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Abstract
Heavy alcohol consumption places a substantial burden on health all over the world. Metabolites
of alcohol evoke alterations that lead to tissue damage in many organs. Phosphatidylethanol
(PEth) is a unique phospholipid formed in the cellular membranes during the metabolism of
ethanol after alcohol consumption. PEth has attracted special attention as it is postulated to be a
reliable marker of long term heavy alcohol consumption. 

The aims of present study were to investigate the immunogenicity of phosphatidylethanol in
mice and to analyze the plasma antibodies binding to phosphatidylethanol in humans. In this study
a clear immune response was generated in mice immunized with PEth in human low density
lipoprotein (LDL) carrier. Mouse monoclonal IgM antibodies binding specifically to
phosphoethyl head group of PEth were generated using hybridoma technology. Since PEth was
shown to be immunogenic in mice, plasma was analyzed for the presence of antibodies also in
humans. PEth-specific antibodies of IgG, IgA and IgM isotypes in plasma were detected in heavy
drinkers of alcohol with or without pancreatitis as well as in the controls. The plasma levels of the
antibodies binding to PEth were significantly lower in the study subjects with heavy alcohol use
and in this present study sample the low IgA levels to PEth were better indicators of heavy alcohol
consumption as compared to the some of the traditional markers of heavy alcohol use. The
antibody levels to PEth associated significantly to plasma antibodies binding to malondialdehyde-
acetaldehyde adducts that are known to be formed during alcohol metabolism but not to antibodies
binding to phosphocholine which is generated by lipid oxidation in humans.  

In conclusion, this study demonstrates that phosphatidylethanol is immunogenic in mice when
using carriers such as human LDL in the immunization process. The binding of the monoclonal
antibodies specifically to the PEth head group suggests that it would be feasible to develop a
diagnostic immunoassay to PEth. The presence of antibodies binding to PEth in plasma indicates
that PEth may be a target of humoral immunity in humans.

Keywords: alcohol drinking, alcoholic pancreatitis, antibodies, biological markers,
ethanol, phosphatidylethanol, phospholipids
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Tiivistelmä
Runsas alkoholinkulutus aiheuttaa maailmanlaajuisesti merkittäviä terveydellisiä haittoja. Alko-
holin aineenvaihduntatuotteet muuttavat kudoksien rakenteita ja aiheuttavat kudosvaurioita. Fos-
fatidyylietanoli on alkoholin aineenvaihdunnan tuloksena solukalvoilla syntyvä fosfolipidi, jota
on tutkittu kahdenkymmenen vuoden ajan lupaavana alkoholin suurkulutuksen merkkiaineena.  

Tutkimuksen tavoitteena oli selvittää fosfatidyylietanolin immunisoinnin aiheuttamaa vasta-
aineiden muodostumista koe-eläinmallina käytetyissä hiirissä sekä määrittää ihmisten plasma-
näytteistä vasta-aineita, jotka sitoutuvat fosfatidyylietanoliin. Tutkimuksessa havaittiin immuu-
nivasteen muodostuminen hiirissä, jotka immunisoitiin ihmisen LDL hiukkasiin liitetyllä fosfa-
tidyylietanolilla. Hiiren monoklonaalisia fosfatidyylietanoliin sitoutuvia IgM-luokan vasta-ainei-
ta tuotettiin tutkimuksessa soluviljelyn avulla. Fosfatidyylietanolin aiheuttama vasta-aineiden
muodostuminen hiirillä johdatti mittaamaan fosfatidyylietanoliin sitoutuvia vasta-aineita myös
ihmisiltä. Tutkimuksessa havaittiin fosfatidyylietanoliin sitoutuvia IgG-, IgA- ja IgM-luokan
vasta-aineita alkoholin suurkuluttajilla, alkoholihaimatulehdusta sairastavilla ja verrokkihenki-
löillä. Vasta-aineiden pitoisuudet olivat alkoholia runsaasti käyttävillä koehenkilöillä merkitse-
västi pienemmät kuin verrokkiryhmällä. Matalat IgA-vasta-ainepitoisuudet osoittautuivat aineis-
tossa paremmaksi alkoholin suurkulutuksen osoittajiksi kuin eräät tavanomaisesti käytetyt alko-
holinkäytön merkkiaineet. Plasman fosfatidyylietanoli-vasta-aineiden ja alkoholin aineenvaih-
dunnan seurauksena syntyvien malondialdehydi-asetaldehydi-addukteihin sitoutuvien vasta-
aineiden määrän välillä havaittiin merkitsevä yhteys, jota ei havaittu rasvojen hapettumisen seu-
rauksena syntyvien fosfokoliini-vasta-aineiden ja fosfatidyylietanoli-vasta-aineiden välillä.  

Tutkimus osoittaa, että hiirillä voidaan aikaansaada vasta-ainevälitteinen immuunivaste, kun
ne rokotetaan ihmisen LDL-hiukkaseen liitetyllä fosfatidyylietanolilla. Fosfatidyylietanoliin spe-
sifisesti sitoutuvien monoklonaalisten vasta-aineiden tuottaminen voi tulevaisuudessa johtaa
immunologisen diagnostisen määritysmenetelmän kehittämiseen. Fosfatidyylietanoliin sitoutuvi-
en plasman vasta-aineiden havaitseminen viittaa siihen, että fosfatidyylietanoli on vasta-ainevä-
litteisen immuunivasteen kohde myös ihmisillä. 

Asiasanat: alkoholi, alkoholin käyttö, biomerkkiaine, etanoli, fosfatidyylietanoli,
fosfolipidit, haimatulehdus, vasta-aineet
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1 Introduction 

In global terms, heavy alcohol consumption is responsible for increasing amounts 

of both social hardship and economical burden. While in countries with a high 

standard of living, overall alcohol consumption is stable or even slightly 

declining, in countries with lower economical statuses and among young people 

the alcohol drinking has been on the increase (World Health Organization 2011). 

The indirect cost for the alcohol related reduction in productivity is the major cost 

attributable to alcohol drinking. In western countries, the costs linked to alcohol 

amounts to almost 1% of gross domestic product (Mohapatra et al. 2010). An 

increase in alcohol consumption to over 10 g/day poses an additional health risk 

in both males and females (Rehm et al. 2011) and alcohol overall accounts for 3.8 

percent of all global deaths (Rehm et al. 2009). 

Effective means are needed to reduce the burden of alcohol on global health. 

Health care professionals need to be able to indentify those individuals who are 

consuming harmful amounts of alcohol and to undertake a mini-intervention in 

order to influence their drinking habits. Traditional laboratory markers of alcohol 

consumption are non-specific and insensitive at revealing heavy alcohol 

consumption but new markers have recently started to emerge (Hannuksela et al. 
2007, Niemelä 2007a). These belong to direct metabolites of ethanol and have the 

ethyl group as the structural part of the molecules that has its origins in the 

consumed ethanol. Of these metabolites, phosphatidylethanol has been considered 

as one of the most promising markers of long term alcohol drinking (Hartmann et 
al. 2007). 

Immunological factors are involved in many alcohol diseases. Antibodies to 

ethanol metabolites have been detected in heavy drinkers of alcohol with and 

without alcoholic liver disease (Hietala et al. 2006, Thiele et al. 2008). The role 

of these antibodies in the disease progression is under investigation. 

This study focused on the immunological properties of the 

phosphatidylethanol in mice and humans. The characteristics of the antibodies 

binding to phosphatidylethanol were investigated by generating mouse 

monoclonal antibodies and by analyzing the plasma levels of immunoglobulins 

binding to PEth in heavy drinkers, patients with alcoholic pancreatitis as well as 

in the controls. The associations of the plasma antibody levels binding to 

phosphatidylethanol were compared with the levels of the antibodies binding to 

malondialdehyde acetaldehyde adducts and phosphocholine.  
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2 Review of the literature 

2.1 Metabolism of ethanol 

2.1.1 Absorption and distribution of ethanol 

Ingested ethanol is readily available to all tissues in the body due to its small 

molecular size and high miscibility with water. Ethanol is not soluble in fat and 

therefore the water content of the tissues determines the distribution of ethanol in 

the body. Females have a lower total water content in their bodies and thus the 

same ethanol amount proportional to body weight causes a higher systemic 

ethanol concentration (Riveros-Rosas et al. 1997). 

A small amount of ethanol is formed in the mammalian body by bacterial 

flora in gastrointestinal tract, absorbed into the portal circulation and metabolized 

in liver by the enzyme alcohol dehydrogenase (Krebs & Perkins 1970) or 

metabolized in the gastrointestinal tract itself by bacterial or mucosal alcohol 

dehydrogenase (Jokelainen et al. 1996a, Jokelainen et al. 1996b). Endogenously 

formed ethanol is metabolized to acetaldehyde and acetate such that ethanol is 

absent from the systemic circulation under normal conditions (Sarkola & Eriksson 

2001). 

When an individual ingests alcohol the vast majority, about 75%, is absorbed 

from the proximal small intestine i.e. duodenum and upper jejunum, and the rest, 

about 25%, from the stomach. Thus, delayed gastric emptying increases the first 

pass metabolism of ethanol and reduces the maximal concentration of ethanol in 

the other body tissues (Oneta et al. 1998). 

2.1.2 Oxidative metabolism of ethanol 

Almost all, 90–98% of ethanol ingested is metabolized in the body to CO2 and 

water, thus only a small portion is excreted as such into the urine, sweat and 

expired air (Holford 1987, Jones 2010). Most, 60–90% of the metabolism of 

ethanol occurs through the oxidative metabolism in the liver (Fig. 1). 

Approximately ten percent of ethanol is metabolized by bacteria in 

gastrointestinal tract, especially in colon (Tillonen et al. 1999). The oxidative 

routes of ethanol metabolism are 1) cytosolic oxidation via alcohol 

dehydrogenase (ADH), 2) microsomal oxidation via the microsomal ethanol 
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oxidising system (MEOS) (Lieber & DeCarli 1968) and 3) peroxisomal oxidation 

via catalase (Aragon et al. 1992, Soffia & Penna 1987). The vast majority of 

ethanol oxidation is catalyzed by the alcohol dehydrogenase pathway in the liver. 

Five classes of alcohol dehydrogenases, denoted ADH class I-V, have been found 

in humans (Höög et al. 2003). Most important of these are the isozymes in class I 

ADH that are present and function in the cytosolic fraction of hepatocytes 

(Comporti et al. 2010, Jones 2010). 

All pathways of oxidative metabolism of ethanol produce acetaldehyde. 

Acetaldehyde is further oxidized to acetate by aldehyde dehydrogenase enzymes 

(ALDH) (Yoshida et al. 1998). 

Fig. 1. Oxidative metabolism of ethanol. 

2.1.3 Non-oxidative metabolism of ethanol 

A small amount of ingested ethanol, 0.1–0.5% of the total (Jones 2010, Wurst et 
al. 1999) undergoes non-oxidative metabolism. This includes the conjugation of 

the ethyl group to phosphate, sulphate, glucuronic acid, fatty acids and 

phosphatidic acid (Fig. 2). Non-oxidative metabolites of ethanol have gained 

special attention since they have been proposed as specific biomarkers of recent 

alcohol drinking (Hannuksela et al. 2007, Kip et al. 2008, Niemelä 2007a). 

ADH
MEOS (P-450)
Catalase

ALDH

CH3 CH2 OH CH3 CH O

CH3 C O

OH

Ethanol Acetaldehyde

Acetic acid
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Fig. 2. Non-oxidative metabolites of ethanol. The ethyl group originating from ethanol 

is marked with an open square. EtS: Ethyl sulphate, EtP: Ethyl phosphate, EtG: Ethyl 

glucuronide, FAEE: fatty acid ethyl ester, PEth: phosphatidylethanol. 

Direct conjugation with activated glucuronic acid accounts for 0.1–0.5% of the 

elimination of ethanol (Wurst et al. 1999). Glucuronidation increases the water 

solubility of toxic compounds and helps the body to remove them via sweat and 

urine. Ethyl glucuronide is formed by UDP glucuronosyltransferase (UDP-GT) 

(Schmitt et al. 1995). The conjugation of ethanol with activated sulphate by 

sulphotransferases produces ethyl sulphate (Helander & Beck 2004). Low levels 

of ethyl glucuronide and ethyl sulphate have been found in urine after rather 

minor consumption of alcohol, after ingestion of large amounts of certain fruits 

(Musshoff et al. 2010) or even after using hand sanitizers (Reisfield et al. 2011). 

The peak concentration of EtG and EtS was observed 2–10 hours after ethanol 

drinking. After long term heavy drinking, EtG and EtS may remain positive for up 

to 5 days but it does display high inter-individual variation (Helander et al. 2009). 

It has been proposed that ethyl phosphate may be formed during ethanol exposure 

(Tomaszewski & Buchowicz 1972) but further studies of biological production 

and its use as a marker of alcohol consumption are needed (Bicker et al. 2006). 

Fatty acid ethyl esters (FAEEs) are produced by esterification reaction of free 

fatty acids and ethanol in cytosol by fatty acid ester synthases (Kaphalia et al. 
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1999). Interestingly, inhibition of oxidative metabolism causes an increase in the 

FAEE concentration in humans (Best et al. 2006) with the highest amounts of 

FAEEs being found in the organs that are commonly damaged by excessive 

alcohol consumption (Laposata & Lange 1986). FAEEs disrupt many cellular 

functions by changing the calcium balance (Petersen et al. 2011) and by 

disturbing mitochondrial oxidative phosphorylation. Fatty acid ethyl esters 

accumulate in the inner membrane of mitochondria and the mitochondrial lipases 

release the free fatty acid from the membrane causing subsequent uncoupling of 

the oxidative phosphorylation that may play a role in alcohol cardiomyopathy 

(Beckemeier & Bora 1998) and alcohol-induced skeletal myopathy (Salem et al. 
2006). 

2.2 Phosphatidylethanol 

2.2.1 Major cellular phospholipids 

Synthesis 

More than a thousand different phospholipids are found in mammalian cell 

membranes (Dowhan 1997). This huge diversity originates from different 

combinations of fatty acids in sn-1 and sn-2 positions as well as the various head-

group components. 

Phospholipids are divided into two major classes; glycerophospholipids and 

sphingolipids. In glycerophospholipids, the fatty acid chains are attached by ester 

bonding in the glycerol moiety at sn-1 and sn-2 positions, i.e. first and second 

carbon based on the stereochemical numbering and the phosphate group in sn-3 

position. Sphingolipids contain sphingosine instead of glycerol as a backbone of 

the lipids. 

