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well as an economic burden to patients and the commu-
nity. DES is considered to arise from the interplay of inad-
equate tear production, increased tear evaporation, and 
altered composition of the tear Þ lm. The underlying bio-
chemical and physiological events in the development of 
DES and precise composition of the human tear ß uid are 
only partially understood. Until now the model of the tear 
Þ lm has been a three-layered structure ( 2, 3 ): the inner 
mucin-enriched phase and the middle aqueous layer with 
soluble proteins form a gel-like structure while the outer-
most layer consists of lipids. On the basis of analysis of 
meibomian gland secretions, the lipid layer is suggested to 
be composed of wax esters, sterol esters, and polar lipids 
( 4, 5 ). It has been suggested, based on the hydrophobic ef-
fect, that the charged (polar) phospholipids are disposed 
adjacent to the aqueous-mucin layer and, externally to 
this, a layer composed of nonpolar lipids, such as choles-
teryl esters and triglycerides, face the tear-air interface 
( 6Ð8 ). This type of lipid organization is believed to strongly 
oppose evaporation. Yet, the ocular and mucin compo-
nents become vulnerable to lipid contamination, which 
would lead to dewetting of the corneal epithelium. A 
mechanism to organize and maintain homeostasis of the 
lipid layer and to prevent epithelial or mucin contamina-
tion is needed. Indeed, lipocalin, one such kind of pro-
tein, has been conÞ rmed to efÞ ciently remove lipids from 
the corneal surface ( 9 ). Yet this observation does not ex-

       Abstract   In addition to circulation, where it transfers phos-
pholipids between lipoprotein particles, phospholipid trans-
fer protein (PLTP) was also identiÞ ed as a component of 
normal tear ß uid. The purpose of this study was to clarify 
the secretion route of tear ß uid PLTP and elucidate possible 
interactions between PLTP and other tear ß uid proteins. 
Human lacrimal gland samples were stained with monoclo-
nal antibodies against PLTP. Heparin-Sepharose (H-S) afÞ n-
ity chromatography was used for speciÞ c PLTP binding, and 
coeluted proteins were identiÞ ed with MALDI-TOF mass 
spectrometry or Western blot analysis. Immunoprecipita-
tion assay and blotting with speciÞ c antibodies helped to 
identify and characterize PLTP-mucin interaction in tear 
ß uid. Human tear ß uid PLTP is secreted from the lacrimal 
gland. MALDI-TOF analysis of H-S fractions identiÞ ed 
several candidate proteins, but protein-protein interaction 
assays revealed only ocular mucins as PLTP interaction 
partners.   We suggest a dual role for PLTP in human tear 
ß uid: (1) to scavenge lipophilic substances from ocular mu-
cins and (2) to maintain the stability of the anterior tear 
lipid Þ lm. PLTP may also play a role in the development of 
ocular surface disease.   Ñ SetŠlŠ, N. L., J. M. Holopainen, 
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 Dry eye syndrome (DES), the most common ocular dis-
order that affects around 14% of individuals aged 65 ± 10 
years ( 1 ), poses a considerable public health problem as 
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 PLTP is a member of the lipid transfer/lipopolysaccha-
ride binding protein family, which also includes CETP, 
the lipopolysaccharide binding protein (LBP), and bac-
tericidal/permeability increasing protein (BPI). Of these, 
CETP is absent from tear ß uid ( 10 ), while BPI is a lacrimal 
gland-derived, normal component of tear ß uid ( 21 ). The 
immunostaining pattern with speciÞ c monoclonal anti-
body against PLTP in lacrimal gland sections was very simi-
lar to that demonstrated for BPI ( 21 ), and also to that of 
tear ß uid lipocalin ( 22 ), suggesting that the lacrimal gland 
could be one of the sources for the tear ß uid PLTP. In-
deed, corneal epithelial cells also express PLTP at rela-
tively high levels (unpublished observations). 

