 4 (KLF4), p65-interacting inhibitor of NF-#B,

stanniocalcin 2, TNF related apoptosis inducing ligand

(TRAIL), and connexin 37. The absence of inflamma-

tory gene induction by AAT and oxidized AAT was very

apparent.

3.3. Effects of AAT on TNF-α induced gene

expression in endothelial cells

Treatment of endothelial cells with TNF-! resulted in

the up regulation 223 genes and down regulation of 112

genes. Of these, TNF-! induced expression of its own

gene and several others including the well-characterised

genes coding for adhesion molecules (ICAM-1 and

VCAM-1), chemokines (MCP-1, MCP-2, IL-8) and the

redox enzyme SOD-2.

Endothelial cells incubated with AAT showed a dif-

ferent profile of gene expression compared to TNF-!

with a clear absence of inflammatory gene expres-

sion. Where the same genes were modulated by both

AAT and TNF-!, the effects were generally dia-

metric. Only in rare cases the effects of TNF-!

and AAT on the gene expression were quantitatively

complimentary (e.g., glucocorticoid receptor, NR3C1).

Interestingly co-administration of AAT with TNF-!

modulated the expression of approximately 25%

(720) of the 2233 genes induced by TNF-! alone

(Fig. 4).

Genes that were ordinarily up regulated by TNF-!

but down regulated by the co-administration of AAT

included leukocyte specific transcript 1, lymphotoxin

beta, TNF receptor-associated factor 1 (TRAF1), TNF

activation inhibitor (TNFAIP2), plasminogen activator

inhibitor 2 (SERPINB2) and monocyte chemotactic

protein 2 (CCL8) (Table 2). Most importantly per-

haps, AAT inhibited TNF-! induced TNF-! gene

expression. Interestingly, a small number of genes

down regulated by TNF-! were induced by the co

presence of AAT. These included the retinoic acid

receptor alpha (RAR!), aldo–keto reductase family
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Fig. 2. Highly over-represented GO processes for genes up and down regulated by native (A1, A2) and oxidized AAT (B1, B2) relative to control.

Highly over represented biological processes based on GO annotation for genes with increased or decreased expression levels in endothelial cells

treated with native (A1, A2) or oxidized AAT (B1, B2) for 18 h as compared to controls. Numbers in the brackets indicate number of genes and

p-value obtained from GOSTAT for overrepresented genes.

1, member C3 (AKR1C3) and transketolase (TKT)

(Table 3).

3.3.1. Verification of genes affected by the TNF-α

and TNF-α/AAT treatments by quantitative real-time

RT-PCR and ELISA

The effects of TNF-! and AAT on endothelial gene

expression for a number of genes were confirmed

by quantitative real-time RT-PCR. Endothelial cells

exposed to TNF-! resulted in an increased expression

of the TNF-! gene and chemokine genes including IL-8

and monocyte chemotactic protein 1 (MCP-1). In agree-

ment with microarray data, RT-PCR results showed that

exposure of cells to a combination of TNF-! and native

AAT dramatically inhibited induction of the TNF-! gene

(Fig. 5). RT-PCR results also confirmed the failure of

native AAT to inhibit TNF-! induced expression of IL-8

and MCP-1. Using ELISA methods we also found that

simultaneous exposure of cells to TNF-! and native AAT

for 18 h resulted in inhibition of TNF-! protein release

(p < 0.001) but had no effect on IL-8 and MCP-1 levels.

AAT alone showed no effects on basal cytokine release

compared to controls (Fig. 6).

3.3.2. Effects of oxidized AAT on TNF-α induced

selected gene expression in endothelial cells

We next studied the effect of oxidized AAT on TNF-!

induced TNF-!, IL-8 and MCP-1 expression and protein

release. Data from RT-PCR and ELISA analysis showed

that oxidized AAT inhibited TNF-! stimulated TNF!

gene expression (54.1%) and protein release (84.4%) in

a manner similar to native AAT (Fig. 6). Of note, and

in contrast to the native AAT, oxidized AAT inhibited

TNF!-induced IL-8 and MCP-1 expression and release

(MCP-1: 41.3% and IL-8: 71.6% reduced by RT-PCR

and MCP-1: 19.3% and IL-8: 26% reduced by ELISA)

(Fig. 7).

4. Discussion

Previous studies have shown that TNF-! induces a

robust alteration in endothelial gene expression (Magder,

Neculcea, Neculcea, & Sladek, 2006; Sana et al., 2005).

In accordance with these studies our data on TNF-! stim-

ulated human lung endothelial cell gene expression show

induction of a complex array of genes favouring inflam-

matory and immune responses. These include genes
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Fig. 3. Genes with greatest difference in expression values between native and oxidized AAT. Highly significant genes up regulated (A) or down

regulated (B) by AAT. X-axis show fold changes in gene expression values of native or oxidized AAT vs. controls.

regulating vascular adhesion molecule, chemokines and

cytokines, redox enzymes, toll like receptors, apopto-

sis and colony stimulating factors. In addition we have

found the induction of genes coding for death receptors

which are members of the TNF!-receptor superfamily

with a predominant role in the induction of apopto-

sis (Schulze-Osthoff, Ferrari, Los, Wesselborg, & Peter,

1998) including TNF-! receptor-associated factor 1, and

TNF-!-induced protein 1, 2 and 3.

Auto induction of TNF-! has been reported in a

variety of cells (Bader & Nettesheim, 1996; Spriggs et

al., 1990), and we also show that TNF-! induces the

expression of its own gene (fold change 10.4). In several

inflammatory and immune disorders, over-expression of

the early response cytokine TNF-! has been shown to

play a pivotal role in the induction and progression of

the disease (Lukacs & Ward, 1996). Experimental ani-

mal models show that TNF-! over-expression induces

the pathological changes similar to emphysema and

pulmonary fibrosis including airspace enlargement and

increased synthesis of cavity volume (Lundblad et al.,

2005). Thus, suppression of TNF-! represents a logical

therapeutic approach for treating pulmonary disease and

therefore this cytokine has been identified as a key tar-

get for pharmacological manipulation (Ye, Wang, Zhang,

Tantishaiyakul, & Rojanasakul, 2003).

Prompted by the observation that AAT, a protein that

plays a key role in protecting the lung from inflam-

matory injury, specifically associates with the vascular

endothelium (Aldonyte, Jansson, Ljungberg, Larsson,

& Janciauskiene, 2004; Forsyth, Talbot, & Beckman,

1994), we have evaluated the effects of AAT, either
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Table 2

Native AAT inhibits TNF-! induced genes

Probe set Gene description TNF-! TNF-! + AAT

211582 x at Leukocyte specific transcript 1 21.90a 0.48b

207339 s at Tumor necrosis factor C 17.55 0.56

207113 s at Lymphotoxin alpha (TNF superfamily, member 1) 10.40 0.25

214038 at Monocyte chemoattractant protein 2 7.75 0.64

202509 s at Tumor necrosis factor, alpha-induced protein 2 7.43 0.40

205599 at TNF receptor-associated factor 1 6.53 0.65

220116 at Small conductance calcium-activated potassium channel protein 2 isoforom a 5.83 0.63

209619 at HLA-DR-gamma 5.30 0.63

204932 at Osteoclastogenesis inhibitory factor 5.01 0.65

201578 at Podocalyxin-like precursor 4.16 0.41

203236 s at Galectin 9 long isoform 3.81 0.65

204614 at Plasminogen activator inhibitor, type II 2.77 0.60

218746 at TAP binding protein related 2.72 0.57

218541 s at Chromosome 8 open reading frame 4 2.62 0.62

201860 s at Plasminogen activator, tissue type 2.55 0.66

203828 s at Natural killer cell transcript 4 2.50 0.63

215600 x at Homo sapiens cDNA FLJ12112 fis, clone MAMMA1000043. 2.22 0.66

212895 s at Active breakpoint cluster region-related protein isoform a 2.06 0.57

202075 s at Lipid transfer protein II 2.02 0.50

219490 s at DNA cross-link repair 1B (PSO2 homolog, S. cerevisiae) 2.00 0.64

214529 at Thyroid stimulating hormone, beta 1.98 0.61

208486 at Dopamine receptor D5; dopamine receptor D1B 1.95 0.65

218248 at FLJ22794 protein 1.91 0.62

209423 s at Hepatocellular carcinoma-associated antigen 58 1.89 0.60

205576 at Heparin cofactor II 1.84 0.44

211126 s at Cysteine and glycine-rich protein 2 1.79 0.30

217016 x at Homo sapiens cDNA: FLJ23172 fis, clone LNG10005 1.73 0.65

209607 x at Sulfotransferase family, cytosolic, 1A, phenol-preferring, member 2 1.73 0.51

216882 s at Nebulette; actin-binding Z-disk protein 1.71 0.55

202796 at Synaptopodin 1.71 0.63

209583 s at OX-2 membrane glycoprotein precursor; MRC OX-2 antigen 1.70 0.66

222046 at Human ORFX ORF2543 polypeptide sequence SEQ ID NO:5086 1.69 0.65

211564 s at Solute carrier family 22 member 4 1.68 0.63

219535 at Hormonally upregulated Neu-associated kinase 1.66 0.55

222221 x at EH-domain containing 1 1.65 0.59

200660 at S100 calcium binding protein A11 (calgizzarin) 1.64 0.64

215909 x at Misshapen/NIK-related kinase isoform 3 1.63 0.66

202445 s at Notch 2 preproprotein 1.59 0.57

212127 at Ran GTPase activating protein 1 1.59 0.66

212109 at Chromosome 16 open reading frame 34 1.57 0.51

218681 s at Stromal cell-derived factor 2-like 1 1.56 0.51

204943 at A disintegrin and metalloprotease domain 12 isoform 1 preproprotein 1.56 0.56

219189 at F-box and leucine-rich repeat protein 6 isoform 1 1.56 0.65

208112 x at EH-domain containing 1 1.56 0.64

201562 s at Sorbitol dehydrogenase 1.55 0.61

210580 x at Sulfotransferase family, cytosolic, 1A, phenol-preferring, member 3 1.53 0.54