The synthesis of glycerophospholipids starts at glycerol-3-phosphate (Fig. 3). 

Addition of the first acyl chain to the glycerol backbone is catalysed by glycerol-

3-phosphate acyl transferase (GPAT) and the second acyl chain by acyl-glycerol 

phosphate acyltransferase (AGPAT) (Takeuchi & Reue 2009). These additions 

produce phosphatidic acid, a key molecule in the formation of other 

glycerophospholipids. Phosphatidic acid can further be converted by phosphatidic 

acid phosphatase (PAP) into diacylglycerol (DAG) and further to 

phosphatidylcholine, phosphatidylethanolamine or phosphatidylserine. 
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Phosphatidic acid may also be modified by CDP-diacylglycerol synthase (CDS) 

that provides activated diacylglycerol, CDP-diacylglycerol. This pathway is used 

in the syntheses of phosphatidylinositol, phosphatidylglycerol and cardiolipin 

(Vance & Vance 2004). 

Phosphatidylcholine is the most abundant phospholipid found in biological 

membranes. The biosynthesis of phosphatidylcholine requires the activation of 

phosphocholine head group with cytidine triphosphate (CTP). This pathway was 

first described by the father of phospholipid biosynthesis, Eugene Kennedy, in the 

1950s (Kennedy & Weiss 1956). Activated phosphocholine is attached to 

diacylglycerol to form phosphatidylcholine. Alternatively, phosphatidylcholine 

may also be formed by N-methylation of phosphatidylethanolamine. This 

pathway is important in mammalian hepatocytes (Sundler & Akesson 1975). 

Phosphatidylethanolamine is synthesized in mammalian cells by a 

mechanism similar to that for phosphatidylcholine. Ethanolamine is 

phosphorylated by ethanolamine kinase, activated by CTP:phosphoethanolamine 

cytidyltransferase and attached to diacylglycerol. Phosphatidylcholine and 

phosphatidylethanolamine can both be converted into phosphatidylserine by 

phosphatidylserine synthase 1 and 2 (PSS), respectively (Vance & Vance 2004). 
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Fig. 3. Pathways for phospholipid synthesis. The molecules involved in the pathway 

are Glycerol-3-phosphate (1.), Acyl-coenzyme A (2.), Lysophosphatidic acid (3.), 

Phosphatidic acid (4.), CDP-diacylglycerol (5.), and Diacylglycerol (6.). The enzymes 

involved are Acyl-CoA synthase (ACS), glycerol-3-phosphate acyltransferase (GPAT), 

1-acylglycerol-3-phosphate acyltransferase (AGPAT), CDP-diacylglycerol synthase 

(CDS), phosphatidic acid phosphatase (PAP). The end products of the pathways are 

phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS), 

phosphatidylinositol (PI), phosphatidylglycerol (PG) and cardiolipin (CL) (Modified 

from Vance & Vance 2004, Takeuchi & Reue 2009). 
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Degradation by phospholipases 

Phospholipids are degraded by phospholipases. A specialized phospholipase 

enzyme exists for each ester bond within the phospholipid structure that cleaves 

the bond and modifies the phospholipid (Fig. 4). These enzymes are required to 

cleave the active components such as choline and free fatty acids from the 

membranes to be used in other cellular functions. Many of these cleavage 

products of the phospholipids, for example diacylglycerol, phosphatidic acid and 

inositol trisphosphate (IP3) are important cellular messengers (Berridge 2009, 

Carrasco & Mérida 2007, Cazzolli et al. 2006). 

Phospholipases A1 and A2 catalyze the cleavage of the ester bond in sn-1 and 

sn-2 positions, respectively, producing lyso-phospholipid and free fatty acid. 

Phospholipase B is able to cleave both sn-1 and sn-2 bonds. Phospholipase C 

catalyses the cleavage of the ester bond between the glycerol backbone and the 

phosphate group, releasing phosphoalcohol, e.g. phosphocholine and 

diacylglycerol. Phospholipase D is responsible for the cleavage of the free alcohol 

head group, e.g. choline and phosphatidic acid (Kaiser et al. 1990). 

Fig. 4. Sites of phospholipid cleavage by phospholipases A1 (PLA1), A2 (PLA2), B 

(PLB), C (PLC) and D (PLD). P=phosphate group. 

2.2.2 Main characteristics of phosphatidylethanol 

In addition to the catalytic cleavage of the alcohol head-group and the production 

of phosphatidic acid, the phospholipase D also possesses a transphosphatidylation 

activity. The phosphatidate is transferred to an alcoholic moiety, e.g. ethanol or 

some other primary alcohol and a new ester bond is formed producing 
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phosphatidylethanol or some other corresponding phosphatidylalcohol (Yang et 
al. 1967). Phosphatidylethanols present in the cells are composed of the same 

fatty acid combinations as the phosphatidylcholines, the substrates for 

transphosphatidylation reactions. The most common forms are 1-palmitoyl-2-

oleoyl (16:0/18:1) accounting for 37% and 1-palmitoyl-2-linoleoyl (16:0/18:2) 

accounting for 26% of phosphatidylethanols (Helander & Zheng 2009). Recently 

48 homologues of PEth were identified in human blood (Gnann et al. 2010). 

At physiological pH, PEth has a net negative charge due to the negatively-

charged phosphate-group (Bondar & Rowe 1996). PEth possesses a smaller head-

group size than its precursor molecule, phosphatidylcholine (Lee et al. 1993, Lee 
et al. 1996). At low concentrations, phosphatidylethanol distributes preferentially 

to the inner leaflet of the cell membrane. This may be partly due to its small head 

group size that allows tighter curvature of the membrane. The inner leaflet 

preference may also be caused by the negative charge of phosphatidylethanol. At 

higher phosphatidylethanol concentrations, there is no preference in the PEth 

distribution between the membrane leaflets (Victorov et al. 1997). The 

phosphatidylethanol head-group bends towards the fatty acid in sn-2 position and 

hence towards the hydrophobic bilayer interior (Victorov et al. 1996). Unlike the 

phosphatidylcholines with large head groups, phosphatidylethanols in the 

membranes do not form umbrella structures consisting of the large head groups 

that allow the hydrophobic sterols to hide from the polar environment of the 

cytosol and extracellular fluids. The lack of such structures in PEth molecules 

means that they have a lower capacity to form ordered structures such as 

membrane rafts with sterols (Jaikishan et al. 2010). 

Phosphatidylethanol is more stable than phosphatidic acid in biological 

membranes and it accumulates in some tissues during ethanol exposure. In human 

blood, the half life of PEth is about four days (Varga et al. 2000). However, 

considerable variation of PEth degradation in various organs has been described. 

In rat pancreatic islets, the half life is about two hours (Metz & Dunlop 1990), in 

perfused rat heart and small intestine about one hour (Brühl et al. 2003) and in 

brain, half lives of 8 to 17 hours have been reported (Brühl et al. 2003, Lundqvist 
et al. 1994). 

2.2.3 Phosphatidylethanol as a cellular messenger  

Phosphatidylethanol is formed in the cells by the action of phospholipase D. The 

formation of PEth takes place at the expense of phosphatidic acid which is an 
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important cellular secondary messenger. Therefore, one could predict that the 

formation of phosphatidylethanol is likely to alter cellular signalling. 

Phosphatidylethanol potentiates the effect of angiotensin II on the p43/44 

mitogen-activated protein kinase (MAPK) pathway. A similar potentiating effect 

and agonist selectivity have been observed with ethanol (Aroor et al. 2002). 

Phosphatidylethanol increases the membrane fluidity and alters the activity of 

membrane bound proteins such as 5’-nucleotidase and Na+/K+ adenosine 

triphosphatase (ATPase). Some of these effects of phosphatidylethanol may be 

attributed to the direct interaction of PEth with the membrane proteins and their 

catalytic sites or phosphatidylethanol may also alter the physicochemical 

properties of the membranes (Omodeo-Salé et al. 1991). It has also been 

postulated that part of the effects of ethanol in brain could be attributed to a 

reduction in the thickness of the membrane due to the formation of 

phosphatidylethanol (Park et al. 2009). 

Phosphatidylethanol concentrations in lipoproteins in vivo have not been 

investigated in detail. In early report 10–14% of PEth in blood was found in 

plasma (Hansson et al. 1997), however, this could not be confirmed in a 

subsequent study by the same group (Varga et al. 2000). Most likely and based on 

our preliminary data, phosphatidylethanol is present in the lipoprotein particles. 

HDL-particles from alcohol heavy drinkers and PEth-modified HDL particles 

have been reported to elevate the levels of vascular endothelial growth factor in 

rats (Liisanantti et al. 2004a). Phosphatidylethanol can be transported between 

lipoprotein classes by cholesteryl ester transfer protein (CETP) and phospholipid 

transfer protein (PLTP) (Liisanantti et al. 2004b). It has been reported that 

phosphatidylethanol in lipoproteins mediates its effect on smooth muscle cells via 

protein kinase C (PKC) and MAPK phosphorylation (Liisanantti & Savolainen 

2005). Phosphatidylethanol was claimed to reduce mouse preadipocyte 

differentiation into adipocytes by reducing stearoyl-CoA desaturase 1 (SCD 1) 

(Huusko et al. 2007). Recently, PEth has been shown to mediate its cellular 

effects through HDL-receptor CLA-1 (Liisanantti & Savolainen 2009). 

2.2.4 Phosphatidylethanol as a marker of alcohol use 

Nearly twenty years after the discovery of the transphosphatidylation activity of 

phospholipase D in the 1960’s (Yang et al. 1967) Christer Alling and co-workers 

found that an abnormal phospholipid was formed in rats after ethanol exposure 

(Alling et al. 1983). One year later, this abnormal phospholipid was identified as 
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phosphatidylethanol and it was detected in brain, kidney, liver and skeletal muscle 

of ethanol fed rats (Alling et al. 1984). 

Phosphatidylethanol has attracted attention as a specific marker of alcohol 

intake. An elevated activity of phospholipase D and increased production of PEth 

by peripheral blood lymphocytes were assumed to serve as a non-invasive assay 

to detect male subjects at risk of alcoholism and heavy alcohol use (Mueller et al. 
1988). PEth was detected in blood samples of heavy drinkers up to fourteen days 

after their admission to a detoxification unit (Hansson et al. 1997). An even 

longer detection window, up to 21 days, has been reported with a more sensitive 

technique, high-performance liquid chromatography with evaporative light-

scattering detector (HPLC-ELSD) (Gunnarsson et al. 1998). The normalization 

half-life of phosphatidylethanol in human blood is about four days in alcoholic 

subjects (Varga et al. 2000) and no gender-related differences in elimination rates 

have been observed (Wurst et al. 2010). In tissues other than blood, the 

elimination rate of phosphatidylethanol is much faster (Lundqvist et al. 1994), 

which has been suggested to be caused by more active mechanisms of PEth 

degradation than are present in erythrocytes (Varga et al. 2000). 

A significant correlation with the PEth concentration in blood has been 

detected for alcohol intake and the traditional markers of alcohol intake, CDT, 

GGT, but not with MCV (Aradóttir et al. 2006). In another study, a significant 

correlation was found also for MCV (Hartmann et al. 2007). In order to produce 

detectable amounts of PEth in blood samples, it has been calculated that one 

needs to consume 1000 grams of pure ethanol at more than 50 grams daily doses 

prior to sampling (Varga et al. 1998, Wurst et al. 2003). However, the recent 

progress in detection techniques has improved the sensitivity of PEth assays and 

now PEth can be detected from the samples after alcohol consumption of only 

one drink per day (Stewart et al. 2009). The PEth measurement shows a positive 

linear correlation to the amount of alcohol consumed within two weeks prior to 

sampling and it is detectable in 93% of people consuming more than two drinks 

per day (Stewart et al. 2010). The early validation assays for PEth as a biomarker 

of alcohol use have been done in detoxification units in which the PEth levels 

were analysed in drinkers with heavy rates of alcohol consumption (Aradóttir et 
al. 2006, Gunnarsson et al. 1998). These comparisons result in very high values 

for sensitivity and specificity (Hartmann et al. 2007). Recently, a comparison of 

PEth values in samples taken from moderate and heavy drinkers has revealed that 

there is a significant variability in PEth synthesis between individuals (Stewart et 
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al. 2009) and hence the possibility of applying PEth assays to distinguish between 

heavy and moderate drinkers needs further evaluations. 

For routine application, it is sufficient to measure only the two most common 

species of phosphatidylethanol, 16:0/18:1 and 16:0/18:2, since they account for 

more than 60% of the total PEth in blood (Helander & Zheng 2009). Special 

precautions should be taken for the storage conditions of blood samples since in 
vitro formation of PEth has been observed even at -20°C in samples containing 

ethanol (Aradóttir et al. 2004). 

It would be advantageous in the assays of the total PEth concentration in 

blood if one could develop an assay that detects the head group of the 

phospholipid independently of the fatty acid composition. This may be feasible 

with the recently developed capillary electrophoresis technique (Nalesso et al. 
2010, Varga & Nilsson 2008) for PEth analysis or perhaps with immunological 

methods. There is a clear need for reliable testing for alcohol use in many 

occupations e.g. health care services, including intensive care units and also when 

reviewing driving licenses following drunk driving convictions and relapses in 

abstinence programs. The advantage of PEth in comparison to the traditional 

markers is that it is theoretically 100% specific for alcohol intake since it is a 

direct ethanol metabolite, it has a long half life and there are no gender 

differences in elimination. The individual rates of PEth formation and degradation 

need to be further studied. If one wishes to cover the entire time window from 

hours to weeks after ethanol intake, PEth can be used in combination with the 

assays of other direct metabolites of ethanol, ethyl sulfate, ethyl glucuronide and 

fatty acid ethyl esters. 

2.3 Innate and adaptive immunity 

Immunology is the study of the system that examines the processes that biological 

organisms, animals and the plants use to battle against the pathogens. The basic 

concepts of immunology have been understood for somewhat over one hundred 

years. Early studies of small pox vaccination by Edward Jenner were followed by 

the finding of the micro-organisms responsible for the pathology by Robert Koch 

and the development of a method to immunize chicken against cholera as well as 

the successful method to help a boy that was bitten by a rabid dog developed by 

Louis Pasteur in the late 19th century. Finally, in 1890 von Behring and Kitasato 

found the substances in the plasma of vaccinated individuals that specifically 
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recognized the pathogens and they named these substances antibodies (Janeway Jr 

et al. 2005, Riedel 2005). 

