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Chapterr 3 

Conservedd regions of protein disulfide isomerase are targeted by 

naturall  IgA antibodies in humans. 

Too be published in International Immunology 

Bobb Meek, Jaap Willem Back, Vincent N. A. Klaren, Dave Speijer and Ron Peek. 

Summary y 

Secretoryy IgA (slgA) antibodies in human tears and milk were found to recognize protein disulfide isomerase (PDI) 

onn a Toxoplasma gondii (Tg) lysate immunoblot (IB). These antibodies were already detectable in tears of infants. To 

determinee the epitope containing regions on PDI, we generated truncated versions of recombinant PDI that differ 8-10 

aminoo acids in length. By IB, it was found that the slgA epitopes were confined to conserved regions of PDIs, 

includingg the functionally essential thioredoxin like domain. This suggested the capacity of slgA to react with PDI of 

otherr species, which was confirmed by recognition of human PDI by IgA in tears. In contrast, anti-Tg PDI antibodies 

generatedd by immunization were not able to cross-react. Binding to thioredoxin like domain on IB could be gradually 

abrogatedd by incubation with peptide constituting the same domain. By consecutive investigation of function of the 

proteinn targeted by slgA, presence of antibody in relation with age and analysis the epitope constituting regions on 

PDII  we demonstrate that slgA directed against PDI are self-reactive natural antibodies. Furthermore, analysis of 

antibodyy epitopes on an antigen is a useful method to distinguish conventional, affinity maturated antibodies from 

naturall  antibodies. The presence at early age and continuity of anti-PDI slgA in relation with age suggests the 

existencee of B cells secreting germ-line encoded antibodies in human mucosa outside of the gut. Overall, die PDI 

specificc antibodies clearly are part of the natural antibody repertoire suggesting an active role for these antibodies in 

thee innate defence against pathogens. 
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Introduction n 

Thee humoral component of the mucosal immune system (MIS) mainly consists of secretory IgA and IgM antibodies. 

Thee most important functions of these antibodies are 'immune exclusion' and 'immune elimination', achieved by 

bindingg to surface antigens on potential pathogens. 'Immune exclusion' refers to prevention of adherence to epithelial 

cellss and subsequent infection, while 'immune elimination' involves pathogen clearance in the lamina propria, and 

neutralizationn of intracellular viruses [18,40,41]. Both conventional (monospecific) and natural (polyspecific) 

antibodiess are important for optimal protection against pathogens [18,42]. 

Conventionall  antibodies are produced by B2 cells and are affinity matured upon exposure to specific 

antigenss at inductive sites of the MIS, such as the Peyers Patches (PP) in the ileum, the mesenteric lymph nodes 

(MLNs)) and the tonsils. Once induced, mature B cells migrate to effector sites that can be located distant from the 

inductivee site [43-45]. Whether specific IgA can be detected at mucosal surfaces apart from those close to an 

inductivee site depends on immunogenicity and quantity of the antigen(s) presented at these site(s) [43,45]. Natural 

antibodiess can be found in any mucosal secretion in man and mice. Characteristically, natural antibodies target 

phylogeneticallyphylogenetically conserved structures of commensals, pathogens and auto-antigens [ 19,46,47]. Most murine B cells 

secretingg natural antibodies at mucosal sites express their antibodies in or near germline configuration [48]. In 

humans,, there does not seem to be a well defined population of B cells secreting IgA antibodies in germline 

configurationn [49-52], although not all mucosal sites have been studied. Nevertheless, natural polyreactive IgAs have 

beenn demonstrated in human mucosal secretions [19,53]. General features of both natural and conventional antibodies 

recognizingg proteins are summarized in table 1. 

Inn a recent study we found that IgAs produced by the human lacrimal gland predominantly recognize 49,70 

andd 74 kDa antigens of Toxoplasma gondii [26]. The 49 kDa antigen was identified as protein disulfide isomerase 

(PDI)) [54], an essential enzyme that functions in the endoplasmic reticulum of eukaryotic cells [30]. T.gondii is 

prevalentt in North-Western Europe [23], where the previous studies were conducted, resulting in a gradual increase in 

prevalencee of anti-toxoplasma serum IgG with age [2,23]. Toxoplasmosis is usually self-limiting and benign in 

immunocompetentt individuals, but may cause serious complications in immunocompromised patients and neonates 