52651 at Collagen, type VIII, alpha 2 1.53 0.60

209785 s at Phospholipase A2, group IVC (cytosolic, calcium-independent 1.52 0.56

a Fold changes in gene expression TNF! vs. control.
b Fold changes in gene expression TNF! + AAT vs. TNF-!.

alone or in combination with TNF-!, on human lung

microvascular endothelial cell gene expression. We

found that TNF-! and AAT induced very distinct and

generally non-overlapping sets of genes. In particular

was the absence of pro-inflammatory gene induction by

AAT in contrast to TNF!. Rather, AAT alone specifi-

cally induced genes associated with metabolism, tumor

suppression including Kruppel-like factor 4 (KLF4),

TNF-related apoptosis inducing ligand (TRAIL) and

angiopoietin and lipid metabolism including low den-
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Table 3

Native AAT induces TNF-! down regulated genes

Probe set Gene description TNF-! TNF-! + AAT

202747 s at Integral membrane protein 2A 0.12a 2.61b

200951 s at Cyclin D2 0.20 3.83

208937 s at Inhibitor of DNA binding 1 isoform a 0.23 1.64

212192 at Potassium channel tetramerisation domain containing 12 0.30 1.64

202286 s at Tumor-associated calcium signal transducer 2 precursor 0.31 1.96

203749 s at Retinoic acid receptor, alpha 0.33 1.88

213750 at Homo sapiens full length insert cDNA YH77E09 0.37 2.71

218676 s at Phosphatidylcholine transfer protein 0.37 4.84

202730 s at Programmed cell death 4 isoform 2 0.37 2.32

219073 s at Oxysterol-binding protein-like protein 10 0.38 1.96

215111 s at Transforming growth factor beta-stimulated protein TSC-22 isoform 2 0.40 1.55

203680 at Protein kinase, cAMP-dependent, regulatory, type II, beta 0.40 1.91

209160 at Aldo–keto reductase family 1, member C3 0.42 1.75

203787 at Single-stranded DNA binding protein 2 0.42 2.24

201120 s at Progesterone receptor membrane component 1 0.42 2.33

209676 at Tissue factor pathway inhibitor 0.43 1.53

209357 at Cbp/p300-interacting transactivator, with Glu/Asp-rich carboxy-terminal domain, 2 0.44 2.21

201694 s at Nerve growth factor-induced protein A 0.45 1.71

202214 s at Cullin 4B 0.46 2.07

209732 at C-type lectin, superfamily member 2 0.46 1.57

214500 at H2A histone family, member Y isoform 1 0.46 1.59

202133 at Transcriptional co-activator with PDZ-binding motif (TAZ) 0.47 1.64

219147 s at Hypothetical protein FLJ20559 0.47 1.52

214505 s at Four and a half LIM domains 1 0.47 1.73

212774 at Zinc finger protein 238 0.48 1.58

211952 at Karyopherin beta 3 0.48 1.73

209990 s at G protein-coupled receptor 51 0.48 2.05

220058 at Hypothetical protein MGC3048 0.49 3.27

209822 s at Very low density lipoprotein receptor 0.49 3.83

207980 s at Cbp/p300-interacting transactivator, with Glu/Asp-rich carboxy-terminal domain, 2 0.50 1.91

202887 s at RTP801 0.50 4.35

209759 s at Dodecenoyl-Coenzyme A delta isomerase 0.51 1.95

45288 at Homo sapiens cDNA FLJ31266 fis, clone KIDNE2006039. 0.51 1.74

201161 s at Cold shock domain protein A 0.51 1.98

55065 at MAP/microtubule affinity-regulating kinase 4 0.52 1.81

200647 x at Eukaryotic translation initiation factor 3, subunit 8, 110kDa 0.55 1.66

211675 s at HIC protein isoform p32 0.55 1.51

221931 s at Sec13-like protein; nucleoporin Seh1 0.56 1.80

213258 at Tissue factor pathway inhibitor 0.56 1.90

218205 s at MAP kinase-interacting serine/threonine kinase 2 0.57 1.57

209481 at SNF-1 related kinase 0.57 1.52

203538 at Calcium modulating ligand 0.57 1.95

202116 at D4, zinc and double PHD fingers family 2 0.58 1.50

209290 s at Nuclear factor I/B 0.58 1.56

200726 at Protein phosphatase 1, catalytic subunit, gamma isoform 0.58 1.66

209565 at Zinc finger protein 183 (RING finger, C3HC4 type) 0.59 1.52

208700 s at Transketolase 0.60 1.55

218769 s at Ankyrin repeat, family A (RFXANK-like), 2 0.60 1.62

208113 x at Poly(A) binding protein, cytoplasmic 3 0.60 1.90

203575 at Casein kinase 2, alpha prime polypeptide 0.60 1.66

201849 at BCL2/adenovirus E1B 19kD-interacting protein 3 0.60 1.90

205022 s at Checkpoint suppressor 1 0.60 1.51

203356 at Calpain 7; calpain like protease; homolog of Aspergillus nidulans PALB 0.60 1.56

203132 at Retinoblastoma 1 0.61 1.69

215230 x at Eukaryotic translation initiation factor 3, subunit 8, 110kDa 0.61 1.55

218625 at Neuritin precursor 0.62 1.52

209187 at Down-regulator of transcription 1 0.62 1.64

209576 at Adenylate cyclase-inhibiting G alpha protein 0.62 1.72



D. Subramaniyam et al. / The International Journal of Biochemistry & Cell Biology 40 (2008) 258–271 267

Table 3 (Continued )

Probe set Gene description TNF-! TNF-! + AAT

201738 at Translation factor sui1 homolog 0.63 2.27

218352 at Regulator of chromosome condensation (RCC1) and BTB (POZ) domain containing protein 1 0.64 1.59

201300 s at Prion protein preproprotein 0.65 2.39

215997 s at Cullin 4B 0.65 1.71

211937 at Eukaryotic translation initiation factor 4B 0.65 1.63

220112 at Hypothetical protein FLJ11795 0.66 2.50

213086 s at Casein kinase 1, alpha 1 0.66 1.89

a Fold changes in gene expression TNF! vs. control.
b Fold changes in gene expression TNF! + AAT vs. TNF-!.

sity lipoprotein receptor, very low density lipoprotein

receptor and low-density lipoprotein related protein 16.

Interestingly, in combination with TNF-!, however,

AAT markedly suppressed the TNF-! mediated induc-

tion of pro-inflammatory gene expression. Specifically,

Fig. 4. (A and B) A quarter of TNF-! regulated genes are further

modulated by AAT. Scatter plots of ratios of mean expression data:

TNF-! + AAT vs. TNF-! (x-axis), TNF-! vs. control (y-axis). Note the

units in each axes are different. (A) 2259 genes (2842 probe sets) with

p-value <0.05 for the TNF-!/control comparison and present rate >0.2.

(B) 629 genes (720 probe sets) with p-values for both comparisons

<0.05 and present rate >0.2. Selected probe sets most significantly

regulated in the TNF-! + AAT vs. TNF-! comparison are annotated

with gene symbols.

AAT inhibited TNF-! auto induction of its own gene and

reduced the secretion of TNF-! protein. This suggests

that AAT may not only modulate TNF-! by inhibiting

its synthesis in response to exogenous stimuli (e.g., bac-

terial LPS) (Janciauskiene et al., 2004b) but may also

inhibit the cyclic release of TNF-! mediated by the

auto-induction.

In contrast to the suppressive effect of AAT on TNF-!

gene expression, stimulation of glucocorticoid recep-

tor (GR) gene expression was observed. Furthermore,

the presence of AAT reversed the repressor effect of

TNF-! on the retinoic acid receptor ! (RAR!) expres-

sion. These findings indicate that AAT may not only

contribute to the resolution of inflammatory responses

by exerting anti-inflammatory activity through inhibi-

tion of cytokine release and increasing glucocorticoid

receptor expression, but also by promoting tissue repair

through mechanisms involving the RAR!.

Oxidative inactivation of AAT, with loss of serine

protease inhibitory activity has been proposed as a mech-

anism invoked in the pathogenesis of COPD (Mohsenin,

1991). AAT has a methionine at position P1 in the

reactive site centre, which determines the specificity

of inhibition and thereby biological activity of AAT.

Methionine, the most readily oxidized amino acid of

proteins, may be converted to methionine sulfoxide by

oxidants liberated by leukocytes during the inflamma-

tory response, (Vogt, 1995). The oxidation of methionine

in AAT at sites of inflammation renders the molecule

ineffective as an serine protease inhibitor resulting in

the enhanced proteolytic destruction of lung tissues

(Hubbard et al., 1987).

The oxidized AAT has been proposed to exert biolog-

ical activity contributing directly to the propagation of

monocyte/macrophage inflammatory responses (Churg

et al., 2007; Moraga & Janciauskiene, 2000). Our results

in lung microvascular endothelial cells show that the oxi-

dized AAT expresses anti-inflammatory activity through

inhibition of inflammatory gene expression which indi-

cates that oxidized AAT-mediated biological activities
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Fig. 5. mRNA expression levels of TNF-!, MCP-1 and IL-8. Real-time RT-PCR data calculated as fold expression values and Affymetrix Signal

values. Data presented are means (±S.E.M.) from three replicates. More than one probe set for IL-8 are available on the Affymetrix Human Genome

U133A array. C, control; A, AAT; T, TNF-!.

may differ dependent on the cell type. Like native, oxi-

dized AAT failed to stimulate pro-inflammatory gene

expression. On the other hand oxidized AAT was still

a powerful inhibitor of TNF-! induced TNF-! gene

expression. In addition, and in contrast to native AAT,

oxidized AAT expressed supplementary activity by

Fig. 6. Release of TNF-! by endothelial cells in response to TNF-

! in the presence or absence of native AAT. Release of TNF-! by

endothelial cells in response to TNF-! (25 ng/ml) in the presence or

absence of native AAT (0.5 mg/ml) for 18 h was measured by ELISA.