 At the time when von Behring and Kitasato were working with antibodies, 

the Russian immunologist Elie Metchnikoff investigated the phagocytosis of 

certain microorganisms by specialized cells that he named macrophages. These 

cells are present in animals even before the exposure to the pathogens and form 

the first line defence, so called innate immunity, against the microorganisms. In 

contrast, pathogen-specific antibodies and T cells are formed only after an 

infection. In the course of studies with antibodies, it became clear that vast range 

of molecules, antigens, can induce the generation of specific antibodies and 

specific T cell response (Janeway Jr et al. 2005). 

2.3.1 Innate immunity 

The innate immunity system consists of the body’s barriers to pathogens, i.e. 
epithelium and epithelial mucosa, phagocytic cells, complement system, B-1 and 

γ:δ T cells. The epithelium represents a physical barrier to external pathogens in 

skin and tubular linings in gastrointestinal, urinogenital and respiratory tracts 

(Alonzo & Sant'Angelo 2011, Baumgarth 2011, Bonneville et al. 2010, Janeway 

Jr & Medzhitov 2002). If the pathogens are capable of penetrating through the 

epithelial barrier, they will encounter phagocytic cells such as macrophages and 

dendritic cells. These cells immediately recognize the bacterial pathogen-

associated molecular patterns (PAMPs) since they possess pattern recognition 

receptors (PRRs) (Kumagai & Akira 2010). Activated macrophages produce 

chemokines and cytokines that recruit and activate monocytes and neutrophils to 

the site of infection and increase the permeability of blood vessels that leads to 

increased blood flow and leakage of fluid to the infected tissue (Soehnlein & 

Lindbom 2010). The complement system is an efficient system of innate 

immunity to hold and destroy the invading bacteria in the host. There are three 

mechanisms by which the complement system can restrict the infection. First, 

complement proteins can bind to pathogens and then opsonise them so that they 

can be engulfed by the phagocytic cells. Second, some complement proteins are 

chemoattractants that recruit the phagocytic cells to the site of infection. Third, 

some complement proteins can damage the bacteria by creating pores in the 

bacterial membrane (Zipfel & Skerka 2009). 

Natural antibodies are secreted immunoglobulins that belong to innate 

immunity and are mainly of IgM type. Natural antibodies are present in normal 
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amounts also in the blood of germ free and external antigen free animals 

(Coutinho et al. 1995) and the production of natural IgM antibodies seems to be 

largely independent of exogenous antigen stimuli (Ehrenstein & Notley 2010). 

The cells responsible for natural IgM production are B1 cells in mice. The 

contribution of splenic marginal zone (MZ) B cells to natural IgM production is 

controversial. MZ B cells have greater variability in antigen binding than the B1 

cells although both produce antibodies that recognize the same antigens 

(Ehrenstein & Notley 2010). In humans CD21lowIgMhigh B cells have been 

recently reported to be functionally related to mouse B1 cells (Rakhmanov et al. 
2009). In general, during B and T cell development, cells that recognize the self 

antigens are deleted from the repertoire. In terms of B1 cells, the engagement of 

self antigen seems to provide positive selection stimuli (Baumgarth 2011). The 

function of the natural IgMs is to opsonise microbes as well as small altered self 

particles to permit their clearance by macrophages (Litvack et al. 2011, Peng et 
al. 2005). 

2.3.2 Adaptive immunity 

Adaptive immunity is a life-long chain of events that alters the reactivity and the 

response of biological organisms to pathogens and other immunologically active 

substances. Adaptive immunity starts with processes in common with innate 

immunity. Pathogens are engulfed in the tissues by the immature dendritic cells 

that bear the pattern recognition receptors that recognize the common bacterial 

structures. Phagocytosis of bacteria activates the dendritic cells to professional 

antigen presenting cells (APC). These cells carry the antigens to peripheral 

lymphoid organs via lymphatic vessels. In nearby lymph nodes, the activated 

dendritic cells present the bacterial, viral or other antigenic structures that they 

obtained by phagocytosis or non-selective uptake of extracellular content called 

macropinocytosis. The foreign structures are recognized by the specialized 

lymphocytes that bear a single specific antigen receptor on their surface. Adaptive 

immunity includes the antigen-specific cell-mediated immune functions carried 

out by T lymphocytes and the production of antigen-specific antibodies by B 

cells. In the following chapters, humoral, antibody-mediated immunity is 

described in greater detail since it is one of the crucial parts of this thesis. 
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Cell mediated immunity 

Cell mediated immunity refers to the adaptive immune responses to antigens that 

utilize antigen specific T cells. Naïve T cells are mature recirculating T cells that 

have not encountered their specific antigen. They need to receive a survival signal 

by recognition of self-peptide:self-histocompatibility complexes (MHC). These 

cells continuously circulate through the peripheral lymphoid organs and scan the 

major MHC complexes for an activating signal that will fit into their T-cell 

receptor (Starr et al. 2003). 

The naïve T cells obtain the activation signal from the tissue dendritic cells 

that ingest the pathogen and become activated and migrate to nearby lymphoid 

tissue (Alvarez et al. 2008). These cells are professional antigen presenting cells 

that can activate the naïve T cells by presenting the peptides from the pathogens 

on their MHC molecules. In addition to presenting the antigen, the dendritic cells 

provide a strong synergistic stimulation signal to T cells (Hugues 2010). 

Macrophages are also capable of activating naïve T cells, but are less potent than 

the dendritic cells. After encountering a specific antigen, the T cells become 

armed effector T cells, which are ready to act on the specific functions of their 

target cells. 

The differentiation of naïve T cells to the effector cells depends on the local 

cytokine profile at the site of differentiation (Wilson et al. 2009). Naïve T cells 

can differentiate into cytotoxic T cells that are CD8 positive and bind to MHC I 

complex or CD4 positive cells binding to MHC II complex. CD4 positive cells 

can differentiate into TH1 and TH2 and TH17cells. TH1 cells activate the cell 

mediated functions while TH2 cells are responsible for the activation of humoral 

immune responses (Singer et al. 2008). Differentiation of naïve T cells to TH17 

needs IL-6 and TGF-β induction and the differentiation is blocked by inducers of 

TH1 and TH2 cells IFN-γ and IL-4 (Zhu & Paul 2010). Recently, another T-cell 

population of regulatory T-cells (TReg) has been identified. TReg-cells have 

important functions in immunological tolerance and the prevention of 

autoimmune diseases (Vignali et al. 2008). After resolution of pathogen induced 

cell mediated immune response, both CD4 and CD8 positive memory T cells 

persist in various sites of the body ready to battle any reinvading pathogens 

(Woodland & Kohlmeier 2009). 
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Humoral immunity 

Humoral immunity is mediated through the production of antibodies by 

specialized B cells called plasma cells. The B cells have B cell receptors, surface 

immunoglobulins, on their surfaces that bear similar binding specificities to the 

antigen as the antibodies that they produce. The role of soluble immunoglobulin 

proteins in host defence is to provide protection for extracellular fluids. The 

antibodies bind and neutralize the pathogens, preventing them from infecting the 

host cells or they can opsonise, i.e. coat the pathogens so as to trigger 

phagocytosis. The antibodies are also capable of inducing cellular cytotoxicity, 

activating the complement and participating in the degranulation of the mast cells. 

Humoral immune response needs special recognition of the antigen by the B 

cell surface receptor, surface antibody. The recognized antigen triggers 

intracellular signalling and internalization of the antigen. Subsequently, for the 

maximal activation of the B cell one has to have the presentation of the 

internalized antigen on the surface of the cell in order to trigger the activation 

signal from the CD4-positive T-helper cell that binds to the B cell via recognition 

of MHC II molecule bearing specific antigen for T cell and also by binding to the 

CD40 molecule with T cell CD40 ligand (Harwood & Batista 2010). The B cells 

that recognize self antigens are removed during the maturation in bone marrow 

and in peripheral lymphoid organs. Many polysaccharide and lipid antigens from 

microbial, viral and self origin are able to induce B cell response without the help 

of T cells. These antigens are called thymus or T-cell independent antigens 

(Haniuda et al. 2011, Mond et al. 1995). 

The humoral immune response is divided into the primary and secondary 

response. In the first phase, the naïve B cell encounters the specific antigen, 

becomes activated and starts dividing, mainly into IgM producing cells. This 

primary response is obtained usually within 5 to 10 days. After the first encounter 

with antigen, some of the B cells become low-antibody-producing memory B 

cells that are ready to divide rapidly and generate larger amounts of antibodies in 

repeated encounters with antigen. The secondary immune response typically 

produces higher amounts of IgG immunoglobulins and in some cases IgA or IgE 

isotypes (Cyster 2010, Shapiro-Shelef & Calame 2005). 
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Fig. 5. Immunoglobulin structure. The light chain consists of a variable domain (light 

green) and of a constant domain (dark green). The heavy chain has a variable domain 

(pink) and 3–4 constant domains (dark red). Complementarity-determining regions 

(CDRs) are located within the variable domains of light and heavy chains. The 

fragment antigen binding (Fab) and the fragment crystallisable (Fc) mediate the 

functions of the antibody (panel A). Structures of the secreted forms of the 

immunoglobulins (panel B). 

The immunoglobulins have specialized structures that mediate the two distinct 

functions of the antibodies. First, the binding to the target antigens is mediated 

through the hypervariable or more commonly termed the complementarity 

determining regions (CDRs) of the antibodies in the heavy and the light chain 

variable domains. Second, the downstream immune functions of the antibodies 

are mediated through the constant regions of the heavy chains, the Fc portion of 

the molecule (Fig. 5 panel A) (Nimmerjahn & Ravetch 2008). The variability of 
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the immunoglobulins is generated during the maturation of B cells and the 

assembly of the B cell receptors, the surface immunoglobulins, from the germline 

genes encoding V, D and J gene segments of heavy chain and V and J gene 

segments of the light chain variable regions. This assembly provides 

combinatorial and junctional diversity in the antibodies. In addition, there are 

three CDRs in light chain variable region denoted L1, L2 and L3 and three in the 

heavy chain variable region denoted H1, H2 and H3 that are subject to mutations 

in somatic hypermutation during the affinity maturation of the antibodies. The 

CDRs are short loop structures that are aligned to the surface of the arms of the Y-

shaped immunoglobulin and the amino acid sequences of the six loops together 

generate the binding specificity of the antibody (North et al. 2011). The CDRs in 

heavy and light chains are flanked by the less variable framework regions (FR 1-

4). The structure of Fc portion of the immunoglobulin depends on the 

immunoglobulin isotype. The secreted forms of the immunoglobulins are shown 

in Fig. 5 panel B and the structures of heavy chain Fc portions and the main 

functions of IgA, IgD, IgE, IgG and IgM immunoglobulin isotypes are shown in 

Table 1. 

Table 1. Structure and main functions of immunoglobulins (modified from Abbas & 
Lichtman 2005). 

Isotype of 

Antibody 

Subtypes Heavy 

chain 

Molecular weight 

(kDa) 

Functions Structure of secreted form 

IgA IgA 1, 2 α 

(1 or 2) 

160 

(390 dimer) 

Mucosal immunity IgA dimer 

 

IgD None δ 184 Naïve B cell receptor None 

IgE None ε 188 Defence against 

helminthic parasites, 

Immediate 

hypersensitivity 

IgE monomer 

 

IgG IgG1-4 γ 

(1,2,3 or 

4) 

146-165 Opsonisation, 

complement activation, 

antibody dependent cell 

mediated cytotoxicity, 

neonatal immunity, 

feedback inhibition of B 

cells 

IgG monomer 

 

IgM None μ 190 

(970 pentamer) 

Naïve B cell antigen 

receptor, complement 

activation 

IgM pentamer 
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2.4 Phospholipids as targets of the immune system 

The immunogenicity of phospholipids has posed a challenging question for 

scientists. MHC-proteins can present peptide antigens on antigen presenting cells, 

but are unable to bind phospholipids and carry them to cell surface for 

presentation. However, the immune response to phospholipid epitopes may arise 

via the MHC-class pathway together with protein or peptide cofactors (Kuwana 

2004, Kuwana et al. 2005). 

Since phospholipids are poorly soluble in water they are transported in the 

extracellular fluids via lipoprotein particles or in combinations with proteins such 

as albumin. A special transportation system for phospholipids is also needed 

during antigen presentation due to their hydrophobic nature. It has been shown 

that both self and non-self phospholipids can be presented by the antigen 

presenting cells by CD1 glycoproteins (De Libero & Mori 2010).  

2.4.1 Presentation of phospholipid epitopes to host defence 

Antigen presenting cells recognize phospholipid targets by pattern recognition 

receptors (PRRs). The phospholipid targets for phagocytic cells are found in 

apoptotic cells and in oxidized lipoproteins and marked with soluble pattern 

recognition proteins (PRPs) such as collectins, ficolins, pentraxins, sCD14, MFG-

E8, natural IgM and C1q (Litvack & Palaniyar 2010, Litvack et al. 2011). In 

addition, the plasma protein beta-2-glycoprotein I (β2GPI) forms stable complexes 

with oxidized LDL and the IgG antibodies recognizing these complexes facilitate 

the uptake of the complexes by the macrophages (Matsuura et al. 2009). 

In order to present the phospholipids on their surface, the antigen presenting 

cells (APCs) need to possess special molecules to perform this task. Five 

members of CD1 molecules are found in humans, named CD1a-e. CD1e is the 

only member in this class which is not capable of transporting the antigen to the 

cell surface. CD1e functions as a lipid transport protein (LTP) that carries the 

lipids during their transportation within the intracellular compartments (De Libero 
et al. 2009). 

CD1 molecules have deep binding pockets for the fatty acid chains of the 

phospholipids protecting them from the aqueous environment. The hydrophilic 

head groups of the phospholipids remain on the protein surface and are therefore 

available for recognition (De Libero & Mori 2010). 
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A wide variety of different phospholipids may bind to CD1 molecules. These 

include the phospholipids from non-self organisms, phospholipids from other 

cells of the organism (exogenous self antigens), and the phospholipids from the 

antigen presenting cell itself (endogenous self antigens) (De Libero & Mori 

2010). Phospholipids binding to CD1d have recently been characterized in detail 

(Cox et al. 2009). CD1d can accommodate a wide range of different head groups 

including all common membrane glycerophospholipids, sphingomyelin and 

glycosylated sphingolipids. All of the most common combinations of fatty acid 

side chains fit into the binding pockets of CD1d molecules. Most of the fatty 

acids in sn-1 and sn-2 positions, 62 and 58 percent, respectively, were 16-18 

carbon long with either zero or one double bond in the chain. Surprisingly, 

cardiolipin with four fatty acid chains and lysophosphatidylcholine with one fatty 

acid chain were also able to bind into the CD1d molecule (Cox et al. 2009). 