[23].. Penetration of the gut epithelial barrier by T.gondii is required to initiate systemic infection, and is usually 

accompaniedd by a vigorous common mucosal secretory IgA response in humans and mice [3,4]. This suggests that the 

anti-toxoplasmaa IgA in tears are the result of occasional encounters with T.gondii, and implicates that they are 

conventionall  antibodies. On the other hand, the anti-toxoplasma IgA staining pattern on immunoblot remained 

remarkablyy stable in time [26] and PDI is a highly conserved protein [30], implying a natural origin of these 

antibodies.. Since PDI has both species specific as well as highly conserved regions, we hypothesize that conventional 

antibodiess are preferentially directed against T.gondii-specific, non-'self regions, while natural antibodies will 

primarilyy recognize conserved regions of T.gondii PDI, presumably being moulded by 'self antigens. 

Thee relation between age and presence of these antibodies in tears was determined to see whether they confirmed to 

thee characteristics of conventional or natural antibodies as summarized in table 1. Next, we tested our hypothesis by 

identifyingg the protein regions involved in antibody recognition and determined whether there was cross-reactivity 

Proteinn Function 

[19,53,56,68-70] ] 

Age" " 

[23,56,57,71] ] 

Speciess specific function 

Conservedd function 

Relationn with age 

Noo relation with age 

conventionall  Ab 

naturall  Ab 

conventionall  Ab 

naturall  Ab 

Tablee 1. 

"Basedd on dynamics of 

naturall  IgM and 

conventionall  IgM titers 
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withh PDI from other species. Our findings strongly support an innate origin for these antibodies. To our knowledge, 

thiss is the first report of a detailed analysis of a natural antibody response in man. 

Methods s 

Volunteerss and sample collection 

Tearr fluid was collected from eyes of healthy volunteers with glass-capillaries (Assistent, Karl Hecht, Sondheim, 

Germany)[8].. Spontaneously produced tears were collected from infants by their parents. Tears were stored at -20°C, 

untill  use. Paired tear fluid and milk samples were obtained from 3 women at different stages of lactation. Tears of 

adultss and infants were diluted 200x and 150x, respectively, except when stated otherwise. Human milk was diluted 

25x.. This study was conducted in accordance with the Declaration of Helsinki. 

Parasites s 

ToxoplasmaToxoplasma gondii tachyzoites of the RH strain were propagated in vitro under normal cell culture conditions in 

RK133 cells in RPMI medium supplemented with 3% fetal calf serum. Plasmodium falciparum schizonts and 

gametocytess were provided by H.Eling (Academic Hospital Nijmegen, Nijmegen, The Netherlands). 

Immunofluorescencee (IF) 

IFF was performed as described earlier [31 ], except that parasites were not fixated. Briefly, 105 filter-purified parasites 

weree double-labelled by incubation with tears and a mouse monoclonal antibody against SAG1 (HyTest, Turku, 

Finland),, diluted 500x, in PBS containing 2% bovine serum albumine, at 4 °C for 30 min. Following washes, 

parasitess were incubated with anti-human IgA conjugated to fluorescein-isothiocyanate (FTTC), diluted 50x, and anti-

mousee Fab conjugated to indocarbocyanine (Cy3), diluted 750x, for 30 min. Following washing and drying, labelled 

parasitess were embedded in Vectashield (Vector Laboratories, Burlingame, CA) and visualized using a laser scanning 

microscopee (Zeiss LSM 410, Carl Zeiss Microscopic Göttingen, Germany). 

Preparationn of antigens 

T.gondiiT.gondii tachyzoites were filter purified using filters with a pore-size of 3 |im supplemented with a pre-filter. 

P.falciparumP.falciparum parasites were provided as pellets, and resuspended in PBS with protease-inhibitors before use. Human 

embryonicc kidney cells extract derived from cell line 293T was provided by C. Neefjes (NORI, Amsterdam, The 

Netherlands).. Parasites were processed as described [26]. The extracts of P.falciparum and the human cell line were 

concentratedd 8-10 times to allow detection of PDI. 

SDS-PAGE,, Western blotting and detection of peroxidase (PO) conjugated antibodies 

Proceduress were done as described earlier [15,26]. P-mercaptoethanol was added to a concentration of 5% prior to 

electrophoresis.. Following this, proteins were transferred to polyvinyldifluoride (PVDF) membranes. 