Each bar represents a mean of three independent experiments ±S.D.,
***p-value <0.001.

blocking the release of IL-8 and MCP-1. It is impor-

tant to notify, that we did not evaluate the degree of

AAT oxidation which may have an impact on protein

activities. AAT has nine methionines two of which (at

position 358 and 351) are more susceptible to oxidation

by peroxides, hydroxyl radicals, hypochlorides and neu-

trophil myeloperoxidases thereby greatly reducing its

inhibitory function (Matheson, Wong, Schuyler, Travis,

1981; Swaim & Pizzo, 1988; Vogt, 1995). At sites of

inflammation AAT may be simultaneously exposed to

various oxidants and, therefore, future studies character-

ising degree of AAT oxidation and the properties of the

oxidized molecular forms are warranted.

The modulation of pro-inflammatory, anti-

inflammatory and repair gene expression by AAT

may, in addition to inhibition of serine protease activ-

ity, represent important biological activities of this

molecule and should be considered when evaluating

the protective effects of AAT and its role in limiting

chronic inflammatory responses. The effects of AAT

on lung microvascular endothelial cells are important

not only because of the central role of this cell type in

orchestrating chronic inflammatory responses, but also

and with specific reference to COPD, since it is likely

that vascular abnormalities play an important role in

disease pathogenesis and progression. The finding in
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Fig. 7. Expression and release of TNF-!, MCP-1 and IL-8 by endothelial cells in response to TNF-! in the presence or absence of oxidized AAT.

Real-time PCR and ELISA results showing the expression and cytokine release by endothelial cells in response to TNF-! (25 ng/ml) in the presence

or absence of oxidized AAT (0.5 mg/ml) for 18 h. Each bar represents mean of three independent experiments.

this study that native and oxidized forms of AAT inhibit

TNF-! induced TNF-! expression clearly points to

AAT as an important endogenous protein protecting

endothelial cells against TNF-! induced damage.

Further studies are therefore warranted in this area.

In COPD, AAT supplementation has proved ben-

eficial in deficient patients and trials are underway

in non-AAT deficient COPD patients. Furthermore, in

accordance with AAT effects on GR receptor expression,

GR receptor agonists appear to have beneficial effects on

COPD disease exacerbations and FEV1. Third genera-

tion anti-inflammatory drugs under development by the

pharmaceutical industry will likely target many of the

mediators suppressed or in fact enhanced by AAT. The

latter is true with regard to the development of RAR !

agonists.

To summarise, we have shown at the level of gene

expression key anti-inflammatory effects of native and

oxidized forms of AAT on human lung microvascular

endothelial cells stimulated by TNF-!. We suggest that

the effects of AAT on gene expression are likely to be

as important in terms of its protective role in COPD

and other chronic inflammatory diseases, as inhibition

of serine proteinase activity.
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Abstract

Objective and design Previous in vitro experiments

demonstrated that acute-phase protein, alpha 1-antitrypsin

(AAT), could act either as an enhancer or as a suppressor of

lipopolysaccharide (LPS)-induced cell activation depend-

ing on treatment time. Here we investigate how AAT

regulates inflammatory responses in the short term when

administrated post LPS challenge.

Methods Similar experimental setup was used both

in vitro and in vivo: human monocytes and neutrophils

were stimulated with LPS for 2 h followed by AAT for a

total time of 4 h, and C57BL/6 mice were treated intra-

nasally with LPS and 2 h later with AAT and sacrificed

after 4 h. Bronchial lavage (BAL) and lung homogenates

were analyzed using bio-plex cytokine assay. BAL cell

counts were assessed.

Results Within 4 h, AAT enhanced LPS-induced tumor

necrosis factor-alpha (TNFa), interleukin (IL)-6, and IL-8

release from monocytes and neutrophils. Mice challenged

for 4 h with LPS followed by AAT at 2 h showed no

changes in BAL cell counts and higher levels of almost all

measured cytokines, specifically RANTES in BAL and

IL-12, IL-13, granulocyte colony-stimulating factor (G-CSF),

granulocyte macrophage colony-stimulating factor (GM-

CSF), and IL-10 levels in lung homogenates, than in mice

treated with LPS only.

Conclusion Within the short term, AAT enhances the

magnitude of LPS-induced specific cytokine/chemokine

production, whichmay play an important role in amplification

and resolution of acute-phase inflammatory reactions in vivo.

Keywords Acute-phase proteins ! Alpha 1-antitrypsin !

Endotoxin ! Cytokines ! Inflammation

Introduction

Alpha 1-antitrypsin (AAT) is an acute-phase protein,

mainly released by hepatocytes after cytokine stimulation

[1, 2], and is one of the major serine protease inhibitors in

the human body. Recent findings provide clear evidence

that AAT may also have the potential to neutralize

microbial activity and to exert effects on the regulation of

innate immunity. AAT has been shown to increase fibro-

blast proliferation, to inhibit neutrophil chemotaxis,

superoxide production, and cell apoptosis, and to induce

secretion of IL-1 receptor antagonist [3–5]. In vivo, AAT

was shown to protect against TNFa or endotoxin-induced

lethality [6], and in a mouse model of lung inflammation,
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AAT was highly effective in suppressing inflammation and

connective tissue breakdown [7, 8]. Furthermore, aerosol-

ized AAT was found to suppress bacterial proliferation in a

rat model of chronic Pseudomonas aeruginosa lung

infection [9] and in patients with cystic fibrosis [10].

Recent studies provide further evidence that anti-inflam-

matory effects achieved by using AAT therapy prolong

islet graft survival and normoglycemia in transplanted,

allogeneic diabetic mice [11].

It is known that many acute-phase proteins (APPs) func-

tion in a dual way, amplifying inflammatory responses when

the inciting pathogen is present within the host and down-

regulating the response when the pathogen has been

eradicated. For example, C-reactive protein (CRP) shows

proinflammatory effects by activating the complement sys-

tem and inducing inflammatory cytokines and tissue factor

production in monocytes [12, 13], but it also shows anti-

inflammatory effects by preventing adhesion of neutrophils

to endothelial cells [14], inhibiting generation of superoxide

by neutrophils [15], and stimulating synthesis of interleukin-

1-receptor antagonist by mononuclear cells [16]. Alpha

1-acid glycoprotein (AGP) is another example of an acute-

phase protein with a dual effect. While AGP enhances

secretion of several cytokines bymononuclear cells [17, 18],

it inhibits neutrophil chemotaxis, superoxide generation, and

platelet aggregation [19, 20]. In a model of bacterial septic

shock using the Gram-negative Klebsiella pneumoniae,

AGP showed clear protection when given prior to the lethal

challenge [21]. Furthermore, AGP was found to inhibit

apoptosis and inflammation in murine models [22] and to

induce cyclic adenosinemonophosphate (cAMP)-dependent

signalling in endothelial cells [23]. Indeed, we have previ-

ously found that AAT exhibits dual effects in vitro. For

example, simultaneous treatment of human monocytes with

lipopolysaccharide (LPS) and AAT for 2 h amplified LPS-

induced nuclear factor-kappaB (NF-jB) nuclear transloca-

tion and proinflammatory cytokine (TNFa and IL-1b) and

chemokine (IL-8) release, whereas longer-term incubation

(18 h) resulted in significant inhibition of LPS-induced

TNFa, IL-1b, and IL-8messengerRNA (mRNA) and protein

expression, and in the enhancement of IL-10 release [24]. In

this study we aim to further investigate how AAT regulates

cytokine and chemokine release within a short time when

administrated post LPS challenge in a mouse model of LPS-

induced acute lung inflammation, in vivo.

Materials and methods

Reagents

Lipopolysaccharide (Escherichia coli 055:B5) was pur-

chased from Sigma (St. Louis, MO). Prolastin" (purified

human plasma alpha 1-antitrypsin used for the replacement

therapy of individuals having congenital AAT deficiency

with clinically demonstrable panacinar emphysema) was

provided by Talecris Biotherapeutics, Inc., and was

reconstituted in sterile, injection-grade water. AAT prepa-

ration was tested for endotoxin with the limulus amebocyte

lysate endochrome kit (Charles River Endosafe, SC, USA).

Endotoxin levels were less than 0.1 enzyme units/mg

protein.

In vitro experiments

Human blood was collected from healthy volunteers with

approval from the Ethics Committee at Lund University.

Verbal informed consent was obtained from the volunteers.

Monocyte isolation

Human blood monocytes were isolated from buffy coats

using Ficoll-Paque PLUS (Amersham Biosciences).

Briefly, buffy coats were diluted 1:2 in phosphate-buffered

saline (PBS) with addition of 10 mM ethylenediamine

tetraacetic acid (EDTA) and layered on Ficoll. After cen-

trifugation at 400 9 g for 35 min at room temperature, the

cells in the interface were collected and washed three times

in PBS/EDTA. Cell purity and amounts were determined in

an Autocounter AC900EO cell counter (Swelabs Instru-

ments AB, Sweden). The granulocyte fractions were less

than 5% of total cell population. Cells were seeded at

concentration of 5 9 106 cells/ml in Roswell Park

Memorial Institute (RPMI) 1640 medium supplemented

with 100 U/ml penicillin, 100 lg/ml streptomycin, 19

nonessential amino acids, 2 mM sodium pyruvate, and

20 mM 4-(2-hydroxyethyl)-1-piperazineethane sulfonic

acid (HEPES; Invitrogen). After 1 h 15 min, nonadherent

cells were removed by washing three times with PBS

supplemented with calcium and magnesium. Fresh medium

was added, and cells were stimulated with LPS (10 ng/ml)

and AAT (0.5 mg/ml, 2 h post LPS) for 4 h at 37#C and

5% CO2.

Neutrophil isolation

Human neutrophils were isolated from peripheral blood of

healthy volunteers using PolymorphprepTM (Axis-Shield

PoC AS, Oslo, Norway) as recommended by the manu-

facturer. In brief, 25 ml heparin-anticoagulated blood was

gently layered over 12.5 ml PolymorphprepTM and centri-

fuged at 1,600 rpm for 35 min. Neutrophils were harvested

as a lower band of the sample–medium interface and

washed with PBS, and residual erythrocytes were subjected

to hypotonic lysis. The neutrophil purity was more than

95% as determined by AC900EO Autocounter. The cells

D. Subramaniyam et al.



were resuspended in RPMI 1640 medium at concentration

of 10 9 106 cells/ml and stimulated with LPS (10 ng/ml)

and AAT (0.5 mg/ml, 2 h post LPS) or AAT alone (2 h)

for 4 h at 37#C and 5% CO2.