CD1 molecules presenting lipid antigens can be recognized by different types 

of T-cells including CD4+, CD8+ and CD4-CD8- double negative cells. The lipids 

in the CD1d molecule are recognized by the special T-cell class, the natural killer 

T cells (NKT cells) (De Libero & Mori 2010). It was shown recently that CD1 

self-reactive T cells are abundant in the blood of neonates and adults and they 

may acquire different effector functions in the presence of lipid antigen in the 

CD1 molecule (de Lalla et al. 2011). 

2.4.2 Anti-phospholipid antibodies 

Anti-phospholipid antibodies (aPLs) were originally defined as antibodies binding 

to cardiolipin. Since high cross-reactivity is observed among aPLs subsequently 

aPLs have been considered as a heterogeneous group of antibodies binding to 

phospholipids and also to the co-factor proteins that associate with phospholipids 

such as annexin V, beta-2-glycoprotein I and prothrombin (Devreese & Hoylaerts 

2010, Espinosa & Cervera 2008). Furthermore, some anticardiolipin aPLs can 

cross-react with oxidized LDL (Vaarala et al. 1993, Vaarala et al. 1996). 

The most common target for anti-phospholipid antibodies of clinical 

relevance is beta-2 glycoprotein I (Kuwana et al. 2005). Immunization of mice 

with the human β2GPI-cardiolipin complex induces an intense production of anti-

cardiolipin IgG antibody (Subang et al. 2000). β2GPI is also a target of the CD4+ 

T-cell response and hence it assists in the production of anti-phospholipid 

antibodies (Hattori et al. 2000). 
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Anti-phospholipid antibodies are clinically associated to recurrent pregnancy 

loss, anti-phospholipid syndrome (APS), systemic lupus erythematosus (SLE) and 

thrombotic events. Antibodies that bind to pure phospholipid are considered as an 

infectious disease type of aPL (Petrovas et al. 1999). They are found in many 

infectious diseases and considered non-pathogenic. For this reason, they are said 

to be clinically irrelevant, however, there is no consensus about the biological role 

of these antibodies (Horstman et al. 2009). 

2.5 Immunological alterations in heavy alcohol drinking 

Alcohol has opposite effects on several biological functions depending on the 

amount of alcohol consumed (Calabrese & Baldwin 2003). This property is 

known as hormesis and is applicable for many pharmacological substances 

(Calabrese et al. 2010). A well known example of the J-shaped effect of ethanol is 

the response on cardiovascular and total mortality which has been described in 

many large studies (Di Castelnuovo et al. 2006). Several studies have indicated 

immunological alterations in alcohol related illness. Inflammatory diseases such 

as pancreatitis and hepatitis commonly affect heavy drinkers of alcohol (Goral et 
al. 2008). 

2.5.1 Alcohol and cytokines 

The effect of alcohol on levels of circulating cytokines is attributable to the 

cellular response to tissue injury in several organs evoked by alcohol metabolites 

or alcohol induced oxidative stress. Excessive alcohol consumption leads to 

increased permeability in the intestine and subsequent deposit of bacterial cell 

wall endotoxin lipopolysaccharide (LPS) in the portal circulation (Seth et al. 
2010).  

Alcoholic liver disease has been an extensively studied example of organ 

damage caused by excessive alcohol consumption. The major cytokines involved 

in the disease progression are tumour necrosis factor α (TNF-α) and transforming 

growth factor β (TGF-β). Hepatocyte injury caused by the alcohol metabolite, 

acetaldehyde, induces secretion of TNF-α and TGF-β that activates several 

nuclear transcription factors leading to the promotion of fibrogenesis (Seth et al. 
2010). The stimulation of liver residing Kuppfer cells by endotoxins (Thurman et 
al. 1998) is mediated through a complex cascade of cellular signalling that is 

initiated by LPS binding to Toll like receptor 4 (TLR4) and subsequently to 
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activation of factors such as nuclear factor κB (NF-κB) and protein kinase C 

(PKC). The activation of these cascades triggers production of the pro-

inflammatory cytokines e.g. interleukin 1β (IL-1β) and TNFα (Hoek & Pastorino 

2002). In addition to the activation of proinflammatory cytokines, alcohol also 

induces the secretion of the anti-inflammatory cytokines IL-10 and 

hepatoprotective cytokine IL-6 highlighting the compensatory role of these 

cytokines in the response to alcohol induced damage in the liver (Miller et al. 
2011). 

2.5.2 Effect of alcohol on innate immunity 

The proper timing and length of innate immunity process are essential features of 

effective first line defence. The defence process is required to start rapidly as soon 

as it encounters invading pathogen but to cease once the infection has been 

cleared. Alcohol disturbs the control of the innate immune system causing 

increased susceptibility to infections. One well-known example is the increased 

risk of lung infections in heavy drinkers (Happel & Nelson 2005, Szabo & 

Mandrekar 2009). Recently, an impairment of the recruitment of neutrophils into 

lung has been observed also in the response to acute ethanol administration in 

mice (Walker et al. 2009). 

Complement activation is involved in alcohol induced liver disease 

progression. The plasma levels of C3 complement component are increased in 

alcohol fed mice (Pritchard et al. 2007). The mice lacking the complement 

component C1q are protected against liver damage induced by chronic ethanol 

administration (Cohen et al. 2010). 

Natural killer cells (NK cells) are the controllers that detect stressed or 

damaged cells in the tissues. Alcohol decreases the activity of NK cells that are 

responsible for anti-fibrotic activity in the liver (Jeong et al. 2008). 

2.5.3 Effect of alcohol on adaptive immunity 

Adaptive immunity begins with the presentation of antigens by antigen presenting 

cells. Dendritic cells (DCs) are the predominant antigen presenting cells capable 

of activating naïve T-cells. Alcohol decreases the migration of DCs from the site 

of infection to the lymph nodes (Lau et al. 2009) and also reduces the activation 

of the antigen specific T-cell response in humans (Mandrekar et al. 2004) and also 

in mouse model (Heinz & Waltenbaugh 2007). It has been recently shown that 
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ethanol can decrease the activation of both CD4+ and CD8+ T-cells (Fan et al. 
2011). 

In vitro studies have shown that ethanol alters the T-helper cell functions by 

down-regulating the pro-inflammatory signals of TH1 and TH17 cells leading to 

compromised protection against intracellular pathogens (Spies et al. 2004) and to 

a relative increase in the regulatory T cells (von Haefen et al. 2011). Ethanol 

inhibits TCR signalling in a lipid raft mediated manner and also reduces IL-2 

expression which is known to be critical in activated T-cell expansion and effector 

functions (Ghare et al. 2011). 

Chronic ethanol drinking has been associated with increased levels of serum 

IgA (Gonzalez-Quintela et al. 2008). However, a lower number of B-cells 

(Sacanella et al. 1998), especially B-1a and B-2 sub-populations (Cook et al. 
1996), has been observed in heavy drinkers. In these individuals the reduction of 

CD5+ B-2 cells may impair ability to efficiently respond to external antigens 

(Cook et al. 1996). 

2.5.4 Antibodies to alcohol metabolites 

The ethanol related changes in immunoglobulin levels against several epitopes 

may be a consequence of altered immune responses and they may well also have 

a functional role in disease progression. Increased levels of IgA immunoglobulins 

have been shown in alcoholic liver patients (Sancho et al. 1982). An increase in 

IgA has been associated with moderate consumption of alcohol also in the 

absence of liver disease (McMillan et al. 1997). Higher levels of antibodies that 

bind to oxidative stress induced epitopes (Albano & Vidali 2009, Clot et al. 1995, 

Rolla et al. 2001) and antibodies binding to proteins that are adducted with the 

alcohol metabolite, acetaldehyde (Israel et al. 1987, Niemelä et al. 1987) and 

malondialdehyde-acetaldehyde (Rolla et al. 2000) have been found in patients 

with alcoholic liver disease as compared to healthy controls. Furthermore, high 

levels of acetaldehyde adduct reactive IgA antibodies have been shown in patients 

with IgA glomerulonephritis (Kaartinen et al. 2009) and patients with alcoholic 

liver disease (Koivisto et al. 2008). 

2.6 In vitro techniques to produce antibodies 

Several techniques have been developed to produce antibodies in large quantities. 

The earlier techniques relied on the generation of an immune response in 
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laboratory animals and subsequent isolation of the antibodies or antibody 

producing cells. These methods are still in use for the production of polyclonal 

antibodies and monoclonal cell lines, respectively. More recently, the requirement 

of generating an immune response has been avoided by the use of the 

recombinant techniques, the phage display and the ribosome display. 

2.6.1 Hybridoma technique 

The hybridoma technique was discovered by Köhler and Milstein 1975. They 

found that antibody producing B-cells could be cultivated in vitro by the fusion of 

splenic lymphocytes with a myeloma cell line that did not produce functional 

antibodies (Alkan 2004). 

The splenic lymphocytes, B cells, can be isolated from the immunized or 

non-immunized animals. Often the immunization protocol includes several 

immunizations of the animals at two-week intervals. A special adjuvant may be 

used in combination with immunization agent to boost the immune response. The 

effect of the immunization on the animal is monitored during the immunization 

protocol. Once a strong immune response is generated, the animal is sacrificed 

and the splenocytes obtained for fusion. The splenocytes may also be obtained 

from non-immunized animals if natural antibodies are of interest. 

The splenic B-lymphocytes are then fused with a myeloma cell line. The cell 

line used by the Köhler and Milstein was P3-X63-Ag8. These cells produce 

antibody light chain lambda 1 and kappa, but lack the capacity of producing the 

heavy chain of the antibody (Köhler & Milstein 1975). Later, subclones of the 

original cell lines have been cloned that lack the ability to synthesize both the 

light chain and the heavy chain. These cell lines, P3-X63-Ag8.653 (Kearney et al. 
1979) and Sp2/0-Ag14 (Shulman et al. 1978), are the commonly used in the 

generation of mouse hybridomas. These myeloma cell lines are sensitive to 

hypoxanthine aminopterin thymidine (HAT) selection. They are unable to grow in 

the presence of aminopterin, a drug that blocks the de novo synthesis of 

nucleotides, since these myelomas lack the functional genes for alternative, 

salvage pathway for nucleotide synthesis. After fusion, the non-fused myelomas, 

or myeloma-myeloma fusions will die due to the sensitivity of HAT and the 

splenic cells have a limited life span of about seven days in culture. 

The hybridoma cells produced by the fusion are grown in the culture and 

selected based on the antibody producing capacity. The selection protocol must be 

efficient in order to select only the cell lines that produce antibodies with high 
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specificity. The hybridoma technique is widely used to produce monoclonal 

antibodies for diagnostic purposes. Most monoclonal antibodies are of mouse 

origin since there has been limited success so far in producing antibodies from 

myeloma cell lines from other mammals. Mouse monoclonal antibodies are, 

however, rarely suitable, as such, for therapeutic use since they are often 

immunogenic and have low effector functions in humans. Therefore, humanized 

or chimeric antibodies have to be used for therapeutic purposes (Carter 2006). 

2.6.2 Epstein-Barr virus transformation 

Lymphocytes can be immortalized by using Epstein-Barr virus (EBV) 

transformation method (Rosén et al. 1977). EBV transformed B cells are able to 

divide and produce antibodies in culture. Generally the EBV transformed B cell 

lines produce low amounts of antibodies; however, the advantage of the method is 

the production of whole immunoglobulin molecules with the same antigen 

recognition that is present in vivo. This method has been used to produce human 

antibodies from human peripheral blood lymphocytes (Fraussen et al. 2010, 

Martin et al. 1994). 

2.6.3 Recombinant techniques 

Recombinant antibody techniques have been developed in an attempt to overcome 

the limitation of mouse origin in monoclonal antibody production and to speed up 

the production and selection of antibodies. The most important advantage in these 

techniques is their ability to produce antibodies binding to virtually any 

compound without the limitation of toxicity, immunogenicity or bioavailability. 

Phage Display 

Phage display is a method to express peptide or protein fragments on the surface 

proteins of bacteriophages. The cDNA fragments of the protein or peptide of 

interest are ligated, for instance to the gene coding for coat protein pIII or pVIII 

of M13 bacteriophage. The phage display technique was developed so that 

peptide fragments could be used as an antigen display for antibodies (Smith 

1985). Soon the method was applied to variable regions of the antibodies 

(McCafferty et al. 1990). The great advantage of the technology is that the genetic 

information of the fragment on the phage surface is carried along into the 
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selection phase in the genome of the bacteriophage. The selected clones of the 

bacteriophages can be used to infect the bacteria and subsequently, to use the 

clones for large scale production of the antibodies with recombinant techniques. 

Ribosome display 

Ribosome display was developed to overcome the time consuming need for 

culturing bacteria which is encountered in phage display technique (Hanes & 

Plückthun 1997). This technique applies an in vitro evolution method to generate 

high affinity molecular recognition. The DNA segment of interest is mutated, 

transcribed and translated in vitro and retained in the ribosome complex during 

the selection. After in vitro selection the segments can be used for molecular 

cloning (He & Taussig 1997). 
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3 Aims of the present study 

The aim of the present study was to investigate the immunogenicity of 

phosphatidylethanol in animals and in humans. The specific aims were: 

1. To investigate the immune response to phosphatidylethanol in immunized 

mice and to study the characteristics of the antibodies binding to PEth by 

producing phosphatidylethanol-specific monoclonal cell lines by the 

hybridoma technique. 

2. To investigate the phosphatidylethanol specific antibodies in humans and to 

study the plasma antibody levels as markers of alcohol consumption in heavy 

alcohol drinkers. 

3. To investigate the association of the antibody levels to phosphatidylethanol 

with antibodies binding to adducts of alcohol metabolite malondialdehyde-

acetaldehyde and with antibodies binding to the marker of lipid oxidation, 

phosphocholine. 
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4 Subjects and Methods 

4.1 Study material and subjects 

4.1.1 Cells and animals 

The experimental animals and the cells used in this thesis are summarized in 

Table 2.  

Table 2. Cells and animals used in Study I. 