 PLTP plays an essential role for lipid metabolism in the 
circulation, especially the transfer of postlipolytic phos-
pholipid-enriched surface remnants from triglyceride-rich 
particles, very low density lipoprotein (VLDL), and chylo-
microns (CM) to HDL is of utmost importance for the 
maintenance of proper HDL levels in the circulation ( 23 ). 
The concentration of PLTP in tear ß uid is at least 2-fold 
higher than PLTP in plasma, while the speciÞ c activity of 
PLTP in tear ß uid compared with plasma is signiÞ cantly 
lower ( 10 ). Both apolipoprotein (apo)A-I and apoE, which 
are capable of interacting with PLTP in plasma, are absent 
in tear ß uid; the role of these protein-protein interactions 
have been discussed previously ( 24 ). To elucidate other 
possible PLTP-protein interactions in tear ß uid, speciÞ c 
immunoprecipitation and binding assays were carried out. 
The heparin-bound active PLTP fractions were analyzed 
by MALDI-TOF mass spectrometry and revealed several 
candidate proteins: lactoperoxidase, lactotransferrin, 
proline-rich protein 1, lysozyme C, apoJ (clusterin), serum 
amyloid A, and lachryglobin. Of these proteins, apoJ and 
serum amyloid A, as well as PLTP and lipocalin, are known 
to interact avidly with phospholipids. Thus, complex for-
mation between these proteins seemed to be physiologi-
cally reasonable. Yet, further analysis using Western 
blotting could not conÞ rm binding of any of these pro-
teins to PLTP. Lysozyme and lactotransferrin are major 
tear ß uid proteins and most likely represent contaminants 
in the sensitive MALDI-TOF analysis. As PLTP does not 
show interaction with either of these proteins, it seems 
likely that in tear ß uid no other proteins are needed to 
maintain PLTP capable of transferring phospholipids. 

act with OVM in the absence of phospholipids and, there-
fore, sticks nonspeciÞ cally to the column matrix. 

 DISCUSSION 

 A recent analysis of the protein composition of the hu-
man tear ß uid revealed only 54 proteins that were identi-
Þ ed with high conÞ dence ( 11 ). Yet, de Souza et al. were 
able to identify nearly 500 proteins in human tear ß uid 
using multiple mass spectrometric approaches ( 20 ). It 
seems that in the latter study, however, the authors may 
have had signiÞ cant contaminants from the ocular tissues. 
This is evidenced by the relatively large number of intra-
cellular proteins as well as the fact that not all of the major 
proteins, such as phospholipases, were found. The rela-
tively small amount of identiÞ ed proteins in the study of 
Li et al. ( 11 ) suggests a high stature for these key proteins 
in human tear ß uid. As the composition and functional 
regulation of tear ß uid remains largely unknown, it is im-
portant to characterize factors that play a role in the ho-
meostatic processes of tear ß uid, such as organization of 
lipids and viscoelasticity of tear Þ lm. We have recently dis-
covered that human tear ß uid contains HA-PLTP protein 
( 10 ). Now we report that human tear ß uid PLTP is se-
creted from the lacrimal gland and that PLTP interacts 
with human ocular mucins as well as with mammalian-
derived mucin (BSM). This Þ nding suggests a possible 
role for PLTP in the scavenging of lipophilic molecules 
from the ocular mucins and in maintaining the homeo-
stasis of the anterior tear lipid Þ lm. This result does not 
contradict the recent Þ ndings by Glasgow et al. that 
showed that tear ß uid lipocalin can efÞ ciently remove lip-
ids from the ocular surface ( 9 ). It seems unreasonable to 
assume that one protein is solely responsible for remov-
ing ocular contaminants in tear ß uid. Our current and 
previous results ( 10 ) suggest that, although PLTP is a mi-
nor constituent of normal tear ß uid, it possesses efÞ cient 
phospholipid transfer activity and likely aids lipocalin in 
decontaminating the ocular surface. We suggest that in 
tear ß uid, lipocalin and PLTP may act in concert to en-
sure efÞ cient lipid transfer. In line with Glasgow et al. ( 9 ), 
our results propose a role for PLTP in the Þ ne-tuning of 
lipid transfer in tear ß uid. 

  Fig.   4.  Binding of PLTP to mammalian-derived 
mucin BSM but not to avian-derived soluble form of 
ovomucin. BSM and soluble ovomucin were incorpo-
rated with increasing concentrations (0Ð45 µg/well) 
to nitrocellulose membranes and incubated with 
puriÞ ed PLTP (25 µg). Bound PLTP protein was 
detected by using monoclonal anti-PLTP Mab59 anti-
body. The data shown is background-corrected. Bind-
ing experiments were repeated at least three times. 
BSM, bovine submaxillary gland mucin; PLTP, phos-
pholipid transfer protein.   
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ity in plasma. One plausible explanation is that PLTP av-
idly binds phospholipids and this poorly phospholipidated 
form could maintain the active conformation. 