Cytokine assays

Supernatants of cell cultures from monocytes and neutro-

phils treated with LPS/AAT were analyzed to determine

levels of TNFa, IL-8, and IL-6 using DuoSet enzyme-

linked immunosorbent assay (ELISA) sets (R&D Systems;

detection limits 15.6, 31.25, and 9.4 pg/ml, respectively).

In vivo experiments

All animal procedures were performed in accordance with

and with approval from the Institutional Animal Care and

Use Committee (IACUC) at University of Alabama, Bir-

mingham. Male C57BL/6 mice, 6–8 weeks of age, were

purchased from Charles River Laboratory and were housed

in a temperature- and moisture-controlled room with a 12–

12 h light–dark cycle and free access to food and water. All

animals used for experiments had body weight between 24

and 26 g.

Model of acute lung inflammation

The intranasal infections were done as previously descri-

bed [25, 26] with slight modifications. Briefly, mice were

lightly anesthetized using isoflurane (3%) and infected

intranasally (I.N.) dropwise with the test substance (pre-

pared in doses of 100 ll, with 50 ll administered to each

nostril). For the study, mice were divided into four groups

(each group comprising 15 animals): the saline, LPS, LPS/

AAT, and AAT groups. The LPS group received LPS

(0.3 mg/kg) freshly prepared in physiological saline fol-

lowed by vehicle (injection-grade water) 2 h post LPS

administration. The LPS/AAT group received Prolastin

(2 mg/mouse, hereafter referred to as AAT) 2 h post LPS

administration. The mock-infected animals were given

saline followed by injection-grade water 2 h post saline

administration (the saline group) or saline followed by

AAT 2 h post saline administration (the AAT group). All

animals were sacrificed 4 h post LPS/saline administration.

Collection of bronchoalveolar lavage (BAL), protein assay,

and cell counts

Mice were euthanized at 4 h post LPS challenge by intra-

peritoneal administration of ketamine (425 mg/kg) and

xylazine (75 mg/kg). The trachea was cannulated; the

lungs were lavaged twice with 1 ml cold, sterile saline to

provide 2 ml BAL. The BAL was then centrifuged at

300 9 g for 10 min to pellet the cells, and the supernatant

was stored at -80#C for protein and cytokines analysis.

Total cell counts were made in the BAL cell pellet after red

cell lysis using trypan blue staining and counting with a

manual hemocytometer. Differential cell counts were

determined after Cytospin centrifugation and staining with

Diff-Quick products, counting at least 300 cells.

Cytokine ELISA

The cytokine/chemokine levels in BAL as well as whole,

unlavaged lung homogenate (unlavaged lungs were

homogenized in 1 ml PBS containing protease inhibitors)

were measured using the Bio-Plex Protein Array System

and a mouse cytokine 23-plex panel (Bio-Rad, Hercules,

CA). The concentrations of each cytokine and chemokine

were determined using Bio-Plex Manager software (Bio-

Rad). The cytokines analyzed in this panel of arrays are:

IL-1a, IL-1b, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10,

IL-12 (p40), IL-12 (p70), IL-13, IL-17, Eotaxin, G-CSF,

CM-CSF, interferon (IFN)-c, Keratinocyte-derived Cyto-

kine (KC), Monocyte chemoattractant protein (MCP-1),

Macrophage Inflammatory protein (MIP)-1a, MIP-1b,

RANTES, and TNF-a.

Statistical analysis

The data were analyzed using SPSS software (version

12.0.1 for Windows; SPSS, Inc., USA). All variables were

analyzed for normal distribution by Kolmogorov–Smirnov

test. Tests showing p\ 0.05 were considered to be sig-

nificant and data are presented as mean ± standard error

(SE).

Results

Effects of LPS and LPS/AAT combination on TNFa,

IL-8, and IL-6 release from monocytes and neutrophils

in vitro

In the first set of experiments, we wanted to test our

experimental design in an in vitro model. Thus, primary

human monocytes and neutrophils were treated either with

LPS (10 ng/ml) alone or with LPS and AAT (0.5 mg/ml)

combination. AAT was added 2 h after exposure of the

monocytes or neutrophils to LPS, and cell culture medium

was collected after 2 h (4 h after LPS). As shown in

Fig. 1a, exposure of monocytes to LPS followed by AAT

resulted in a more pronounced increase in all cytokines

measured compared with LPS alone. Similarly, at 4 h,

AAT in combination with LPS enhanced LPS-stimulated

neutrophil TNFa, IL-6, and IL-8 release by about 50% (not

Role of alpha 1-antitrypsin in LPS-induced lung inflammation



significant, n.s.) relative to LPS alone (Fig. 1b). Nontreated

(control) cells or cells treated with AAT showed no sig-

nificant levels of cytokines measured (data not shown).

Analysis of cytokine profiles in BAL and lung

homogenates

With the in vitro results as a background, we designed an

in vivo mouse model in which we used an intranasal

administration of saline, LPS, AAT, and LPS/AAT com-

binations. This method of intranasal administration has

been successfully used previously in various mouse mod-

els, including LPS-induced lung injury models, and gave a

good distribution of the administered substance in the lungs

[25]. This was also confirmed in our model in a Western

blot assay using anti-human AAT antibody. We found that

intranasal AAT administration was effective for the protein

to reach the lungs (data not shown).

At 4 h after treatment, the concentrations of various

cytokines were measured in the BAL and whole lung

homogenates (Table 1) using the bio-plex mouse cytokine

23-plex array systems (Bio-Rad, CA, USA). As expected,

the levels of these cytokines were higher in the lung

homogenates than in the BAL. In accordance with the data

obtained from the primary cells, mice treated with LPS/

AAT showed higher levels of almost all measured cyto-

kines in BAL as compared with mice treated with LPS.

However, statistical significance was achieved only for

RANTES. As presented in Table 1, the LPS/AAT combi-

nation resulted in 45% (p\ 0.05) higher RANTES levels

in BAL compared with that of mice treated with only LPS.

A similar profile was seen for the cytokine levels in lung

homogenates. When compared with LPS treatment, LPS/

AAT-treated mice had higher levels of all cytokines ana-

lyzed, but statistical significance was reached only for IL-12

(p40) (62%, p\ 0.01), IL-13 (35%, p\ 0.001), G-CSF

(73%, p\ 0.05), GM-CSF (135%, p\ 0.05), and IL-10

(71%, p\ 0.001) (Table 1). It should be pointed out that

AAT by itself had no significant effect on BAL and lung

cytokine levels (data not shown).
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Fig. 1 Levels of cytokines

released from primary human

monocytes (a) and neutrophils

(b) treated with LPS or with

LPS for 2 h followed by AAT

for 2 h (LPS/AAT). Values

represent mean ± standard

error of the mean (SEM) from

four independent experiments.

P indicates significant

difference between LPS and
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Analysis of BAL inflammatory cell counts

At 4 h, total cell and differential cell type counts were

performed on BAL. As shown in Fig. 2, both LPS and

LPS/AAT treatments increased the total cell counts in the

BAL only slightly as compared with the saline or AAT

treatments. Of the total cell population counted, the num-

bers of neutrophils, monocytes, and lymphocytes did not

differ statistically between the groups (Table 2). The total

cell count in BAL showed no significant differences

between the AAT- and the saline-treated groups.

Discussion

Alpha 1-antitrypsin, one of the major serine protease

inhibitors, is classified as an acute-phase protein, and its

plasma levels increase by three- to fivefold above normal

(average 1.34 mg/ml) within a few hours in response to

inflammation or infection [27, 28]. Today it is well known

that AAT exhibits various anti-inflammatory characteristics

when administrated systemically or locally in vivo and in

cell models in vitro [3, 4, 6–11]. Several in vitro and

in vivo studies exist in which prior initiation of an acute-

phase response or administration of a specific APP was

shown to limit the severity of inflammation or to protect

against the lethal effects of toxic stimuli [29–32]. AAT was

also found to inhibit the lethal responses in mice when

injected 2 h before TNFa or LPS [6]. Treatment with AAT

abolished cigarette-smoke-induced elevation of BAL neu-

trophils and matrix breakdown products measured from 2

to 30 days of smoke exposure [33].

So far, most of the effects of AAT have only been

investigated under experimental conditions designed for

long-term periods. Our former, in vitro experiments dem-

onstrated that AAT when added together with LPS to

monocyte cultures could act either as an enhancer or as a

suppressor of LPS-induced cell activation depending on the

cell treatment time. This finding prompted us to hypothesis

that AAT can regulate the progression and resolution of the

acute-phase reaction in a time-dependent manner. There-

fore, this study was designed to examine short-term (4 h)

effects of exogenous AAT on LPS-induced cytokine and

chemokine profiles in vivo.

First, we showed that, at 4 h, when added 2 h after LPS

challenge, AAT enhances LPS-induced cytokine (TNFa

and IL-6) and chemokine (IL-8) release in primary human

monocytes and neutrophils in vitro. Because AAT alone

showed no significant effects on cytokine release, from

either monocytes or neutrophils, we concluded that AAT

effects are specific and are not related to the endotoxin

contaminants and could be used to test our in vivo model.