Cells and animals Definition 

Cells  

P3X63Ag8.653 Mouse myeloma cell line, used as a fusion partner 

in hybridoma technique. 

JM109 E. coli strain used as a transformation host for 

plasmids in sequencing of mouse monoclonal cell 

line IgM variable regions. 

Animals  

C57BL/6 mice Laboratory animals used for immunization with PEth 

antigens. 

4.1.2 Study subjects 

Fifty-eight patients (55 men and 3 women) with alcoholic pancreatitis were 

enrolled from the Oulu University Hospital. Forty-four patients were classified as 

having mild, and 14 as suffering from severe pancreatitis, according to Atlanta 

classification criteria (Bradley 1993). Twenty heavy drinkers (16 men and 4 

women) suffering from alcohol dependence (diagnosis code F10.2 in ICD-10 

classification) but without a diagnosis of any other major alcohol-related disease 

were from the alcohol detoxification unit of the city of Oulu. Twenty-four healthy 

male controls were from the Oulu area. Nine of them were abstainers and 15 were 

moderate drinkers (mean alcohol consumption 2.6–21.4 g/day/during the last two 

weeks). The alcohol consumption level was estimated using a questionnaire, and 

was expressed in ethanol grams per day in the last two-week period prior to blood 

sampling. Aspartate aminotransferase (AST), gamma-glutamyl transpeptidase 

(GGT) and mean corpuscular volume (MCV) were measured in Oulu University 

Hospital clinical laboratory by routine procedures. The study design followed the 
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Declaration of Helsinki and was approved by the Ethics Committee of the 

Northern Ostrobothnia Hospital District (89/2001 §263, 47/2003 §200 and 

§266/2003). All study participants provided written informed consent. 

Table 3. Clinical characteristics of the study subjects in studies II and III. 

Variable Controls (C) Heavy Drinkers (HD) Alcoholic Pancreatitis 

(AP) 

n 24 20 58 

Age (years) 37.7 (11.4) 44.9 (10.4) 47.8 (11.2) 

Alcohol consumption 

(g/day/in last 2 weeks) 

6.9 (7.0) 218.1 (101.6) 91.8 (81.2) 

AST (U/L) 28.0 (6.3) 76.3 (77.9) 53.4 (30.1) 

ALT (U/L) 31.9 (16.9) 88.0 (63.9) 56.1 (39.9) 

GGT (U/L) 30.0 (18.5) 235.5 (328.1) 600.7 (222.4)a 

MCV (fL) 89.5 (5.1) 96.3 (5.9) 95.9 (5.0) 

BMI (kg/m2) 25.0 (2.2) 25.6 (4.6) 26.6 (3.6) 

AST, aspartate aminotransferase; ALT, alanine aminotransferase. The values are mean (SD). a n=13 

4.2 Methods 

The main laboratory methods used are listed in the Table 4. The details of the 

methods can be found in original publications I-III as indicated. 

Table 4. List of methods used in the study. 

Method Original publications References 

Isolation of human LDL I Hannuksela et al. 1996 

Isolation of mouse HDL I Varban et al. 1998 

Generation of the mouse monoclonal antibodies I Köhler & Milstein 1975  

Direct PEth-ELISA assay I, II, III  

Competitive PEth ELISA assay I, II  

Direct binding MAA-LDL ELISA assay III Sämpi et al. 2008 

Direct binding phosphocholine ELISA assay III Sämpi et al. 2010 

Flow cytometry of erythrocytes I  

Flow cytometry of phospholipid vesicles II  

Mass spectrometric detection of PEth II, III Helander & Zheng 2009 

Total Immunoglobulin measurement II Kankaanpää et al. 2009 

Sequencing of the variable regions of the antibodies I Wang et al. 2000 
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4.2.1 Production of the monoclonal antibodies binding to 
phosphatidylethanol  

Preparation of the antigens for immunization 

Blood was drawn from healthy volunteers to Vacutainer® EDTA tubes (BD 

Biosciences, San Jose, CA USA). Plasma was separated from whole blood by 

centrifugation at 1300 g for 10 minutes. The Low-density lipoprotein (LDL) 

fraction was separated by sequential ultracentrifugation as described earlier 

(Hannuksela et al. 1996). The protein content of the LDL fraction was measured 

using Bio-Rad protein-assay (Bio-Rad Laboratories, Richmond, CA, USA). 

One milligram of dioleyl phosphatidylethanol (18:1/18:1 PEth) (Avanti Polar 

Lipids, Alabaster, AL, USA) in chloroform was dried under a nitrogen stream in a 

glass tube. Phosphatidylethanol was combined with three carriers: human LDL, 

mouse high-density lipoproteins (HDL) and mouse albumin. First, to combine 

phosphatidylethanol to a human lipoprotein carrier, one milligram of human LDL 

(1 mg/mL in PBS) was added to the dried phosphatidylethanol film. Second, to 

produce PEth antigen in a mouse lipoprotein carrier, mouse HDL was isolated 

from the pooled plasma of ten mice by ultracentrifugation (Varban et al. 1998) 

and combined with dried PEth sample in a glass tube. Third, PEth in mouse 

albumin (Sigma) carrier was prepared using one milligram of mouse albumin (1 

mg/mL in PBS) solution to dissolve the dried PEth sample. To oxidize PEth, dried 

PEth sample was exposed to air for 24 hours at room temperature. Oxidized PEth 

was then combined with two carriers, mouse serum albumin and mouse HDL. All 

the antigen solutions were gently mixed and stored at +4 °C for later use. For the 

immunizations, the antigens were suspended in an equal volume of Freund’s 

adjuvants in order to boost the immune response in the mice. 

To prepare immunogens for immunization without Freund’s adjuvants, 1 mg 

PEth was combined with 1 mg mouse LDL (1 mg/mL) or with 1 mg heat-

inactivated E. coli cells (1 mg/mL in PBS). These preparations were mixed and 

stored +4 °C for later use. 

Immunization of the animals 

The animals used in this study were two-month-old C57BL/6 mice from the 

Experimental Animal Core Facility of the University of Oulu. The Animal Care 

and Use Committee of the University of Oulu approved the use of laboratory 
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animals for this study (Animal License #029/01). A control blood sample was 

collected from the mice prior to immunization. The primary immunization 

consisted of 50 µg of PEth bound to human LDL carrier in 100 µL PBS 

suspended in an equal volume of Freund’s complete adjuvant. The immunization 

was performed as a subcutaneous injection into both inguinal areas. The 

immunized mice were boosted on the 2nd and 4th week after primary 

immunization. The boosters containing 25 µg of the antigens were prepared in 

PBS and emulsified in an equal volume of Freund’s incomplete adjuvant. 

To study the formation of PEth-specific immune response without adjuvants, 

the animals were immunized with human and mouse LDL and with heat-

inactivated E. coli. The same immunization protocols were used in these 

immunizations except that no adjuvants were used and the immunizations 

protocols were extended to last for 4 and 5 months. 

Selection of the monoclonal cell lines 

Fusion was performed using hybridoma cell fusion protocol (Köhler & Milstein 

1975). The splenic lymphocytes of animal immunized with PEth in human LDL 

carrier were fused with the myeloma cell line P3X63Ag8.653 as a fusion partner. 

The final boosters containing 25 µg of the LDL-PEth-antigens in PBS were given 

to the animals three days before splenectomy. Fused hybridoma cells were 

suspended into DMEM-20. The hybridoma cell lines were selected based on the 

produced antibodies binding to PEth in the cultivation medium. The selection and 

subsequent limiting dilution procedure were carried out twice before the final 

cultivation of the antibody-producing cell lines for production and purification of 

monoclonal antibodies. 

Sequencing of the variable regions of the antibodies 

Messenger RNA of the hybridoma cell lines was isolated in order to characterize 

the sequence of mRNA encoding the variable regions in heavy and light chains of 

the antibody. PCR-amplification and the cloning of the IgM variable region 

fragments were performed as described previously (Wang et al. 2000) using 

Ampli-Taq enzyme and the pGEM-T-easy II vector system (Promega, Madison, 

WI, USA) for transformation of JM109 E. coli cells. Plasmid DNA was isolated 

with the QIAprep Spin Miniprep kit (Qiagen GmbH, Hilden, Germany) and 

amplified with T7 and Sp6 plasmid-specific primers (Promega, Madison, WI, 
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USA). The nucleotide sequences were determined using the BigDye Terminator 

cycle sequencing kit v1.1 and the ABI PRISM™ 3100 Genetic Analyzer (Applied 

Biosystems, Foster City, CA). The variable heavy and light chain sequences were 

analyzed with the IMGT, the International ImMunoGeneTics information 

system® (http://imgt.cines.fr/) (Giudicelli et al. 2004) and National Center for 

Biotechnology Information (NCBI) database (http://blast.ncbi.nlm.nih.gov/ 

Blast.cgi). 

4.2.2 Measurement of phosphatidylethanol antibodies 

Direct binding assay 

A white U-bottom 96-well microtiter plate (Microfluor 2, Dynex technologies, 

Chantilly, VA, USA) was coated with 50 µL of PEth solution. Adding PEth (100 

µg/mL) to the plate in ethanol solution and evaporating the ethanol to dryness 

immobilized PEth onto the plate. Alternatively, PEth was immobilized on a 0.1% 

gelatin-PBS-coated and PBS-washed plate at 50 or 100 µg/mL in PBS (Fig. 6). A 

plate without any antigen was used as a control to determine the non-specific 

binding of the antibodies to the plate. Non-specific binding of the serum proteins 

was prevented by blocking the empty binding sites on the plate with 0.2% (w/v)-

gelatin-PBS. The plate was washed three times with PBS-EDTA (0.27 mM) 

buffer solution using an automatic plate washer (Dynex technologies). The 

samples were introduced to the plate diluted in 0.2% gelatin-PBS-EDTA and 

incubated overnight at +4 °C. The typical dilution for human plasma samples was 

1:100 and for the cell culture supernatants from 1:2 to 1:50. The bound antibodies 

were detected using alkaline phosphatase-conjugated goat anti-mouse-IgM 

antibody for cell culture supernatants and anti-human IgG, IgA and IgM 

antibodies (Sigma-Aldrich, St Louis, MO, USA) for human samples diluted in 

0.2% gelatin-TBS-buffer and the substrate for alkaline phosphatase, 30% 

Lumiphos 530 (Lumigen, Inc., Detroit, MI, USA) in distilled water. The plate was 

protected from light and incubated at room temperature for 90 minutes. A 

multilabel microtiter plate reader, Wallac Victor 2 (Perkin Elmer, Boston, MA, 

USA), was used to detect chemiluminescence, which corresponds to the amount 

of antibody binding to the plate. 
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Fig. 6. Measurement of phosphatidylethanol with a direct binding chemiluminescent 

immunoassay. The gelatin-pre-treated wells were coated with PEth (A), a sample with 

PEth antibodies was incubated on the coated plate (B). The bound antibodies were 

detected with alkaline-phosphatase conjugated secondary antibodies and luminescent 

substrate (C) using luminescence plate-reader. 

Competitive immunoassay 

A competitive ELISA assay was used to detect the cross reactivity of the 

antibodies. The competitor phospholipid dilutions were prepared in chloroform 

and aliquots (100 µL) were immobilized to 2 mL round-bottom polypropylene 

tubes by evaporating chloroform to dryness in a vacuum dryer. The supernatants 

from the hybridoma cell culture or the human samples were diluted in 0.2% 

gelatin-PBS buffer. The diluted aliquots of the supernatant were transferred into 

tubes coated with competitor phospholipids and incubated at +37 °C for one hour 

or at +4 °C overnight. Pre-incubated supernatants from 2 mL-tubes were 

introduced into the PEth-coated microtiter plate and further incubated for one 

hour at +37 °C or refrigerated overnight. In some assays, the competition was 

carried out in the liquid phase during the incubation on the immobilized PEth 

plates as shown in Fig. 7. 
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Fig. 7. Analysis of binding specificity of the monoclonal antibody to 

phosphatidylethanol with competitive chemiluminescent immunoassay. AP=alkaline 

phosphatase, 2°ab=secondary antibody that binds to PEth antibody, B/B0=binding with 

competitor divided by the binding without competitor. 
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4.2.3 Flow cytometric detection of phosphatidylethanol 

One milligram of phospholipid solution in chloroform was dried under a nitrogen 

stream in a glass tube. One milliliter of PBS buffer was added to each tube and 

the phospholipids were suspended as multilamellar vesicles (MLVs) by vigorous 

vortexing. A fresh 100-µL sample of red blood cells was incubated with MLVs of 

phospholipids in 1mL of PBS-buffer for 1h at RT to label red blood cells (RBCs) 

with 0–100 µg/mL of phospholipids. RBCs were collected by centrifugation 1400 

g for 5 minutes RT and washed twice with PBS. A 2.5 µL sample of RBCs 

labelled with phospholipids were incubated with 2 µg/mL anti-PEth IgM 

antibodies 2B1 and 2E9 for 1h at RT. Control IgM, anti-cardiolipin antibody 

LRO1 (Tuominen et al. 2006), was included in the assay. The cells were washed 

twice with PBS and incubated 30 minutes with Alexa Fluor 488-conjugated goat 

anti-mouse IgM antibody (Molecular Probes, Invitrogen, Carlsbad, CA, USA). 

Cells were washed with PBS and diluted in PBS for flow cytometry analysis of at 

least 10 000 cells using a Becton Dickinson FACSCalibur cytometer and 

CellQuest software (BD Biosciences, San Jose, CA, USA). 

Erythrocyte labelling with PEth was verified using thin layer chromatography 

(TLC). One hundred microliter samples of erythrocytes were extracted with 900 

µL of acetone. The extract was applied to solid phase spin columns to concentrate 

PEth and then eluted with ethanol. The samples were dried under a nitrogen 

stream and the precipitate was dissolved in 30 µL chloroform. The samples were 

applied to polyethylene terephthalate (PET) TLC foils (Fluka, Sigma-Aldrich, St 

Louis, MO, USA). The phospholipids were separated using two step separation 

with ethyl acetate, iso-octane, acetic acid (40.5:22.5:9) and n-hexane, diethyl 

ether, acetic acid (49:21:0.7). Phospholipids were visualized with Molybdenum 

Blue spray reagent (Sigma-Aldrich, St Louis, MO, USA). The TLC plate was 

scanned and blue colour intensities were determined using Bio-Rad Quantity One 

program (Bio-Rad Laboratories, Richmond, CA, USA). The Pearson correlation 

with TLC blue colour intensity and geometric mean values of FACS analysis was 

analyzed with SPSS for Windows version 14.0 (SPSS Inc., Chicago, IL, USA). 