 Mucins are large glycoproteins that have at least 50Ð80% 
of their mass as carbohydrate. Mucin polypeptide chains, 
by deÞ nition, have domains rich in serine and threonine 
(STP, serine, threonine, and proline, tandem repeats), 
which provide  O- glycosidic linkage with oligosaccharides 

This assumption is also supported by Þ ndings that during 
the normal PLTP puriÞ cation process from plasma, the 
Þ nal, puriÞ ed PLTP protein does not contain any other 
copuriÞ ed proteins but is nevertheless highly active ( 16 ). 
Furthermore, human seminal plasma PLTP ( 25 ) and re-
combinant PLTP produced by baculovirus protein expres-
sion ( 26 ) are highly active. Neither of these systems 
contains apoA-I or apoE, which seems to regulate the activ-

  Fig.   5.  Size exclusion chromatography of phospholipidated mucins (BSM and OVM) and PLTP. Elution proÞ le of the mucin-PC-PLTP 
sample in PBS (A and C) and in the presence of Tween 20 (0.05%) (B and D). Panel E represents SEC proÞ le for the nonlipidated OVM 
and PLTP comixture both in PBS and PBS-Tween. PLTP was incubated with the phospholipidated mucins (Þ nal volume of the incubation 
mix was 0.830 ml) for 30 min at room temperature and applied onto the Superose 6HR column. Fractions (0.5 ml) were collected with a 
ß ow rate of 0.5 ml/min. Fractions were analyzed for radioactivity and protein content. Protein data was assessed using immunological dot-
blot system (described in ÒExperimental ProceduresÓ) and quantiÞ ed by densitometry measurements (ImageJ v1.42q software). Results are 
presented as percentages relative to the total measured value considered as 100%. The arrow at the apparent molecular weight position of 
160 kDa depicts the elution position for active PLTP protein ( 15 ). SEC runs were repeated three times on average, and a representative run 
is presented. BSM, bovine submaxillary gland mucin; OVM, ovomucin; PLTP, phospholipid transfer protein; SEC, size exclusion chroma-
tography; V 0 , column void volume.   
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periments ( 24 ), where mucin formed complexes with a 
hydrodynamic diameter ranging from 25 to 225 nm (data 
not shown). 

 Tear lipocalin, a common tear lipoprotein, has been 
proposed to serve as a scavenger of lipophilic substances 
from the corneal surface ( 35 ). Lipocalin is capable of 
binding lipids in tear, and recently its ability to remove 
ß uorescently labeled lipids from the surface of the cornea 
has been shown ( 9, 36 ). Tear PLTP has lipid transfer abil-
ity without any acceptor molecule, and it is active without 
any detectable protein-protein association ( 26 ). On the 
basis of the current data, we suggest that a possible expla-
nation for the presence of PLTP in tear ß uid may be a 
scavenging property of PLTP: the lipid contamination 
from the surface layer of tear Þ lm is directed to the ocular-
soluble and membrane-bound mucins. Here PLTP, inter-
acting with these mucins, can remove the harmful overload 
of lipids and transfer them to the lacrimal drainage sys-
tem. Alternatively, an intriguing possibility would be that 
because the anterior tear ß uid lipid Þ lm possesses high 
quantities of phospholipids, PLTP could be responsible 
for transferring all or some of these lipids to the tear ß uid 
lipid layer. At present, we have no instrumentation to study 
this. 

 Our Þ ndings suggest a notable role for PLTP in lipid 
transfer in human tears. Accordingly, PLTP could play a 
signiÞ cant role in preventing instability of the lipid Þ lm 
and thus in preventing evaporative DES. The precise 
mechanisms of tear PLTP-facilitated phospholipid trans-
fer and association with mucin subtypes in the tear ß uid 
as well as the effect of PLTP blockage in the develop-
ment of DES must be further clariÞ ed. To this end, we 
have recently used a PLTP knock-out mouse model to 
study the role of PLTP in DES. Our preliminary data 
demonstrate that these mice develop considerable DES 
with concomitant histological changes and increased cor-
neal epithelial permeability (SetŠlŠ et al., unpublished 
observations). ClariÞ cation of the role of PLTP in the de-
velopment of DES will be the goal of our near-future 
studies.  

 The authors would like to thank Sari Nuutinen for excellent 
technical assistance. 
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