Therefore, we next directed our attention to the investiga-

tion of how AAT affects large cytokine profiles and

Table 1 Levels of cytokines in the BAL and lung homogenates of mice treated for 4 h with LPS or with LPS for 2 h followed by AAT for 2 h

(LPS/AAT)

Cytokine (pg/ml) BAL Lung homogenates

LPS (n = 6) LPS/AAT (n = 6) LPS (n = 6 LPS/AAT (n = 6)

Mo IL-1a 16.2 ± 0.8 16.3 ± 2.5 691.6 ± 31.5 749.3 ± 18.4

Mo IL-1b 305.8 ± 29.4 318.6 ± 42 1,838.5 ± 112.9 2,055.3 ± 38

Mo IL-6 441.7 ± 77.6 564.7 ± 60.6 260 ± 68.8 287.1 ± 51

Mo IL-9 40.2 ± 3.8 52.7 ± 5.9 87.6 ± 7.8 98.2 ± 4.2

Mo IL-10 2.1 ± 0.9 3.5 ± 1.1 18.4 ± 1.1 31.5 – 2.5**

Mo IL-12 (p40) 226.3 ± 33.8 232.5 ± 16.6 270.1 ± 24.2 437.5 – 34.6**

Mo IL-12 (p70) 31.6 ± 6.5 41 ± 5.3 153.2 ± 11.9 183.2 ± 13.5

Mo IL-13 205.8 ± 20.2 231.1 ± 29.1 386.6 ± 14.8 521.5 – 31***

Mo Eotaxin 341.8 ± 54.8 364.1 ± 66.2 493.9 ± 48 659 ± 36.5

Mo G-CSF 2,268.1 ± 425.3 1,925.7 ± 263.5 2,886.8 ± 508.9 5,008.3 – 514*

Mo GM-CSF 65.8 ± 13.9 95.4 ± 19.3 140.4 ± 38.2 328.5 – 62.7*

Mo MCP-1 731.7 ± 203.5 519.7 ± 74.2 6,422.4 ± 1,379 12,335 ± 2,657.2

Mo MIP-1a 3,865.5 ± 664 3,860.4 ± 994 1,127.9 ± 74.1 1,396.3 ± 45.8

Mo MIP-1b 724.2 ± 130.3 1,445.4 ± 278.1 213.6 ± 40.5 393.5 ± 49.1

Mo RANTES 93.4 ± 10.5 135.4 – 7.3* 195.9 ± 23.2 257.6 ± 25

Mo TNFa 2,235.7 ± 642 2,318.1 ± 892.1 231.7 ± 28.5 294.1 ± 24.2

Mo KC (IL-8) 712.9 ± 24.7 818.1 ± 73.3 888.5 ± 25.1 973.6 ± 33.02

Values represent mean ± SEM. ***p\ 0.001, **p\ 0.01, *p\ 0.05 by analysis of variance (ANOVA) comparing the LPS and LPS/AAT

groups
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inflammatory cell counts within the short term when given

post LPS challenge in vivo. As a model for pulmonary

inflammation we used a murine model of acute intranasal

exposure to LPS. In this single-exposure model of LPS-

induced pulmonary inflammation, the maximal release of

cytokines occurs within 4 h in the airways [34]. Moreover,

in this model LPS is known not to be an effective

chemoattractant for neutrophils, but it can trigger an

inflammatory cascade via synthesis of cytokines and che-

mokines by resident alveolar macrophages, local mast

cells, fibroblasts, epithelia, and endothelial cells [35]. Thus,

we show here that airway inflammation induced by intra-

nasal administration of LPS follows the classic pattern of

elevated levels of cytokines and chemokines in mouse

BAL and lung homogenates. However, again similar to the

results in vitro, we found that in mice challenged for a total

of 4 h with LPS, with AAT administered 2 h after LPS,

almost all cytokines and chemokines measured in BAL and

in lung homogenates were higher than in LPS-treated

animals. It is important to note that, of all the cytokines and

chemokines analyzed, AAT specifically enhanced LPS-

induced RANTES in BAL and IL-10, IL-12, IL-13, G-CSF,

and GM-CSF levels in lung homogenates. In fact, under

our experimental conditions, we did not find significant

effects of LPS and LPS/AAT on total numbers of inflam-

matory cells, and specifically on neutrophil numbers.

Neutrophil recruitment to the airspaces is induced by

cytokines, chemokines, and other inflammatory mediators

released by resident alveolar macrophages and other cells

of the lung. Mechanisms described to date that affect

neutrophil chemotaxis include proteolytic cleavage of

chemoattractants [36] and neutrophil chemoattractant

receptors [37], inhibition of selectin-mediated neutrophil

adherence to endothelial cells [38], inhibition of G-protein-

linked signal transduction [39], and perhaps desensitization

or competitive blockade of receptors for chemoattractants

[40].

In fact, previous studies have shown that AAT inhibits

neutrophil chemotaxis and migration both in vitro [4, 41]

and in vivo [7, 10, 33]. The mechanism proposed is related

to anti-elastase activity of AAT because free neutrophil

elastase is known to stimulate neutrophil recruitment by

enhancing IL-8 and Leukotriene B4 (LTB4) release from

macrophages [42]. Recent data obtained from the models

Fig. 2 Cell counts in the BAL

of mice treated for 4 h. Total

cell counts in the BAL were

obtained from pelleted cells

after lysis of red cells and

staining with trypan blue and

counting using a manual

hemocytometer. The figure

shows box–whisker graph with

individual data points, boxes

(25th to 75th percentiles of the

data), whisker bars (5th to 95th

percentiles), and mean

(±1 SEM)

Table 2 Differential cell counts in BAL from mice treated with saline, LPS, AAT 2 h post LPS, or AAT 2 h post saline

Cell type conditions Cell counts of the respective cell types (9105 cells/ml)

Monocytes Neutrophils Lymphocytes

Saline (n = 5) 0.15 ± 0.04 0.06 ± 0.02 0

LPS (n = 7) 0.1 ± 0.05 0.53 ± 0.01 0.003 ± 0.002

LPS/AAT (n = 7) 0.09 ± 0.02 0.46 ± 0.09 0.004 ± 0.002

AAT (n = 5) 0.1 ± 0.02 0.19 ± 0.05 0

n number of mice
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of airway inflammation show that cytokines such as IL-10

and IL-12 can inhibit bronchial and alveolar inflammation

[43, 44] and neutrophil infiltration [45, 46], and that high

levels of RANTES decrease the activity of its receptor

CCR5 and reduce inflammatory cell migration into

inflammatory loci [47]. In the current study we found that

AAT strongly enhances LPS-induced IL-10, IL-12, and

RANTES levels in mice. Thus, it is possible that AAT can

suppress neutrophil recruitment by mechanism which is

independent of its anti-elastase activity; however, further

studies are warranted to confirm this speculation.

The overall view that arises from the current data is that

short-term enhancement of LPS-induced cytokine/chemo-

kine generation may be the key mechanism by which the

function of AAT is accomplished. Several in vitro and

in vivo studies have been published in which prior initia-

tion of an acute-phase response or administration of a

specific APP has been shown to switch the proinflamma-

tory to the anti-inflammatory pathways necessary for the

resolution of inflammation. Although the physiological

roles of APPs are not completely understood, existing

findings provide evidence that APPs act on a variety of

cells involved in early and late stages of inflammation and

that their effects are time and concentration dependent [21,

29–32]. Therefore, we believe that our findings may be of

particular interest for future studies to determine the

functional role of AAT in the context of the acute phase as

a whole. It seems that the diseases associated with inherited

AAT deficiency may not be entirely due to inadequate

inhibition of elastase by AAT, but also to inadequate acute-

phase response and inability to eliminate invading patho-

gens and resolve the inflammation processes. On the other

hand, depending on the stage of the disease and the

inflammatory balance in the microenvironment, AAT may

help to terminate inflammation or can also have deleterious

effects.
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a b s t r a c t

Cholesterol is the most abundant lipid component of the plasma membrane, and thus the equilibrium

between free cholesterol and raft cholesterol act as a determinant of raft function and cell signalling. The

mechanisms that regulate the lipid raft cholesterol levels are largely unknown. Here we demonstrate

that SERPINA1 (!1-antitrypsin), an acute phase protein and the classical neutrophil elastase inhibitor, is

localized within lipid rafts in primary human monocytes in vitro. SERPINA1 association with monocytes

is inhibited by cholesterol depleting/efflux-stimulating agents (nystatin, filipin, M"CD (methyl-beta-

cyclodextrin) and oxidized low-density lipoprotein (oxLDL) and conversely, enhanced by free cholesterol.

Furthermore, SERPINA1/monocyte association per se depletes lipid raft cholesterol as characterized by

the activation of extracellular signal-regulated kinase 2, formation of cytosolic lipid droplets, and a com-

plete inhibition of oxLDL uptake by monocytes. Our findings for the first time highlight that the entry

and cell association of SERPINA1 is dependent on lipid raft cholesterol and that SERPINA1 depletes lipid

raft cholesterol.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Lipid rafts are dynamic assemblies of proteins and lipids

that play a central role in various cellular processes, including

membrane sorting and trafficking, cell polarization, and signal

transduction (Baird et al., 1999; Janes et al., 2000; Zhu et al., 2006).

Biochemical and cell-biological studies have identified cholesterol

as a key factor determining raft and related structure (e.g., caveo-

lae) stability and organization in mammalian cell membranes, and

have shown that the equilibrium between free and raft choles-

terol plays a critical role in lipid raft function and cell signalling

(Golub et al., 2004; Mansfield et al., 2005). So far, the mecha-

nisms that regulate the lipid raft cholesterol levels are largely

unknown.

Acute phase proteins (APPs) have long been implicated in mul-

tiple aspects of inflammatory and infectious diseases, including

regulation of leukocyte responses. Nevertheless, any direct role for

these proteins is still controversial. Recent findings revealed that
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ical School, , 30625 Hannover, Germany. Tel.: +49 511 532 7297;

fax: +49 511 532 8532.

E-mail address: Janciauskiene.Sabina@mh-hannover.de (S. Janciauskiene).

various APPs, including C-reactive protein (CRP), interact with lipid

rafts (Ji et al., 2009) and therefore, gave experimental support for

the hypothesis that APPs-lipid raft interaction may be a putative

mechanism responsible for the diverse activities of APPs during

inflammation.