Membraness were blocked with Tris-buffered saline (TBS: 50 mM Tris [pH 10], 150 mM NaCl), containing 0.5% 

Tweenn 20 and 2% non-fat milk powder. 

Al ll  samples and conjugates were diluted in TBS containing 0.5% Tween 20 and 0.03% non-fat milk powder (TBS-T). . 

AA PO conjugated polyclonal antibody preparation specific for human secretory component was diluted 4.000x. Bound 

antibodiess were visualized by chemiluminescence, according to the manufacturers' descriptions (ECL, Amersham 

Biosciences,, Essex, UK) and exposed to X-ray film. 

Primerss and peptides 

Forr primers, see Table 2. Synthetic peptide FYAPWCGHCK-COOH was manufactured commercially (Pepscan 

Systems,, Lelystad, The Netherlands). 

PCRR products were ligated into the pGEM-T Easy cloning vector as described by the manufacturer (Promega, 
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Tablee 2 

PDI12 2 

PDI13 3 

PDI14 4 

PDI15 5 

PDI16 6 

PDI17 7 

PDI18 8 

PDI19 9 

PDI20 0 

PDI21 1 

Primerss used for the production of truncated PDI 

5-GAGACCATGGTACCCCGTGCCA-3' ' 

5-GAGAGAATTCGCCCAGGGCGTTCTCAGC-3' ' 

5-GAGAGAATTCAGCGTCCTTCAGGGAGGT-3' ' 

5'-GAGAGAATTCGGCTTCGTCTTGCTTCTC-3' ' 

S'-GAGAGAATTCGACTCCTTGTACTTCTC-S' ' 

55 '-GAGAGAATTCCTCCTTGTAGATGGGCTC-3' 

5'' -GAG AGAATTCCTTGC AGT AGCCGC ACCA-3' 

55 '-GAG AGAATTCGATCTCCAGCATCACATC-5' 

55 '-GAGAGAATTCGATGACCATCTCTTCGAA-3' 

5'-GAGAGAATTCGTTCTTTCCGACGACAAA-3' ' 

s s 

as s 

as s 

as s 

as s 

as s 

as s 

as s 

as s 

as s 

s:: sense, as: anti-sense 

Madison,, WI), or digested and ligated into expression vector pRP261, a derivative of vector pGEX-3X (Amersham 

Biosciences). . 

Constructionn of the PDI expression vectors (figure 2) 

Constructionn of vectors expressing full length and PDI A2 has been described previously [54]. The PDI Al mutant 

wass obtained after EcoRI digestion of full-length PDI in pRP261, and subsequent ligation (figure 2). To determine 

thee location of the antibody-binding regions in PDI A2, the fragment encoding PDI A2 was split in two parts, named 

PDII  A3 and PDI A4. PDI A3 was generated by digestion of pRP261-A2 with Sail and Ncol, followed by treatment 

withh 1U S1 nuclease in 100 mM NaCl for 30 min at 30°C, and subsequent ligation. The vector expressing PDI A4 was 

generatedd by digestion with Sail, Klenow filling , and further digestion with Smal. 

Forr finemapping of the A4 region, truncated versions of PDI A4 were constructed by cloning Ncol and EcoRI 

digestedd PCR products, obtained with PDI 12 as forward primer and PDI 13 to 21 as reverse primers into pRP261 

(seee above). 

Expression,, purification, and detection of recombinant proteins coupled to GST 

Alll  proteins were expressed in E.coli strain BL21 according to standard procedures [29]. Expression was induced by 

addingg isopropyl-[J-D-thiogalactopyranoside (1 mM) at 30°C. GST fusion proteins were purified using Glutathione 

Sepharosee 4B beads according to the manufacturer's instructions (Amersham Biosciences). For protein gels, beads 

weree directly solubilized in sample buffer [15]. The amount of recombinant protein used for immunoblots was 

normalizedd based on intensity of Coomassie gelstaining and staining with anti-GST antibody on blot. For the 

detectionn of GST fusion proteins, antibodiess were removed using erase buffer (62.5 mM Tris [pH 6.8], 100 mM p-

mercaptoethanol,, 2% (w/v) SDS) for 1 hour at 70°C. Subsequently, blots were blocked for 1 hour and incubated with 

anti-GST-POO (diluted lO.OOOx). Visualization by chemiluminescence was done as described above. 