4.2.4 Measurement of antibodies binding to malondialdehyde-
acetaldehyde adducts and phosphocholine 

Human low density lipoprotein (LDL) was isolated from healthy volunteers by 

sequential ultracentrifugation at density 1.019 to 1.063 g/mL as described earlier 
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(Hannuksela et al. 1996). MAA-LDL was produced as published previously (Hill 

et al. 1998, Tuma et al. 1996). Briefly, the fraction LDL (5 mg, 1750µL) was 

mixed with sterile PBS (310 µL), acetaldehyde (140 µL diluted 1:5 in water, final 

concentration 200 mmol/L) and freshly prepared MDA (300 µL of 0.5 mol/L, 

final concentration 60 mmol/L) and pH was adjusted to 4.8. The reaction was 

carried out at 37 °C for two hours and the non-reacted aldehydes were removed 

with Amicon Ultra-4 Ultracel (MWCO 10 000) filters (Millipore Corporation, 

Bedford, MA, USA). The degree of lipoprotein modifications were analyzed by 

fluorescence measurements (excitation 355 nm, emission 460 nm) and 

colorimetric measurements with 2,4,6-trinitrobenzene sulfonic acid (Habeeb 

1966). Phosphocholine keyhole limpet hemocyanin conjugate was obtained from 

Biosearch Technologies, Inc. (PC-KLH, catalogue no. PC-1013–5; Novato, CA, 

USA). 

Chemiluminescent immunoassays were used to measure the antibodies 

binding to MAA-LDL and PC-KLH. White round bottom 96-well microtiter 

plates (Microfluor 2; Dynex Technologies, Chantilly, VA, USA) were incubated 

with 5µg/mL MAA-LDL or PC-KLH in 50µL/well PBS. To cover the empty 

binding sites on the plate, the wells were treated with 0.5% (w/v) gelatin from 

cold water fish skin (Sigma, St. Louis, MO, USA) in PBS-buffer. Plasma dilutions 

used were 1:2000 for IgG and 1:1000 for IgA analysis for MAA-LDL antibodies 

and 1:100 for IgG and 1:50 for IgA analysis for PC-KLH antibodies. The samples 

were incubated on the plate 50µL/well overnight at +4 °C. IgG and IgA 

antibodies were detected with alkaline phosphatase conjugates of anti-human IgG 

and IgA (Sigma) and 30% LumiPhos 530 (Lumigen Inc., Detroit, MI, USA) 

substrate. The plates were washed three times with PBS-0.27mM EDTA buffer 

before the application of gelatin solution, the sample dilutions, the antibodies 

used for detection and six times before the application of LumiPhos substrate. 

Luminescent signal was analyzed with Victor2 1420 Multilabel Counter (Perkin 

Elmer, Waltham, MA, USA). 

4.2.5 Measurement of total immunoglobulin concentration in plasma 

Total plasma immunoglobulin concentrations were measured using 

chemiluminescent immunoassay (Kankaanpää et al. 2009). Polystyrene plates 

were coated with anti-human IgG, IgA or IgM antibodies (Sigma) 5 µg/mL in 

PBS-EDTA (0.27 mmol/L) buffer overnight at 4 °C. The plates were blocked with 

0.5% (w/v) fish-gelatin-PBS-EDTA (0.27 mmol/L) buffer. The plasma samples 
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were diluted 1:200 000, 1:40 000 and 1:20 000 for IgG, IgA and IgM 

measurements, respectively. The amounts of IgG, IgA and IgM antibodies in the 

plasma samples were detected using the appropriate alkaline phosphatase 

conjugated secondary antibodies (Sigma). 

4.2.6 Measurement of phosphatidylethanol concentration in blood 

The total PEth concentrations in whole blood samples from heavy drinkers were 

determined by LC-MS as described in detail elsewhere (Helander & Zheng 2009). 

Briefly, 100-µL samples of whole blood were extracted with 600 µL of 2-

propanol and 900 µL of hexane. The extracts were dried under a nitrogen stream 

and dissolved in hexane-acetonitrile-2-propanol and analyzed on an Agilent 1100 

series LC system connected to an LC/MSD SL MS detector with the electrospray 

ionization interface operated in the negative ion mode. 

4.2.7 Statistical analyses 

Statistical differences between the study groups were analyzed with one-way 

analysis of variance (ANOVA) with Bonferroni-correction for pairwise 

comparisons. Homogeneities of variances were tested using Levene's test and the 

logarithmic transformation of the values were used whenever needed to achieve 

equality of variances and to normalize skewed distributions. The correlation 

between the antibody level and the total PEth concentration was analyzed with 

Pearson test for correlation with 2-tailed analysis. Receiver operating 

characteristic (ROC) curve analysis was used to determine the sensitivity and 

specificity and to compare the diagnostic performance of low plasma IgG, IgA 

and IgM antibody titres to PEth with traditional markers for alcohol abuse (AST, 

GGT and MCV) and with antibodies binding to MAA-LDL. ROC analysis was 

carried out by comparing heavy drinkers to controls. The SPSS (version 16.0; 

SPSS, Inc., Chicago, IL, USA) statistical package was used in all analysis. A P-

value of less than 0.05 was considered statistically significant. 
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5 Results 

5.1 Mouse monoclonal antibodies binding to phosphatidylethanol 

Monoclonal antibodies binding to phosphatidylethanol were generated to assess 

the role of phosphatidylethanol as an immunological target of the antibodies and 

to study the immunological and molecular properties of antibodies binding to 

PEth. Phosphatidylethanol was combined to human LDL, mouse HDL and mouse 

albumin to prepare the immunization agents. Human and mouse LDL and E. coli 
cells were used as a PEth carrier to study the immunization without adjuvant. 

5.1.1 Effect of immunization with several immunizing agents 

Immunization with phosphatidylethanol with human LDL as a carrier produced 

an immune response in mice. Plasma samples of the animals immunized with 

PEth in human LDL carrier contained IgG antibodies to the immunization antigen 

and also an IgM response specifically to phosphatidylethanol without the carrier 

molecule. Immunization with oxidized and non-oxidized phosphatidylethanol 

combined with mouse albumin and mouse HDL did not evoke an immune 

response. 

Immunization without Freund’s adjuvant shows IgM response to PEth in 

animals immunized with PEth embedded in human LDL (Fig. 8) and in heat 

inactivated E. coli (Fig. 9) but not in mouse LDL. Notably, in all animals, the 

immune responses were of the IgM type and despite the extended immunization 

protocols, IgG antibodies binding to PEth have not been observed in immunized 

animals. 
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Fig. 8. Immunization of mice with phosphatidylethanol in human LDL carrier. 

Fig. 9. Immunization of mice with phosphatidylethanol in heat-inactivated E. coli 
bacteria without adjuvant. RLU=relative light unit, Ig=immunoglobulin. 
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5.1.2 Characterization of the monoclonal antibodies 

Sequencing of the variable regions of the antibodies 

Variable regions of the anti-PEth antibodies 2B1 and 2E9 were analyzed at the 

sequence level to study the genetic origin of the antibodies. Sequence analysis of 

the IgM-variable regions showed that the 2B1 antibody had the highest identity 

with IGHV1-80 (99.3%) and IGKV10-96 (100%) germ-line genes. The heavy and 

light chain variable regions of the 2E9 antibody were 100% identical to IGHV1-

26 and IGKV12-41 germ-line genes, respectively. 

Binding specificity 

Mouse monoclonal antibodies 2B1 and 2E9 were generated by hybridoma fusion 

of C57BL6 mice immunized with PEth in human LDL. The specificities of the 

antibodies were tested with direct binding and competitive luminescent 

immunoassays. Generated antibodies bound to immobilized PEth-antigen without 

competitor and in the presence of competing phospholipids, phosphatidylcholine, 

phosphatidic acid and cardiolipin. Antibody binding to immobilized 

phosphatidylethanol was competed with antibody binding to PEth vesicles in the 

liquid phase but not with the other phospholipids tested (Fig. 10). 
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Fig. 10. Analysis of binding specificities of the monoclonal antibodies. (Panel A) 

Monoclonal anti-PEth antibodies 2B1 and 2E9 bind to PEth, but not to PC in direct 

binding assay. Microtiter plates were precoated with 0.1% gelatin–PBS and further 

with an increasing concentration of PEth or phosphatidylcholine (PC) in PBS. Cell 

culture media from two monoclonal cell lines were diluted in 0.1% gel-PBS and 

incubated on the coated plate. Detection of antibody binding was performed using 

alkaline phosphatase-conjugated anti-mouse IgM antibodies and luminescent 

substrate LumiPhos 530 for alkaline phosphatase. (Panel B) Competitive ELISA 

immunoassay shows antibody binding specificity to PEth. Purified PEth-antibody 2B1 

was preincubated with competing phospholipids in separate phospholipid-coated 

tubes and applied to the PEth-coated plate. A clear competition was seen in 

preincubation with phosphatidylethanol (PEth), but not with phosphatidylcholine (PC), 

phosphatidic acid (PA), or cardiolipin (CL) PL=phospholipid, RLU=relative light unit, 

B/B0=binding with competitor divided by binding without competitor (Nissinen et al. 
2008, Published by permission of John Wiley and Sons). 

5.1.3 Flow cytometric detection of phosphatidylethanol and the 
reference methods 

Monoclonal antibodies 2B1 and 2E9 were used to detect PEth on erythrocyte 
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membranes. A significant positive correlation (r=0.964, P=0.008) between the 

fluorescent intensities of antibodies binding to PEth in flow cytometry and PEth 

concentration in TLC analysis of the membranes was observed (Fig. 11). 

Fluorescent intensities of the 2B1 and 2E9 antibodies to PEth in flow cytometric 

analysis of erythrocyte membranes were also positively associated with a liquid 

chromatography mass spectrometry based determination of the 

phosphatidylethanol concentration of erythrocytes (2B1 r=0.999, P<0.001 and 

2E9 r=0.996 P<0.001). 
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Fig. 11. Analysis of phosphatidylethanol on erythrocyte membranes with TLC (panel 

A) and with flow cytometry (panels B). Relative intensity of PEth on TLC-plate and 

geometric mean of fluorescence intensity of 2B1 antibody binding to erythrocytes in 

FACS assay was compared (panel C). UNL=unlabelled cells. 

5.2 Human antibodies binding to phosphatidylethanol 

5.2.1 Human plasma immunoglobulin types binding to 
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Human IgG, IgA and IgM antibodies binding to phosphatidylethanol were 
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alcoholic pancreatitis and the healthy controls (n=24). 
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Figure 12 (panels A-C) shows that heavy drinkers and alcoholic pancreatitis 

patients had significantly lower levels of plasma IgG, IgA and IgM binding to 

PEth when compared with control subjects (P<0.001). The plasma levels of PEth 

antibodies did not differ significantly between the heavy drinkers and the patients 

with alcoholic pancreatitis. 

Alcohol use is known to alter plasma total immunoglobulin levels. Therefore, 

total IgG, IgA and IgM concentrations were measured in the plasma samples. 

There were no statistically significant differences in total plasma IgG, IgA or IgM 

immunoglobulin concentrations between the three study groups. When the plasma 

immunoglobulin binding to PEth was further normalized to the total plasma 

immunoglobulin concentrations, the heavy drinkers and alcoholic pancreatitis 

patients had lower antibody titres to PEth in comparison with the control subjects. 

Fig. 12. Human IgG (panel A), IgA (panel B) and IgM (panel C) antibodies binding to 

PEth in heavy drinkers (HD), alcoholic pancreatitis patients (AP) and controls (C). 

Plasma samples were diluted 1:100 in 0.3% fish-gelatin-PBS buffer and the antibodies 

binding to immobilized PEth were detected using alkaline phosphatase-conjugated 

anti-human IgG, IgA and IgM antibodies and luminescent substrate LumiPhos 530. 

Interquartile box-plot with min-max whiskers, the small squares indicate means. 

RLU=relative light unit (Nissinen et al. 2011, Published by permission of John Wiley 

and Sons). 
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5.2.2 Antigen specificity of human antibodies binding to 
phosphatidylethanol  

The binding specificities of the PEth binding antibodies were evaluated with 

liquid phase competitive immunoassays. Plasma IgG binding to immobilized 

PEth from two alcoholic patients was measured in the absence or presence of 

increasing amounts (0–50 µg/mL) of phospholipid vesicles as competitors. There 

was competition for the binding of IgG to immobilized PEth specifically with 

PEth vesicles but not with PC, PE or PS vesicles. 

The IgG auto-antibody binding specificity to immobilized PEth was further 

verified in all study subjects. In this assay, a fixed amount of PEth or PC vesicles 

(20 µg/mL) was added to each plasma sample and the IgG binding to 

immobilized PEth was measured. PEth, but not PC vesicles competed with the 

IgG auto-antibody binding to immobilized PEth in all study groups (P<0.001). 

The highest PEth specificity was seen in patients with alcoholic pancreatitis 

(mean 47%) and the lowest in the controls (28%) the difference being statistically 

significant (P=0.013). 

5.2.3 Antibodies binding to phosphatidylethanol as indicators of 
heavy alcohol drinking 

ROC curve analysis was used to compare the diagnostic performance of low 

plasma IgG, IgA and IgM antibody titres to PEth with traditional biomarkers for 

alcohol abuse (AST, GGT and MCV). In these analyses, heavy drinkers were 

compared with the control subjects. Low plasma IgA binding to PEth showed the 

highest area under the curve (AUC) value in ROC curve analysis as compared 

with IgG and IgM. The AUC for IgA was 0.940 [P<0.001, asymptotic 95% 

confidence interval (CI) 0.870–1.009], for IgG 0.802 [P<0.001, CI 0.673–0.931] 

and for IgM 0.781 [P<0.001, CI 0.642–0.920]. A low plasma IgA antibody 

binding to PEth had higher AUC compared with the traditional markers for 

alcohol use, AST (AUC=0.831), GGT (AUC=0.874) and MCV (AUC=0.809). 

Low levels of the antibodies binding to phosphatidylethanol were better 

indicators of alcohol use also in comparison to the antibodies binding to MAA-

LDL. In these comparisons, the heavy alcohol drinkers (HD) were combined with 

the patients with alcoholic pancreatitis (AP) and compared to the controls (C). 