SERPINA1 (!1-antitrypsin) is a member of APP family, the main

inhibitor of neutrophil elastase. A failure of serum levels of SER-

PINA1 to rise during the acute phase of myocardial infarction has

been associated with a poor clinical outcome (Gilutz et al., 1983),

and inherited SERPINA1 deficiency is the only recognised genetic

risk factor for the development of lung emphysema and other

inflammatory conditions (Fregonese and Stolk, 2008). SERPINA1,

similarly like other APPs, exhibits diverse biological activities

including inhibition of leukocyte and endothelial cell activation

(Janciauskiene et al., 2004; Subramaniyam et al., 2008), inhibi-

tion of apoptosis (Petrache et al., 2006), regulation of epithelial

Na+ transport (Lazrak et al., 2009) and induction of the secre-

tion of IL-1 receptor antagonist (Tilg et al., 1993). Recent animal

studies provide new evidence that SERPINA1 prolongs islet graft

survival in diabetic mice and increases insulin secretion (Lewis et

al., 2005). Despite this tremendous work over the last decade inves-

tigating the biological functions of SERPINA1 the mechanisms of

cell interaction and internalization for this protein have remained

elusive.

1357-2725/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.

doi:10.1016/j.biocel.2010.06.009
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2. Materials and methods

2.1. SERPINA1 preparations

Purified human plasma preparation of SERPINA1 was obtained

from Calbiochem (USA) and from Talecris Biotherapeutics, USA.

SERPINA1 preparations were tested for endotoxin contamination

with the limulus amebocyte lysate endochrome kit (Charles River

Endosafe, SC, USA). Endotoxin levels were less than 0.1 enzyme

units/mg protein in all preparations used.

2.2. 125I-SERPINA1 preparation

SERPINA1 was labelled with 125I (Amersham, England) by the

iodine monochloride method as described previously (Mc, 1958).

Unbound 125I was removed by chromatography on Sephadex G-25

PD-10 columns (Amersham Pharmacia Biotech) followed by exten-

sive dialysis against 0.15 M NaCl, 1 mM EDTA. The specific activity

of SERPINA1 ranged between 124 and 210 cpm/ng protein.

2.3. LDL isolation, oxidation and labelling

LDL was isolated by sequential preparative ultracentrifugation

using an Optima XL-80K ultracentrifuge (Beckman, USA). A narrow

density range (1.034–1.054 kg/l) was used. LDL was sterile filtered

and qualitatively checked on 1% agarose gel at pH 8.6, and its con-

centration determined by Lowry assay (Lowry et al., 1951). LDL

was oxidized by exposure to CuSO4 (5 #M/l free Cu concentration)

in phosphate buffer (PBS) at 37 ◦C for 24 h. LDL and oxLDL were

kept in 50 mM Tris–HCl, 0.15 M NaCl, and 2 mM EDTA at pH 7.4 and

were used within 7 days of preparation. Native and oxidized LDL

were labelled with 125I as described above for SERPINA1. The spe-

cific activity of native LDL ranged between 329 and 585 cpm/ng LDL

protein, while oxidized LDL ranged between 121 and 310 cpm/ng

oxLDL protein.

2.4. Monocyte isolation and culture

Human blood monocytes were isolated from buffy coats using

Ficoll-Paque PLUS (Pharmacia, Sweden) as previously described

(Nita et al., 2005). The monocyte purity was more than 75% as

determined on an AutoCounter AC900EO. Cell viability was >95%

according to trypan blue staining. Cells were seeded into petri

dishes or 12-well cell culture plates (Nunc, Denmark) at concen-

trations of 5 × 106 cells/ml in RPMI 1640 medium supplemented

with penicillin 100 U/ml; streptomycin 100 #g/ml; non-essential

amino acids 1×; sodium pyruvate 2 mM and HEPES 20 mM (Gibco,

UK). After 1 h 15 min, non-adherent cells were removed by wash-

ing 3 times with PBS supplemented with calcium and magnesium.

Fresh medium was added and cells were stimulated under designed

experimental conditions.

2.5. Lipid rafts isolation

Monocytes were grown in petri dishes with or without SER-

PINA1 for 2 h at 37 ◦C. Cells were rinsed in ice-cold PBS and lysed

in 1 ml TNE buffer (100 mM Tris; 2.0 M NaCl; 10 mM EDTA; pH 7.4)

with 1% Triton X-100, incubated on ice for 30 min and scraped off.

1.25 ml of 80% sucrose solution in TNE buffer was mixed with the

lysate and this was overlaid with 7 ml of 35% sucrose solution in

TNE buffer, followed by 2.5 ml of 5% sucrose in TNE buffer. After

the samples were centrifuged at 39,000 rpm overnight in a Beck-

man SW41 rotor at 4 ◦C, 1 ml fractions were collected from the top

of each tube. The protein content of each fraction was measured

using Bradford protein assay kit (Pierce Biotechnology, USA). Frac-

tion 3 in the interface between 5 and 35% sucrose solution was

designed the lipid raft fraction.

2.6. SERPINA1 and oxidized LDL uptake assays

Monocytes were seeded into 12-well plates with or without var-

ious concentrations of unlabelled SERPINA1 and with 125I-oxLDL

(3.4 #g LDL protein/mg cell protein) at 37 ◦C in 5% CO2 for various

times. Similar experiments were performed using various concen-

Fig. 1. Presence of SERPINA1 in lipid rafts. Monocytes were cultured alone or in the presence of SERPINA1 (0.5 mg/ml) for 2 h. Lipid rafts were isolated using sucrose gradient

centrifugation and 0.5 ml fractions were collected. The flotillin-1 rich fractions were used as lipid raft fractions. Equal amounts of each fraction were run on a 7.5% SDS-PAGE

gel, blotted and probed with anti-flotillin-1, anti-SERPINA1, anti-heat-shock protein-70 (HSP70) and anti-caveolin-1 antibodies. SERPINA1 was detected in the lipid raft

fraction containing flotillin-1 and HSP70.
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trations of unlabelled oxLDL and 125I-SERPINA1 (4 #g SERPINA1

protein/mg cell protein). Cells were washed 3 times with PBS and

scraped into 1 ml 0.5 M NaOH for 125I-LDL or 125I-SERPINA1 uptake

measurement (the sum of bound and internalized 125I protein) and

for cell protein determination. In some experiments cells were pre-

treated with 200 #g/ml fucoidan, an inhibitor of MAPKs mRNA and

protein expression (Kim et al., 2010; Lee et al., 2008) prior addition

of 125I-SERPINA1 or 125I-oxLDL. The radioactivity was determined

in an LKB 1271 automatic gamma counter (Wallac, Turku, Finland).

The results are expressed as cpm (counts per minute) or as ng 125I

protein associated per #g cell protein.

2.7. Microscopy

SERPINA1 (5 mg/ml stock) was labelled with DyLight 549 NHS

ester (Pierce, Cat. No. 46407) following the manufacturer’s proto-

col and used at a final concentration of 0.05 mg/ml. For labelling

experiments, monocytes were prepared on 25 mm tissue culture

plastic cover slips (Sarstedt, USA). The cells were incubated with

0.5 mg/ml of Dylight labelled SERPINA1 for 2 h at 37 ◦C. Follow-

ing washing with PBS containing 0.1% Triton X-100, the cells

were fixed in 4% formalin for 15 min at RT. Cell nucleus was

visualized using 4′,6-diamidino-2-phenylindole (DAPI, Invitrogen,

Molecular Probes). Cover slips with cells were then mounted using

fluorescence mounting solution (DAKO). Confocal laser-scanning

microscopy (Leica Inverted-2 of Class 3B) was used to determine

the labelled SERPINA1 localization in the cells as described previ-

ously (Feridani et al., 2007). For some experiments monocytes were

treated with oxLDL for 1 h at 37 ◦C before treating with Dylight

labelled SERPINA1 and the cells were examined using a confocal

(Leica Inverted-2) microscope equipped with appropriate filters for

visualization of DAPI and Dylight 549 ester.

Fig. 2. (A) Time-dependent 125I-SERPINA1 association with primary human monocytes. The cells were incubated with 125I-SERPINA1 (4.8 #g SERPINA1 protein ml−1) alone

or in the presence of cold SERPINA1 (1 mg/ml) for the different time points. The cell association (uptake) assays were performed at 37 ◦C as described in Section 2. Figure

shows a time dependant association of SERPINA1 reaching a plateau within 2 h. The results are from three independant experiments. Each point represents the mean ± SEM

of values from 6 separate dishes. (B) Intracellular localization of SERPINA1. Monocytes were incubated with DyLight labeled SERPINA1 for 2 h. Fluorescence images recorded

by a confocal laser-scanning microscope show cells alone (a), nuclei stained with DAPI (b), intracellular localization of DyLight SERPINA1 (red) (c) and overlaid b and c images

(d). Arrow indicates DyLight SERPINA1. Scale bar = 50 #m. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the

article.)
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2.8. Electrophoresis and western blot analysis

Monocytes were incubated alone, or with oxLDL or SERPINA1

or their combination for different time points up to 18 h, lysed

and the protein concentration in the lysates was determined by

the Bradford or Lowry assay. Equal amounts of analysed protein

were subjected to 7.5% SDS-PAGE gel. Proteins were transferred

to a polivinylidene fluoride (PVDF) membrane and detected using

the following primary antibodies: mouse anti-Flotilin-1 (Cat. No.

610820, BD Biosciences,), anti-SERPINA1 (B9) (sc-59438, Santa

Cruz, CA, USA), anti-Caveolin-1 (N-20) (sc-894, Santa Cruz, CA,

USA), anti-HSP 70 (4E7) (sc-69705, Santa Cruz, CA, USA), anti-LOX

(sc-20744 and sc-32409, Santa Cruz, USA), anti-ERK1/2-Anti-

Mitogen-activated protein kinase (MAP Kinase, MAPK, ERK1/2)

and anti-MAP Kinase, Activated (Diphosphorylated ERK-1&2) anti-

body (Cat. No. M5670 and M8159, Sigma, Saint Louis, USA). The

immuno-complexes were visualized with appropriate secondary

horseradish peroxidase-conjugated antibodies (1:10,000) (DAKO,

A/S, Denmark) and developed with ECL Western Blot analysis sys-

tem (Amersham, UK).