Results s 

Anti-T.gondiii IgA in tears and milk samples 

Differentt mucosal samples were analyzed to determine whether the secretion of PDI specific IgA antibodies was a 

phenomenonn restricted to the lacrimal gland or a more general feature of the CMIS. The latter seems to be the case as 

PDII  specific IgA was detectable in both milk and tear samples of lactating women (figure 1, M2 and M3), although 

humann milk had to be used at low dilutions (25x) compared with tears (200x). 
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Figuree 1: Tear and milk antibody staining patterns on T.gondii lysate blots. 

Too determine whether secretion of anti-PDI antibodies was correlated with age or mucosal site, tear samples of 

siblingss Dl-3 (aged 6, 9, 11 years), infants B1-2 (aged 3, 5 months), mothers M 1-3, father F and volunteers 

V11 -7, human milk samples (Milk ) and serum sample (Ser) were incubated on T.gondii lysate blots. The serum 

samplee used was a pool of 4 sera obtained from patients recently infected by T.gondii. All samples were 

stainedd for anti-toxoplasma IgA, except for the 'Ser' and 'SC' lanes where samples were stained for anti-

toxoplasmaa IgG and anti-secretory (SC) IgA antibodies, respectively. The antibody specifically generated 

againstt recombinant PDI stained a 49 kDa antigen, as expected (a- PDI). Sample Ml and V7 were diluted 

500x,, Ser: lOOOx. 

Inn an earlier analysis of tears, we only included adults. In order to shed light on the natural or conventional origin of 

anti-T.gondiianti-T.gondii IgA's, we analyzed tears of children for whom it was highly unlikely that they already were exposed to 

T.gondiiT.gondii (prevalence of anti-toxoplasma IgG is very low in these age-groups [2]). Anti-T.gondii IgA staining patterns 

fromm tears obtained from children and infants were compared with those of adults (figure 1). We readily detected 

T.gondiiT.gondii PDI specific IgA antibodies in tears of young children (Dl, D2 and D3, aged 6, 9, 11 years) as well as in 

tearss of infants fed exclusively on human milk (B1 and B2, 3 and 5 months of age, respectively). The presence of 

slgAA in infant tears is not surprising as infants already produce (natural) slgA antibodies within 3 days postpartum 

[55]. . 

Unexpectedly,, three sisters of 6, 9 and 11 years of age displayed an almost identical IgA staining pattern of total 

T.gondiiT.gondii extract blots (figure 1, Dl-3), with both clear differences and similarities in comparison to parental IgA 

stainingg patterns (figure 1, M1 and F). In addition, the tear IgA staining pattern of the infant brother (figure 1, B1) not 

onlyy differed markedly from all his siblings, it also retained its simplicity even after long exposures; only PDI and the 

otherr common constituents of tear IgA staining patterns comprising a T.gondii 1011A kDa antigen doublet [26], being 

recognizedd by IgA. The paucity of antigens recognized and the predominance of anti-PDI antibodies in tears was 

confirmedd with a tear sample from an unrelated infant (figure 1, B2). 

Finally,, we confirmed that anti-PDI antibodies are of the secretory IgA class using a polyclonal antibody specific for 

secretoryy component (SC, figure 1, V7). 

Expressionn and analysis of regions involved in epitope formation 

Inn view of the high percentage (about 80%) of volunteers with anti-T.gondii PDI IgA in their tears [26], it became 

importantt to determine whether different PDI regions were recognized by IgA's in tears of different individuals. 

Assumingg natural antibodies are not specific for T.gondii PDI, their ability to cross-react with PDIs of other species 

wouldd imply that natural antibodies should be mainly directed against conserved regions of PDI. To identify T.gondii 

PDII  regions involved in IgA epitope recognition, mature PDI lacking the N-terminal signal sequence was expressed 
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Signall 25_ 
Sequence e 
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-COOHH 36 5 

-COOHH 35 9 

-COOHH 35 1 

-COOHH 32 0 

-COOHH 29 2 

GEELL native PDI 

COOHH recPDI 

PDII 41 

COOHH PDIA2 

COOHH PDI A3 

PDIA4 4 

PDIA5 5 

PDIA6 6 

PDIA7 7 

PDIA8 PDIA8 

PDIA9 PDIA9 

PDIA10 0 

PDII  Al I 

PDIA12 2 

Figuree 2: Schematic 

representationn of native and 

recombinantt structures 

encodingg PDI. 