The area under the curve values for low IgA levels to PEth were 0.978 [P<0.001, 

CI 0.955–1.001], for IgG 0.887 [P<0.001, CI 0.821–0.953], for low IgA levels to 
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MAA-LDL 0.653 [P=0.024, CI 0.516–0.790] and for low IgG to MAA-LDL 

0.758 [P<0.001, CI 0.650–0.866]. 

5.2.4 Association of human antibodies binding to 
phosphatidylethanol and MAA-LDL in plasma with the total 
phosphatidylethanol concentration in blood 

Even after discontinuation of heavy drinking, PEth is known to remain in the 

blood a couple of weeks and can be detected using LC-MS (Helander & Zheng 

2009). In order to study the association between PEth specific antibody titres and 

the concentration of whole blood PEth, LC-MS measurement of PEth in whole 

blood samples from heavy drinkers was carried out. Plasma IgG levels to PEth 

(r=0.655, P=0.002) and IgG levels to MAA-LDL (r=0.859, P<0.001) were 

positively associated with the whole blood total PEth concentration in heavy 

drinkers. The plasma IgA antibody levels to PEth, to MAA-LDL or to total 

immunoglobulin levels were not associated with the PEth content in whole blood. 

5.2.5 Association of human antibodies binding to 
phosphatidylethanol with antibodies binding to MAA-LDL and 
phosphocholine 

The associations of antibody levels to PEth with the antibody levels to 

malondialdehyde-acetaldehyde adducts and to phosphocholine were investigated 

with correlation analysis. There was a statistically significant correlation in the 

IgG (r=0.723, P<0.001) and IgA (r=0.573, P<0.001) (r=0.630, P<0.001, for log 

IgA to PEth) binding to PEth with the antibodies binding to MAA-LDL. A 

significant association was also found in IgA levels to PEth with phosphocholine 

(r=0.246, P=0.013, for log IgA binding to PEth) and furthermore, in IgA levels to 

MAA-LDL with phosphocholine (r=0.502 P<0.001). 
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6 Discussion 

The aim of this thesis was to investigate the humoral immune response to 

phosphatidylethanol first in mice by generating monoclonal antibodies and 

subsequently in humans by analyzing the plasma antibodies that specifically 

recognize the phospho-ethyl head group structure of PEth independently of fatty 

acid structures. 

6.1 Phosphatidylethanol as a potential target of the immune 
system 

Lipids in general are poor antigens (Tamauchi et al. 1983). However, the immune 

system recognizes altered or non-self lipids such as oxidized lipids (Eggleton et 
al. 2008) and bacterial glycolipids (Brigl & Brenner 2010) and generates specific 

immune responses against them. 

Phosphatidylethanol is an atypical phospholipid formed in many tissues 

including brain, liver, heart, pancreas, stomach, intestine and blood during ethanol 

exposure (Alling et al. 1984, Aradóttir et al. 2004, Lundqvist et al. 1994). The 

degradation of PEth in the various organs varies extensively with half lives 

reported ranging from a few hours in the heart and pancreas (Brühl et al. 2003) to 

about four days in the blood (Varga et al. 2000). The accumulation of PEth in 

blood and especially in the erythrocytes may expose the phagocytic machinery to 

a substantial amount of phosphatidylethanol while senescent or damaged 

erythrocytes are being cleared from the circulation. Antigen presenting cells can 

also produce phosphatidylethanol by their own phospholipase D activity during 

the ethanol exposure (Iyer et al. 2006, Sethu et al. 2008). Phagocytic cells can 

present exogenous and endogenous lipid antigens by their CD1 glycoproteins on 

the cellular surface for recognition by the immune system (Cox et al. 2009, De 

Libero & Mori 2010). 

6.2 Monoclonal antibodies binding to phosphatidylethanol 

6.2.1 Study design for the study I 

The aim of study I was to examine the immunogenicity of PEth in mice. It was 

also wanted to generate monoclonal antibodies binding to phospho-ethyl head-
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group of phosphatidylethanol. Such antibodies were hypothesized to detect 

phosphatidylethanols independently of the fatty acid chain structures at sn-1 and 

sn-2 positions. 

The production of monoclonal antibodies has shown its potential as a method 

to obtain theoretically an unlimited amount of antibodies binding specifically to 

immunogenic substances used for immunization of the animals. The generation of 

monoclonal cell lines producing antibodies of known specificity is essential if one 

wishes to study the molecular structure of the antibodies and to evaluate the 

specificity of the immunoglobulins produced in response to immunization. The 

production of monoclonal antibodies for diagnostic purposes has been of great 

importance. Recently, monoclonal antibodies have been used also for therapeutic 

purposes especially in cancer therapy (Yan et al. 2009). The availability of 

myeloma cell lines that are suitable for fusion partners to immortalize the 

antibody-producing cells limits the animal species used for the generation of 

monoclonal antibodies. Most of the monoclonal antibodies are generated in mice 

using commercially available myeloma cell lines as fusion partners. 

At the beginning of these studies, no reports of antibodies binding to PEth 

were available. In the present study, PEth was combined with several carriers to 

analyze the immunogenicity in mice and to generate an immune response to 

enable the production of monoclonal antibodies. The rationale of the 

immunization was to immunize the mice with human LDL which is known to be 

immunogenic in mice (Marcel et al. 1982, Tikkanen et al. 1982) and with non-

immunogenic carriers of mouse origin, albumin and plasma HDL and to modify 

them with PEth in order to make them immunogenic. Mice were also immunized 

with oxidized PEth in mouse HDL and albumin to further potentiate the 

immunogenicity of PEth since the antibodies binding to phospholipids in vivo are 

often directed to oxidized epitopes (Hörkkö et al. 1996). In this study, five 

animals were immunized with each of the immunization agents. Freund’s 

complete adjuvant was used in the primary immunization and Freund’s 

incomplete adjuvant in the booster immunizations. The effect of immunization 

was studied also in the absence of adjuvants with human and mouse LDL and E. 
coli bacteria as carriers for phosphatidylethanol to assess the immunogenicity of 

phosphatidylethanol in vivo. 

Polyclonal antisera to phosphatidylethanol containing IgG antibodies binding 

to PEth have been generated in rabbits using PEth vesicles as immunization 

agents (Pannequin et al. 2007). The generation of immune response in mice with 

PEth vesicles has not been successful in our laboratory and it is unclear why the 
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immune response in these immunizations is of the IgM type. Immunization of 

rabbits or goats with PEth in human LDL carrier would give additional 

information about the generation of immune response of IgG isotype to PEth in 

these animal species. The IgM isotype response observed in mice may be due to 

the LDL carrier used in the immunizations. Natural IgM antibodies binding to 

oxidized epitopes of LDL have been observed in humans (Chou et al. 2009, 

Hörkkö et al. 2000). 

6.2.2 Effect of immunizations 

The positive immune responses against phosphatidylethanol in a human LDL 

carrier were observed in all animals of the immunization group. Human LDL is 

known to be immunogenic in mice (Milne & Marcel 1982, Tikkanen et al. 1982), 

as non-self proteins in general, and hence it was thought that this would enhance 

the formation of PEth-specific antibodies. In the present study, all five mice 

immunized with PEth in human LDL with Freund’s adjuvant and, notably, three 

animals without adjuvant generated a specific IgM immune response to PEth. 

Several reports indicate that immunizations of mice with modified self 

lipoproteins provoke an immune response and these antibodies may possess also a 

functional role e.g. prevention of atherosclerosis in an atherosclerosis prone rabbit 

(Palinski et al. 1995) and mouse model (George et al. 1998, Zhou et al. 2001). In 

this study, however, immunization with PEth combined with mouse albumin or 

HDL particles was not able to induce PEth-specific antibody production in mice.  

Since phospholipids are poor antigens, several carriers have been used to 

improve the production of the monoclonal antibodies binding to phospholipids. 

Monoclonal IgG antibodies binding to bioactive lipid, sphingosine-1-phosphate 

(SP1) have been generated by immunizing the mice with SP1-conjugated in 

keyhole limpet hemocyanin (KLH) or bovine serum albumin (BSA) carriers. 

Covalent conjugation to the carriers was tested since the authors wanted to 

generate IgG antibodies recognizing the polar head group (O'Brien et al. 2009, 

Visentin et al. 2006). Antibodies binding to phosphatidylserine have been 

generated by immunizing rabbits with BSA conjugated phosphatidylserine (Diaz 
et al. 1998). In addition, phosphatidylserine in a bacterial carrier has been used in 

immunization protocols in mice (Umeda et al. 1989). The latter approach with 

modifications was used in this study to generate PEth-specific antibodies in mice. 

The immunization of mice with PEth in heat-inactivated E. coli bacteria carrier 
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generated a robust IgM antibody response directed to phosphatidylethanol and 

this did not require use of Freund’s adjuvant in immunizations.  

The PEth-specific immune response may have in vivo relevance since the 

immune response could be generated in the mice without the help of adjuvants. It 

is noteworthy that immunizations with other alcohol metabolites, 

malondialdehyde-acetaldehyde adducts, has also generated an immune response 

in mice without adjuvants (Thiele et al. 1998, Willis et al. 2002). 

Recently, a PEth-specific immune response was generated in the rabbits by 

immunization with PEth vesicles in PBS buffer (Pannequin et al. 2007). In 

contrast to a recent study in rabbits, the present study indicates that 

phosphatidylethanol per se seems to be poorly immunogenic at least in mice, 

since immunization with phosphatidylethanol combined in the self structures such 

as mouse albumin or mouse plasma HDL did not generate an immune response. 

Immunization with pure PEth vesicles has also been tested in our laboratory and 

there were no immune responses in the immunized mice. The conflicting results 

of these two studies may be due to different animal species used or a difference in 

immunization dose and route which have not been reported in the article 

(Pannequin et al. 2007). 

6.2.3 Specificity of the monoclonal antibodies 

Monoclonal cell lines 2B1 and 2E9 producing IgM antibodies binding to 

phosphatidylethanol were generated to study the specificity of antibodies binding 

to PEth. The initial selection of the monoclonal cell lines was done based on the 

binding of the antibodies secreted in the cell culture media to dioleyl (18:1/18:1) 

phosphatidylethanol. Phosphatidylcholine with the same acyl-chain structure was 

used as a control in these screening assays to eliminate the effect of phospholipid 

acyl chains on the head group recognition as has been observed earlier (Nam et 
al. 1990). No cell lines producing IgG antibodies binding to PEth were 

encountered in this study. 

Monoclonal antibodies binding to phospholipids are known to be able to 

detect differences in head-group structures such as stereo-specific forms of 

phosphatidylserine (Umeda et al. 1989) and monophosphate and diphosphate 

forms of phosphoinositides (Miyazawa et al. 1988). The monoclonal IgM 

antibodies 2B1 and 2E9 bind to phosphatidylethanol both in the fluid phase and 

immobilized on the plastic surface of microtiter wells. In competitive fluid phase 

immunoassays, other phospholipids with negatively charged head group, such as 
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phosphatidic acid and cardiolipin were used as competitors. In order to test the 

monoclonal antibody binding to phosphatidylethanol in membranes, the 

erythrocytes were spiked with phosphatidylethanol. In these assays, a major 

negatively charged phospholipid, phosphatidylserine was used as a control. Since 

the monoclonal antibodies 2B1 and 2E9 binding to PEth did not bind to other 

negatively charged phospholipids, this indicates that these monoclonal antibodies 

recognize the antigen by some more comprehensive means than by charge alone. 

A series of competitors with structural similarities such as phosphatidylcholine, 

phosphatidylethanolamine and phosphatidic acid were used as competitors in 

competitive immunoassays. The monoclonal antibodies 2B1 and 2E9 were also 

able to distinguish these competitors. 

6.3 Antibodies binding to phosphatidylethanol in humans 

Study II was designed to investigate the circulating plasma antibodies binding to 

phosphatidylethanol in humans. 

6.3.1 Study design for study II 

To study the humoral immunity and the antibodies binding to phosphatidylethanol 

in humans, a study population of heavy drinkers and patients with alcoholic 

pancreatitis were compared with controls. The study group consisted of 58 

patients with alcoholic pancreatitis, twenty alcohol heavy drinkers without any 

other major disease and twenty-four healthy controls. The size of the study 

population is similar to that in other reports from this field (Latvala et al. 2005, 

Mottaran et al. 2002, Vidali et al. 2008). The number of female study subjects 

was small due to the limited number of female heavy drinkers and alcoholic 

pancreatitis patients in the clinics. Furthermore, the control population consisted 

of males only. Alcohol consumed by the heavy drinkers (18 drinks per day) and 

patients with alcoholic pancreatitis (7.5 drinks per day) are in the category of 

heavy drinking (Seppä et al. 1998) The alcohol consumption in this study was 

calculated as mean alcohol drunk per day during the last two weeks prior to the 

collection of the samples. 

The original working hypothesis was that the levels of antibodies binding to 

phosphatidylethanol would be positively associated with alcohol consumption and 

that they would increase in advanced pancreatitis since phosphatidylethanol was 

shown to be immunogenic in mice in study I. Increased levels of antibodies 
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binding to lipid oxidization products (Vidali et al. 2008) and alcohol metabolites 

(Tuma 2002) have been observed in alcoholic liver disease, however in alcoholic 

pancreatitis, the role of antibodies is largely unknown. In some of the chronic 

pancreatitis patients, elevated levels of antibodies binding to carbonic anhydrase I 

and II have been observed, but the antibody levels were not associated with the 

level of alcohol consumption (Frulloni et al. 2000, Kino-Ohsaki et al. 1996). 

Given that only some of the individuals drinking excessive amounts of alcohol 

develop the alcoholic pancreatitis, it was intriguing to study the levels of 

antibodies binding to PEth in pancreatitis patients. 

6.3.2 Antibody levels to phosphatidylethanol in humans 

A key finding in study II was that plasma IgG, IgA and IgM antibodies binding to 

phosphatidylethanol could be detected in humans. The lower antibody levels to 

phosphatidylethanol in the heavy drinkers and the patients with alcoholic 

pancreatitis compared with the controls were unexpected. It was hypothesized 

that there would be higher antibody levels to PEth in the alcohol heavy drinkers 

based on the finding that PEth was immunogenic in mice and caused antibody 

formation. Furthermore, it has been shown in many studies that PEth accumulates 

in the body of heavy drinkers of alcohol. Antibodies binding to other alcohol 

metabolites such as acetaldehyde adducts (Hietala et al. 2006, Niemelä 2007b) 

and lipid peroxidation products (Mottaran et al. 2002, Vidali et al. 2008) have 

been previously documented in heavy drinkers and patients with alcoholic liver 

disease. 