2.9. CD36 receptor blocking using siRNA and anti-CD36

antibodies

For the siRNA transfection experiments, monocytes were cul-

tured at 37 ◦C, 5% CO2 for 6–8 days in monocyte medium containing

10% FBS with medium changes every 2–3 days. CD36 siRNA and

control siRNA (sc-29995 and sc-37007, Santa Cruz Biotechnology)

were prepared according to manufacturer’s protocol and added

to the cells in the transfection medium for overnight. Follow-

ing transfections, the cells were incubated with 125I-SERPINA1

for 2 h at 37 ◦C and the cell-associated SERPINA1 was determined

as described above. For the CD36 receptor blocking experiments,

monocytes were pre-incubated with anti-CD36 antibody (sc-

70642, Santa cruz Biotechnology) for 1 h at 37 ◦C followed by
125I-SERPINA1 for 2 h as described above.

2.10. CD36 receptor expression assay

Monocytes were treated with SERPINA1 (0.5 mg/ml) for 2 h and

18 h and total RNA was isolated using the RNeasy mini kit (Qiagen,

USA). For the gene expression analysis a quantitative PCR assay was

used (Human Toll-like Receptor Signaling 96 StellARray qPCR Array,

00188255, Lonza Group Ltd., Switzerland). Briefly, 1 #g of total RNA

was then reverse transcribed with random decamers and M-MLV

RT using the Message Sensor RT Kit. Each reaction consisted of 5 l

of 2 SYBR green master mix, 3.0 l dH2O, 1.5 l of 0.5 m forward and

reverse primers and 0.5 l of diluted (1:10) cDNA. Quantitative real-

time PCR assay was run on the ABI Prism 7900HT Signal Detection

System v2.0 using default conditions. Global pattern recognition

software was used to compare the change of expression of each

gene in the interval normalized to every other gene in the array. In

this way, genes with significant expression changes were readily

identified from baseline profiles.

2.11. Oil Red O staining

Monocytes were grown on cover slips in the presence of SER-

PINA1 (0.5 mg/ml) and/or oxLDL (20 #g/ml) for 2 h and 18 h. At the

end of the incubation period cells were washed with PBS and fixed

with 4% PBS-buffered formaldehyde for 15 min. In the next step,

cells were rinsed with water, dipped for a few seconds in 60% iso-

propanol, stained in the Oil Red O for 10–15 min and rinsed again

in 60% isopropanol to remove excess of stain. Cell nuclei were

stained for a few seconds in the haematoxylin solution, washed

with water and mounted with commercially available Mounting

Medium (DAKO, Denmark). Samples were analysed by micro-

scope (Olympus Bx60) using the PC program Olympus MicroImage.

Images were taken by digital camera (Sony, DKC-5000) at magnifi-

cation 40×.

2.12. Staining of free cholesterol in THP-1 monocytes

Human THP-1 monocytes (from ATCC) were seeded into 12-well

plates in RPMI1640 medium with 10% FCS and treated with SER-

PINA1 (0.5 mg/ml) or vehicle control for 24 h. Cells were applied

to poly-l-lysine coated coverslip and fixed with 2% formaldehyde.

The intracellular free cholesterol was stained with filipin. The

endoplasmic reticulum and golgi were stained using rabbit anti-

calregulin antibody and mouse anti-GM130 antibody and detected

with Alex-donkey anti-rabbit-594 and Alex-donkey anti-mouse-

488 secondary antibodies. The images were recorded under an

Olympus inverted fluorescence microscope with a 63× oil immer-

sion objective using DAPI, FITC, and rhodamine filters using IPLab

4.0 software.

2.13. ERK1/2 assay

Monocytes were treated with SERPINA1 (0.5 mg/ml) for 15 min,

30 min, 1 h and 18 h, the cell extracts were prepared using the cell

Extraction Buffer (FNN0011, Invitrogen). The levels of total and

phosphorylated ERK (1 and 2) in the cell extracts were determined

using the ERK 1/2 (total) and (phosphorylated) Human ELISA Kits

(KHO0081, KHO0091, respectively, Invitrogen) according to the

manufacturer’s instructions.

2.14. Statistical analysis

The differences in the means of experimental results were

analysed for their statistical significance using one-way ANOVA

combined with a multiple-comparisons procedure (Scheffe mul-

tiple range test), with an overall significance level of ˛ = 0.05.

Independent two sample t-test was also used. Statistical Package

(SPSS for Windows, release 17.0) was used for the statistical calcu-

lations.

Fig. 3. Disrupting lipid raft integrity inhibits 125I-SERPINA1 uptake/association by

human monocytes. We attempted to disrupt lipid raft formation by incubating

monocytes for 30 min with methyl-beta-cyclodextrin (20 mM M"CD), the cyclic

oligosaccharide which extracts cholesterol or with 0.5 #g/ml filipin, a polyene

macrolide which is a cholesterol sequestration agent, or with 200U nystatin, a fun-

gal metabolite that binds to membrane cholesterol, or with oxidized low-density

lipoproteins (40 #g/ml, oxLDL) which disrupts caveolae. 125I-SERPINA1 was added

to control cells or those treated with agents above and cell-associated SERPINA1

was measured after 2 h. Significant reduction in cell-associated 125I-SERPINA1 was

observed when cells were pre-treated with lipid raft disruptive agents (p < 0.001).

Each point represents the mean ± SEM from three independent experiments.
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3. Results and discussion

SERPINA1 is suggested to be especially diffusible protein, and is

present in high concentrations in most tissues, however, the recep-

tor responsible for the catabolism of SERPINA1 remained obscure.

Earlier it was demonstrated that cellular internalization and degra-

dation of SERPINA1-elastase, SERPINA1-trypsin, but not native

form of SERPINA1, is mediated by the serpin-enzyme complex (SEC)

receptor (Perlmutter et al., 1990), low-density lipoprotein receptor

related protein (Poller et al., 1995) and very-low-density lipopro-

tein receptor (Rodenburg et al., 1998) which require intact raft lipid

environment (Wu and Gonias, 2005; Yoon et al., 2007). More recent

studies provide further evidence that clathrin-mediated endocyto-

sis (Sohrab et al., 2009) and the caveolar pathway (Aldonyte et al.,

2008) might be responsible for the entry of SERPINA1 into the cell.

To investigate the putative role of lipid rafts and lipid raft choles-

terol for SERPINA1 entry into monocytes, we used sucrose gradient

centrifugation to isolate lipid rafts, and their content was identified

using specific antibodies. As illustrated in Fig. 1, SERPINA1 added to

the cells becomes translocated into lipid rafts in the same fraction as

flotillin, a marker for lipid raft (Slaughter et al., 2003). SERPINA1 also

localized with heat-shock protein 70 (HSP70) which has previously

been shown to co-localize with SERPINA1 intracellularly (Aldonyte

et al., 2008) and to form a complex in human plasma (Finotti and

Fig. 4. Effects of oxLDL on cell association and uptake of 125I-SERPINA1 (A and B) and effects of SERPINA1 on cell association and uptake of 125I-oxLDL by human monocytes

(C). (A) Monocytes were incubated with different concentrations of oxLDL (0–24 #g/ml) for 1 h before assaying cell-associated 125I-SERPINA1. The results are statistically

significant at all points. Each point represents the mean ± SEM from four independent experiments with six repeats each. (B) Representative fluorescence micrographs of

monocytes treated for 2 h with Dylight SERPINA1 and of monocytes pre-treated with 24 #g/ml oxLDL before adding Dylight SERPINA1 for 2 h. Pre-treatment with oxLDL

resulted in clear reduction of SERPINA1 uptake. Arrow indicates intracellular Dylight SERPINA1. Magnification: 40×, scale bar = 20 #m. (C) Monocytes were incubated with

different concentrations of SERPINA1 (0.5–4 mg/ml) for 1 h before assaying cell-associated 125I-oxLDL. The results are statistically significant at all points. Each point represents

the mean ± SEM from four independent experiments with six repeats each.
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Pagetta, 2004). It must be pointed out that a new higher molecular

size band of SERPINA1 was consistently found in a lipid raft frac-

tion (Fig. 1). Numerous attempts were made to characterize this

band by the mass spectrometry methods, unfortunately our stud-

ies have failed to deliver any significant information on a putative

protein–SERPINA1 complex (data not shown). It is possible that the

conformation of dimeric SERPINA1 occurs in lipid rafts, however

this conclusion demands further investigation. Detailed cell asso-

ciation studies and confocal microscopy revealed that SERPINA1

entry into monocytes occurs in a time-dependent manner reach-

ing a plateau within 2 h and that the internalized protein is localized

within the cytoplasm (Fig. 2A and B).

The plasma membranes of mammalian cells contain 30–50%

molar fraction of cholesterol (Warnock et al., 1993), and it is the

dynamic glue for the lipid raft assembly (Simons and Toomre,

2000). We had previously identified that SERPINA1 can directly

interact with free cholesterol in vitro (Janciauskiene and Eriksson,

1993). Taken with the findings that SERPINA1 could localize in the

lipid raft prompted us to examine whether altering the integrity

of the lipid raft cholesterol would affect SERPINA1-monocyte

association. The cholesterol-chelating agents, like methyl-beta-

cyclodextrin (M"CD), nystatin and filipin, which disrupt the lipid

raft structure and function, are often used to study the role of lipid

rafts. While M"CD has pleiotropic effects on lipid rafts that also

include disruption of clathrin-mediated endocytosis, filipin and

nystatin are more specific lipid raft-disrupting reagents because

they bind to plasma membrane cholesterol without extracting it

(Smart and Anderson, 2002). In our experimental model, choles-

terol depletion either by the 20 mM M"CD, or 0.5 #g/ml filipin or

200U nystatin, inhibited SERPINA1 entry into the monocytes, by

about 50% (Fig. 3). These data allowed us to postulate that lipid raft

cholesterol depletion per se might be sufficient to block SERPINA1

entry into the cell.