PDII  was expressed without the 

predictedd signal sequence. 

Aminoo acid (aa) positions 

indicatedd at each amino- and 

carboxyterminuss refer to their 

positionn in the translated 

sequencee of PDI, the predicted 

signall  sequence included. -

GEELL is the presumed ER 

retentionn signal. 

ass a recombinant glutathione-S-transferase (GST)-fusion protein (figure 2). In addition, series of PDI mutants 

truncatedd at either the N-terminal and/or C-terminal end were constructed. Strips of western blots with recombinant 

PDII  were incubated with tears from individuals at dilutions resulting in recognition of PDI on a T.gondii lysate 

westernn blot. Tear IgA from all individuals tested recognized the full length PDI and various large fragments of PDI 

(PDI(PDI Al , PDI A2 and PDI A4) with exception of the region between aa 402-471 (PDI A3, see figures 2 and 3). 

Too further delineate the epitope(s) constituting regions within PDI A4 (aa 266-400) several truncated proteins were 

producedd having their C-terminal end within this region (PDI A4, A10-12). As shown in figure 3 (left panels) all but 

onee sample (F) failed to bind to PDI A10, indicating that the regions involved in IgA epitope formation were located 

att the C-terminal end of PDI A4, and not in the common sequences of PDI Al and PDI A4. Importantly, the region 

presentt in PDI A4 and absent in PDI A10 (aa 351 -400) contains the thioredoxin-like domain, a motif highly conserved 

inn eukaroytic PDI sequences [30]. 

Additionall  truncated PDI proteins (PDI A5-A10), differing only a few amino acids in length (figure 2), allowed much 

moree precise localization of regions essential for IgA epitope formation. Two major epitopes were delimited within 

thisthis region, represented in the 9 aa difference between PDI A6-PDIA7 (aa 375-384) and the 8 aa difference between 

PDII  A9-PDIA10 (aa 351 -359, figure 3). The sequence between PDI A6-PDIA7 contains the thioredoxin-like domain 

withh the H->Y amino acid substitution [54], while the sequence between PDI A9-PDI A10 is a more hydrophobic 

regionn with a VKVV V motif. This region is also particularly well conserved between T.gondii and various known 

humann PDI sequences (compare entries XM 053104.1, BC 000425.1, XM 016522.2, AL356378.17, U75886.1, and 

figurefigure 4). The sibling analysis depicted in figure 3 (D1, D2) demonstrated that the thioredoxin-like domain is the main 

IgAA epitope within PDI A2 for the two sisters. The newborn brother (BI) did not display IgA reactivity against this 

regionregion but, similar to the mother (Ml) , relied on the VKVV V motif present between PDI A9-PDIA10 (aa 351 -359). 

Thesee results show that healthy human subjects produce secretory IgA recognizing at least three different highly 

conservedd regions on T.gondii PDI, including the thioredoxin-like domains. 
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B1 1 

Figuree 3: Recognition of truncated versions of recombinant T.gondii PDI by IgA in tears. 

Eachh sample contained IgA that recognized PDI A2. Subsequently, samples were incubated with strips 

containingg stepwise truncated (  90 aa) versions of PDI A2: PDI A4 and A10 to A13 (see figure 3). All 

sampless that recognized PDI A4 only, were subjected to additional fine-mapping with stepwise truncated 

(  8 aa) versions of PDI A4: PDI A5 to A9 (see figure 3). Strips were stained for GST after the PDI 

specificc antibodies were removed (upper panels marked a-GST. Fine mapping demonstrated that PDI A6 

andd A9 contain regions essential for binding of IgA antibodies. In cases of PDI A9 recognition, PDI A8 

signalss were always considerably weaker than PDI A7 and A9 signals. Subject ID and dilutions of tears 

usedd correspond with figure 1. 

IgAA in tears recognizes thioredoxin-like domains and cross-react with human and P.falciparum 

proteins s 

Too confirm recognition of thioredoxin-like domains by IgA in tears, tear samples of VI and V7 were incubated with 

blotss of truncated PDI with (PDI A6) and without (PDI A7) a thioredoxin-like domain. Subject VI was already shown 

too recognize only PDI A6 in this region and not the slightly smaller truncated versions lacking this domain (Figure 3). 