The human plasma antibodies binding to PEth were of IgG, IgA and IgM 

isotypes. Notably, in study I the immunization of the mice with 

phosphatidylethanol generated an IgM response only and the binding of the 

mouse monoclonal antibodies to PEth did not need co-factors. Co-factors such as 

β2GPI, prothrombin and annexin V are required for binding of many anti-

phospholipid antibodies. The generation of the IgG type immune response in 

humans indicates that there had been an adaptive humoral immune response to 

phosphatidylethanol. Whether the human antibodies need co-factors for binding 

to PEth remains to be studied in the future using purified human plasma 

antibodies or monoclonal human antibodies. Previously, IgG type circulating 

antibodies binding to oxidized phospholipids, such as phosphatidylserine (Vay et 
al. 2006) and cardiolipin (Vidali et al. 2008) have been associated with alcohol 

consumption and, more broadly, that oxidative stress had associated with alcohol-
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related tissue damage. The finding of antibodies binding to phosphatidylethanol 

in this study shows that also the non-oxidative products of alcohol metabolism 

may be targets of a humoral immune response in humans. The presence of 

antibodies in the plasma of control subjects may have resulted from the humoral 

immune response to the minute amounts of PEth formed during ethanol 

fermentation in the intestine. 

The plasma levels of antibodies to phosphatidylethanol were lowest in the 

subjects who were heavy consumers of alcohol. This was observed for the IgG, 

IgA and IgM antibody isotypes. First it was necessary to exclude the possibility 

that heavy alcohol consumption could alter the total immunoglobulin levels. Total 

plasma levels of IgG, IgA and IgM were similar in alcohol heavy drinkers and 

patients with alcoholic pancreatitis compared with the healthy controls. Hence the 

lower antibody levels to PEth may have resulted from formation of immune 

complexes with phosphatidylethanol containing structures such as erythrocyte 

membranes or lipoproteins. Therefore the free antibody levels in the plasma 

would be lower or the formation of immune complexes could increase the 

clearance of the immunoglobulins binding to PEth. The increased uptake of IgG 

as immune complexes by the high affinity immunoglobulin receptor FcγRI in 

phagocytes (van der Poel et al. 2010) and FcγRIIA in platelets (Huang et al. 
2011) has been documented recently. The lower levels of the antibody levels may 

also be a consequence of immunological tolerance in the form of B-cell anergy. 

Repeated engagement of self antigen has been shown to decrease the secretion of 

antibodies by the B-cells and the removal of the self antigen may reverse the 

secretion (Quách et al. 2011). 

In the present studies, the IgG antibodies binding to PEth associated 

statistically significantly with the whole blood PEth concentration in heavy 

drinkers. A negative correlation between the levels of antibodies binding to PEth 

and the amount of PEth antigen would have been expected since the levels of the 

antibodies binding to PEth were lower in alcoholic subjects as compared to the 

control subjects consuming less alcohol. The positive correlation between the IgG 

antibodies binding to PEth and the PEth-antigen levels may reflect an adaptive 

humoral immune response that is proportional to the amount of PEth in the 

circulation of heavy drinkers. The lower IgG antibody levels binding to PEth in 

heavy drinkers compared to the control subjects seem to be contradictory to this 

positive correlation but may be attributable to other mechanisms. The total 

immunoglobulin levels of the heavy drinkers were not altered in the study 

population indicating that the lower antibody levels to PEth were not caused by 
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any general reduction in immunoglobulin secretion. Alcohol is known to effect 

immunological tolerance by promoting the formation of antigen-specific 

regulatory T cells (von Haefen et al. 2011) and one could speculate that this also 

happens in terms of T-cells binding to PEth antigen. It is also possible that the 

formation of PEth in peripheral lymphoid organs may render PEth as an 

autoantigen and subsequently reduce the B-cell differentiation into antibody 

producing plasma cells. Tolerogenic mechanisms do not affect equally to all of 

the B-cell subpopulations. It is possible that induction of tolerance would still 

leave the long lived plasma cells and memory B-cells ready to respond to the 

antigenic stimulus and therefore would give rise to increased amounts of 

antibodies binding to PEth in heavy drinkers although the levels generally are 

lower than in control subjects. Another possibility is that the antibody generation 

and the elimination takes place in different body compartments and this is 

affected by the different half lives of PEth in various cell types. It is well known 

that the highest levels of PEth antigen are observed after recent heavy alcohol 

consumption, since the half life of PEth in the blood, i.e. mainly in erythrocytes, 

is about four days (Wurst et al. 2010). In other cell types, the half life is much 

shorter (Brühl et al. 2003) and hence the amount of PEth in e.g. antigen 

presenting cells would temporarily be higher only in those who drink more 

frequently. 

In this study, IgA or IgM antibody isotypes or total immunoglobulin 

concentrations of the isotypes did not correlate with PEth antigen concentrations, 

which suggest that there are different mechanisms of formation among the 

isotypes of the antibodies binding to PEth. 

6.4 Human antibodies binding to ethanol metabolites 
malondialdehyde-acetaldehyde adducts and 

phosphatidylethanol 

Study III measured the levels of antibodies binding to malondialdehyde-

acetaldehyde adducts, phosphatidylethanol and phosphocholine to elucidate the 

association of antibody levels to alcohol metabolites and epitopes induced by 

oxidative stress. The main findings were that antibodies binding to 

malondialdehyde-acetaldehyde adducts associated significantly with antibodies 

binding to phosphatidylethanol. Furthermore, there was no association between 

the IgG antibodies binding to phosphatidylethanol and antibody levels to a marker 

of oxidative stress; phosphocholine. Phosphocholine epitopes are also found on 
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many bacterial membranes and the antibodies binding to phosphocholine have 

been linked with bacterial infections (Gmür et al. 1999) but not with alcohol use. 

Antibody levels to epitopes of oxidative stress such as malondialdehyde 

adduct of serum albumin, oxidized cardiolipin (Rolla et al. 2001, Vidali et al. 
2008) and oxidized phosphatidylserine (Vay et al. 2006) have been shown to 

associate with alcoholic liver disease. The epitopes of oxidative stress are 

generated also in the pancreas during heavy alcohol consumption (Palmieri et al. 
2007). Phosphocholine, the head group of phosphatidylcholine, becomes a target 

of the immune system as a result of bacterial infection or phospholipid oxidation. 

It is recognized within the oxidized LDL as an oxidized phospholipid such as 1-

palmitoyl-2-(5’-oxovaleroyl)-sn-glycero-3-phosphocholine (POVPC), or it may 

be adducted to proteins (Chou et al. 2009). Normally, phosphocholine is not 

recognized by the antibodies in native phospholipids (Hörkkö et al. 1997). 

Malondialdehyde-acetaldehyde double adducts are generated in the presence of 

these aldehydes (Tuma et al. 1996). Malondialdehyde is a product of lipid 

peroxidation and the acetaldehyde is the metabolite of both lipid and ethanol 

metabolism (Niemelä 1999). Oxidative metabolism of alcohol induces also lipid 

peroxidation and enhances the production of malondialdehyde (Tuma 2002). 

In previous reports, elevated levels of malondialdehyde-acetaldehyde specific 

antibodies have been observed in ethanol fed rats (Xu et al. 1998) and in patients 

with alcoholic liver disease (Rolla et al. 2000). It is not known whether antibodies 

binding to MAA adducts associate with pancreatitis. However, lipid peroxidation 

and the formation of malondialdehyde were observed in the induction of the 

alcohol related pancreatic acinar cell injury (Siech et al. 2009). In the previous 

study, the levels of IgG antibodies to MAA adduct of human serum albumin 

(HSA) were significantly increased in patients with alcoholic liver disease and 

liver disease without alcohol etiology, but not in heavy drinkers without liver 

disease (Rolla et al. 2000). In this study, the antibody levels to MAA-LDL were 

not increased in alcohol heavy drinkers. In contrast, lower levels of the IgG 

antibodies binding to MAA-LDL were observed in patients with alcoholic 

pancreatitis as compared with alcohol heavy drinkers and the controls. Plasma 

IgA levels were also significantly lower in alcoholic pancreatitis patients than in 

controls. This may indicate that there is an opposite immune response directed to 

MAA-adducts in alcoholic pancreatitis and in alcoholic liver disease. The MAA 

adducts of LDL and HSA may also capture different antibody entities in the 

immunoassays.  
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The present study demonstrated a significant association of IgG and IgA 

antibodies binding to MAA-LDL with antibodies binding to phosphatidylethanol. 

The levels of antibodies binding to phosphocholine were measured in order to 

investigate the association of PEth-specific immune response with oxidative 

stress. Interestingly, there was no association in the levels of IgG antibodies 

binding to phosphocholine with antibody levels to PEth. Both, MAA and 

phosphocholine epitopes have been observed in atherosclerotic lesions and have 

been postulated to play a role in the oxidative modifications that are determinants 

of the disease progression (Duryee et al. 2010, Hill et al. 1998, de Faire & 

Frostegård 2009). The more prominent association of phosphatidylethanol-

specific immune response with antibodies binding to MAA-epitope than 

phosphocholine is encouragement for conducting future studies to elucidate the 

common mechanisms or shared biological location in the induction of ethanol-

metabolite-specific humoral immune response. 

The sensitivity and the specificity of antibodies binding to PEth and MAA-

LDL as markers of heavy drinking were evaluated using ROC-curve analysis. In 

these analyses, the low antibody levels were used as a positive indicator of the 

test and the heavy drinkers and patients with alcoholic pancreatitis were 

compared with the controls. The low levels of antibodies binding to PEth, 

especially the low IgA levels, were significantly better markers when compared to 

the levels of antibodies binding to MAA-LDL. This is in agreement with the 

finding that MAA-LDL specific antibodies are found independently of alcohol 

use e.g. in atherosclerosis (Hill et al. 1998). 

6.5 Measurement of phosphatidylethanol antibodies 

The antibodies binding to PEth were measured in studies I-III with an enzyme 

linked chemiluminescent immunoassay. In many publications, the antibodies 

binding to phospholipids have been measured with ELISA assays in which the 

phospholipids are applied to the immunoassay plate in an organic solvent and the 

evaporation of the solvent hence immobilizes the antigen on the plate (Hörkkö et 
al. 2001, Rolla et al. 2001, Vay et al. 2006). In this study, to avoid the time and 

space consuming evaporation of solvent, a different approach was chosen for 

immobilization of the antigen. The microtiter wells were first coated with gelatine 

and the phospholipids were subsequently applied to this gelatine coating as 

multilamellar vesicles in phosphate buffer. Phospholipids in general bind to 

proteins with their hydrophobic fatty acids and this phenomenon is utilized in the 
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coating of phospholipids on the gelatine surface. By this means the preparation of 

the microtiter wells can be done with handling of the liquids only. 

The results obtained from direct binding immunoassays need to be verified 

with competitive immunoassays. In such assays the antibody binding to 

immobilized antigen is competed out with excessive amounts of competitors in 

the liquid phase (Hörkkö et al. 2001, Tuominen et al. 2006). Phospholipids are 

found in membranous structures in vivo and hence in the liquid phase 

immunoassays, the phospholipids are in the orientation that resembles that of their 

natural environment. Furthermore, the binding of the human and mouse 

antibodies to the membranous structures were directly monitored in the flow 

cytometric assays of phosphatidylethanol vesicles. 

6.6 Future aspects 

Alcohol-related illness is a major concern for human health globally. Several 

laboratory analyses have been applied to provide objective information of 

patient’s alcohol consumption to health care professionals. These include the 

indirect biomarkers of liver metabolism, such as aspartate aminotransferase, 

alanine aminotransferase and gamma-glutamyl transferase. In addition, increased 

volume of blood erythrocytes, mean corpuscular volume and altered glycosylation 

index of iron transporter, carbohydrate deficient transferrin have been used as 

markers of long term heavy alcohol consumption (Niemelä 2007a).  

Several reports have highlighted the reliability, sensitivity and specificity of 

PEth as a marker of heavy alcohol consumption (Isaksson et al. 2011, Stewart et 
al. 2010, Wurst et al. 2010). The development of the antibody-based assays would 

provide a cost-effective solution for the PEth analysis in clinical practice. Based 

on the results of this study, it is feasible to generate PEth-specific monoclonal 

antibodies or polyclonal antisera for diagnostic purposes. Antibodies recognize 

PEth in membranes and in the fluid phase. However, direct assays to detect PEth 

in cell membranes from heavy drinkers so far have been unsuccessful. This may 

be due to the physical characteristics of PEth, namely the head group of the PEth 

is small and partly buried in the phosphatidylcholine-rich environment. PEth may 

also be located in the intracellular leaflet of the cellular bilayers. For the 

development of the immunoassay, the cellular membranes should either be 

extracted or made permeable to the antibodies. This protocol would need to be 

both quick and reproducible in order to benefit from the use of antibodies in the 

diagnostic assay.  
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This study demonstrated the presence of PEth-specific antibodies in humans. 

These antibodies may have a role in the pathology of alcohol related illness. The 

lower levels of these antibodies in heavy drinkers may be attributable to the 

formation of immune complexes with PEth-containing structures or recent 

alcohol consumption may have modulated the immune response directed to 

phosphatidylethanol. The findings of this study should be confirmed with a larger 

sample population and a different study cohort. In the future studies, the 

immunogenicity of PEth must be addressed in detail, since the roles of IgG, IgA 

and IgM antibodies are different in the immune system. In addition, the molecular 

targets and the fates of the antibodies binding to PEth have to be elucidated in 
vivo. 
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7 Conclusions 

The findings of this thesis are as follows: 

1. Phosphatidylethanol was immunogenic in mice. The generation of PEth-

specific immune response required that PEth was embedded into the non-self 

structures that were recognized by the mouse immune system. The immune 

response to PEth in mice was of the IgM isotype. Monoclonal antibodies 

binding to PEth recognized PEth in solid and fluid phase immunoassays and 

furthermore were able to bind phosphatidylethanol in membranes. 

2. Phosphatidylethanol-specific antibodies of IgG, IgA and IgM isotypes were 

detected in humans. The levels of the antibodies were significantly lower in 

the study subjects who were heavy consumers of alcohol. A significant 

association of plasma IgG levels to PEth with the total PEth concentration in 

blood was observed in heavy drinkers. 

3. The levels of antibodies binding to malondialdehyde acetaldehyde adducts 

associated with these of antibodies binding to PEth in humans. 
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