To further address this question; in the next set of experi-

ments we used lipoproteins as a more physiological approach to

deplete lipid raft cholesterol. It has been suggested that the cellular

uptake of oxidized low-density lipoproteins (oxLDL) is indepen-

dent of caveolin-1 or clathrin pathways (Zeng et al., 2003) and

leads to plasma membrane caveolar cholesterol depletion result-

ing from the interaction of oxLDL with its receptor CD36, but

not SR-B1 (Uittenbogaard et al., 2000). As illustrated in Fig. 3,

oxLDL at a concentration of 40 #g/ml inhibits SERPINA1 uptake by

more than 80%. We, therefore, depleted lipid raft cholesterol with

various concentrations of oxLDL (0–24 #g/ml) and studied 125I-

SERPINA1 association with monocytes. Our data clearly show that

oxLDL inhibits 125I-SERPINA1 cell association in a concentration-

dependent manner (Fig. 4A), and also blocks the uptake of Dylight

labelled SERPINA1 (Fig. 4B). Conversely, co-incubation of cells with

SERPINA1 (0–4 mg/ml) blocked 125I-oxLDL cell association (Fig. 4C).

These effects were not mediated via the CD36 receptor as SERPINA1

had no effect on mRNA CD36 expression (control vs SERPINA1,

100 (21) vs 125 (18)%, mean (SD), n = 4 independent experiments).

The blocking of CD36 using an anti-CD36 antibody (20 #g/ml)

showed no significant effect on 125I-SERPINA1 cell association and

uptake (control vs pre-treatment, 100 (41) vs 78 (9)%, mean (SD),

p = 0.4, n = 8 independent experiments with 3 repeats each) and a

siRNA CD36 receptor knockout showed no significant effect on 125I-

SERPINA1 cell association (Fig. 5). Similarly, lectin-like oxidized LDL

receptor-1 and 2 (anti-LOX-1 and 2; 20 #g/ml each) antibodies did

not inhibit 125I-SERPINA1 cell association (anti-LOX-1: control vs

pre-treatment, 100 (23) vs 85.8 (20)%, mean (SD), p = 0.2 and anti-

LOX-2: control vs pre-treatment, 100 (23) vs 92.1 (12)%, mean (SD),

p = 0.4, n = 2 independent experiments with 4 repeats each) sug-

gesting that neither CD36 nor LOX are involved as binding receptors

for SERPINA1, and that lipid raft cholesterol level per se is likely to

be a critical factor for the SERPINA1 uptake by cells.

Fig. 5. Knockout of CD36 receptors does not effect 125I-SERPINA1 cell association.

Monocytes were transfected with CD36 siRNAs for overnight as described in Section

2. Following transfections, the cells were incubated with 125I-SERPINA1 for 2 h at

37 ◦C. CD36 receptor knockout had no significant effect on 125I-SERPINA1 uptake

and cell association. Each bar represents the mean ± SEM from two independent

experiments with six repeats each.

To further verify whether general cholesterol depletion from

lipid rafts can inhibit SERPINA1 entry into monocytes, we utilized

high density lipoprotein (HDL). HDL removes cholesterol by two

proposed mechanisms; firstly the non-specific passive exchange

of free cholesterol (Johnson et al., 1991; Phillips et al., 1998) and

secondly a specific interaction between HDL and the cell surface

(Mendez et al., 1991; Oram, 1983). Nevertheless, monocyte co-

incubation with 40 #g/ml HDL remarkably blocked 125I-SERPINA1

cell association [from 22 (0.3) to 0.7 (0.06) ng/#g cell protein, mean

(SD), p < 0.001, n = 3 independent experiments with 3 repeats in

each].

Our findings indicate that cholesterol depletion from the

lipid rafts by different mechanisms can inhibit or totally abol-

ish SERPINA1 entry into the monocytes. If so, one can predict

that enrichment of lipid rafts by exogenous cholesterol will

enhance SERPINA1 cell association. To test this, monocytes were

pre-incubated with cholesterol before adding 125I-SERPINA1. As

illustrated in Fig. 6, free cholesterol in a concentration-dependent

Fig. 6. Effect of cholesterol on 125I-SERPINA1 association with human mono-

cytes. Monocytes were incubated with different concentrations of cholesterol

(10–100 #M) for 1 h before assaying cell-associated 125I-SERPINA1. Significant

induction in cell-associated 125I-SERPINA1 was observed when cells were pre-

treated with 20 #M (p = 0.014), 50 or 100 #M cholesterol (p < 0.001). Each bar

represents mean ± SEM from three independent experiments.



1568 D. Subramaniyam et al. / The International Journal of Biochemistry & Cell Biology 42 (2010) 1562–1570

manner strongly enhanced 125I-SERPINA1 association with mono-

cytes thereby again confirming that protein–cell association is

highly dependant on cholesterol.

Numerous studies provide evidence that cholesterol depletion

itself from the membrane microdomains results in extracellular-

regulated kinases (ERK) activation, which in turn can lead to diverse

cellular events (Chen and Resh, 2001; Furuchi and Anderson, 1998).

Given the fact that SERPINA1 interacts with cholesterol in vitro

(Janciauskiene and Eriksson, 1993) and blocks 125I-oxLDL cell asso-

ciation via oxLDL receptor-independent pathway, we hypothesized

that SERPINA1 by itself may deplete cell membrane cholesterol

and, therefore, to induce ERK activation in monocytes. Indeed, SER-

PINA1 induced the phosphorylation of ERK1/2 maximally at 30 min

but had no effect at later time points (Fig. 7A and B). By contrast,

SERPINA1 increased the expression of total ERK1/2 at 1 h and the

effect remained detectable for 18 h [1.32-fold (after 1 h) and 7.3-

Fig. 7. (A–E) Effects of SERPINA1 on ERK activation and lipid droplets formation. (A) The ERK (phosphorylated) was determined quantitatively using the ERK1/2 [pTpY185/187]

ELISA kit. SERPINA1 treatment increased ERK1/2 phosphorylation and the increase was maximal at 30 min (2.4-fold higher as compared to controls, p < 0.05). The effect of

SERPINA1 on ERK1/2 phosphorylation was not detectable at 2 h. Each bar represents mean ± SEM from five independent experiments. (B) Cell lysates were analysed by

7.5% SDS-PAGE followed by western blotting using specific anti-phosphoERK1/2 antibody. Within 30 min SERPINA1 induced phosphorylation of ERK1/2. LPS (10 ng/ml) was

used as a positive control. (C) The ERK1/2 (total) was determined quantitatively using the ERK1/2 [total] ELISA kit. The expression of ERK1/2 was significantly increased in

SERPINA1-treated monocytes at 1 h and the effect remained detectable for 18 h (1.32- and 7.3-fold, respectively, p < 0.001) n = 6 independent experiments. (D) Cell lysates

were analysed by 7.5% SDS-PAGE following western blotting using specific anti-ERK1/2 antibody. SERPINA1 induced ERK1/2 expression at 1 h and ERK2 at 18 h. (E) High

amounts of cytosolic lipid droplet stained with Oil Red (indicated by arrows) were found in monocytes treated with SERPINA1 for 1 h and 18 h. Images were taken by digital

camera (Sony, DKC-5000) at magnification 40×.
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Fig. 8. The inhibitory effect of Fucoidan on 125I-SERPINA1 (A) and 125I-oxLDL (B) cell association. Monocyte were pre-incubated with 200 #g/ml Fucoidan for 30 min and then

further incubated for 2 h in the presence of 125I-SERPINA1 (A) or 125I-oxLDL (B). Fucoidan inhibited SERPINA1 and oxLDL cell association by 1.7- and 2.7-fold, respectively

(p < 0.001). Each bar represents the mean ± SEM from three independent experiments.

fold (after 18 h), p < 0.001, n = 6 independent experiments] (Fig. 7C

and D). Interestingly, previous studies have linked ERK2 activation

to intracellular lipid droplet formation (Andersson et al., 2006) and,

in support, we found high amounts of cytosolic lipid droplet stained

with Oil Red in monocytes treated with SERPINA1 (Fig. 7E). As a

matter of fact, monocyte pre-treatment with fucoidan, an inhibitor

of ERK (Kim et al., 2010; Lee et al., 2008), resulted into a signifi-

cant inhibition of intracellular uptake of 125I-SERPINA1 as well as
125I-oxLDL (Fig. 8A and B). This discovery that SERPINA1-activates

ERK and induces lipid droplet formation suggests a putative role

for SERPINA1 in the regulation of intracellular movement of free

cholesterol. By using filipin staining to detect cholesterol in var-

ious membrane organelles in intact cells, we were able to show

that SERPINA1 alters cholesterol distribution among cellular mem-

branes with more cholesterol re-distributed into the cytoplasm and

endoplasmic reticulum (Fig. 9).

Taken together, we demonstrate that SERPINA1, similar to other

APPs, interacts with lipid rafts. Specifically, we prove that either

cholesterol depletion or enrichment markedly affects SERPINA1

association with human monocytes, and that SERPINA1/monocyte

Fig. 9. Effect of SERPINA1 on cholesterol distribution in human THP-1 monocytes. Human THP-1 monocytes were cultured alone or in the presence of SREPINA1 (0.5 mg/ml)

for 24 h. The intracellular cholesterol was stained with filipin (blue). The endoplasmic reticulum and golgi were stained using rabbit anti-calregulin antibody and mouse anti-

GM130 antibody and detected with Alex-donkey anti-rabbit-594 (red) and Alex-donkey anti-mouse-488 (green), respectively. Representative images of three independent

experiments are shown, scale bar = 20 #m. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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association per se depletes lipid raft cholesterol and alters choles-

terol distribution among cellular membranes. It is also important

to notify, that our results for the first time highlight physiologi-

cal importance of SERPINA1 in the regulation of ERK activity and

enable new studies of yet unrevealed functional properties of SER-

PINA1. The regulation of the ERK signaling pathway is important to

protect phagocytes from apoptosis, is linked to DNA turnover and

cellular transformation (Namgaladze et al., 2008)

In general, our findings provide the basis for future studies

linking bioactivities of acute phase proteins to signaling pathways

associated with lipid rafts cholesterol. Lipid rafts are therapeutic

targets for various diseases and studies on physiological signifi-

cance of interaction between acute phase proteins and lipid rafts

of great importance.
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