Subjectt V7 had an anti-PDI staining pattern similar to Ml and Bl (Figure 3), recognizing PDI A9 containing the 
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T.T. gondii 
P.P. falciparum 
C.parvum C.parvum 
H.sapiens H.sapiens 

T.gondii T.gondii 
P.falciparum P.falciparum 
C.parvum C.parvum 
H.sapiens H.sapiens 

T.gondii i 
P.falciparum P.falciparum 
C.parvum m 
H.sapiens H.sapiens 

T.gondii T.gondii 
P.falciparum P.falciparum 
C.parvum C.parvum 
H.H. sapiens 

MRAGFSS - FALLAVGLLATAWYSAA E - - EEAVTVLTASNFDDTLKNNEIVLVKFYA P 5 4 
--MNRKYFSSLFLFLISFVFESFVRSHGDLFNQFVTDIHDGELDKFITKNDIVLVMFYAPP 58 
MIGIRSLVSAAFLGFSCLSKWLGGDEAHFISEHITSLTSSNFEDFIKSKEHVIVTFFAPP 60 

MLRRALLCIAVAALVRiU3APEEEDHVLVLIUCSNFAEMAAlïKYIiLVEFyA PP 51 

** * . * * 
WCGHCKRMAPEYEKAAKTLKEKGSKIVLAKVDATSETDIADKQGVREYPTLTLFRR K E 11 1 
WCGHCKRLIPEYNEAANMLNEKKSEIKLVSIDATSENALAQEYGVTGYPTLILFNN K K 11 5 
WCGHCTALEPEFKATCAEISKLSPPVHCGSVDATENMELAQQYGVSGYPTIKFFSG--IDD 11 8 
WCGHCKAliAPBYAiCAAGl&KAEGSEIRIJUCV^̂^  11 1 
**  +  * *  * 

KPEKYTGGRTAEAIVEWIEKMTGPAVTEVEGSAEDKVT-KEAPIAFVAELASKDSDMAKLL 17 0 
NKINYGGGRTAQSIVDWLLQMTGPVFSHVEGNIEDVLKEKKINVAFYLEYTSEDNDLYKKK 17 5 
SVQNYSGARSKDAFIKYIKKLTGPAVQVAESEEAIKTIFASSSSAFVGRFTSKDSAEYAVV 17 8 
SPKEYTAGRÏÏ^ÏvTmdCKRTGPAATTLPDGAÂ̂  17 1 

FEEVANESRQLGG RFLAKYGASDEKIYSLRYEEGTEAFTG-KTICDELKKFVDT 22 1 
FNEVGDKNREIAA KYFVKKNDKHNKLFCFRTDEKKVEYDE-KTP--LEEFVTS 22 4 
FEKVASGHREHNYY AFIAFFQEGEQKLEVLHKDEEPVSLPMPKTVEELEAKISI  23 1 
^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^^  23 1 

T.gondi ii  ESFPLLGPINAENFRKYID RDLDLVWLCGTEKDFDEAKTAVREAAKKLRDTRSFVWL 2  7 8 
P.falciparumP.falciparum ESFPLFGEINTENYRFYAE SPKELVWVCATYEQYNEIKEHVRLAAQELRKKTHFVLL 2  8 1 
C.parvumC.parvum MNVPLFSAISAENYSLYMS REGYTPGSWLTRTSPSMLQTLERLQLITEKSMPLFSL 2  8 8 
H.H. sapiens NQLPLVIEFTEQTAPK1FGGEIKTHILLFLPKSVSDYDHH|H|H|HH||HH| |  29 1 

T.T. gondii 
P.P. falciparum 
C.parvum C.parvum 
H.H. sapiens 

T.T. gondii 
P.falciparum P.falciparum 
C.C. parvum 
H.sapiens H.sapiens 

T.gondii T.gondii 
P.falciparum P.falciparum 
C.parvum C.parvum 
H.sapiens H.sapiens 

T.gondii T.gondii 
P.falciparum P.falciparum 
C.C. parvum 
H.sapiens H.sapiens 

DTDQFKGHAENALG---ITEFPGLVFQSK-KGRFVLPEATTSLKDAAKISQFFDDVEAGKK 33 4 
NIPEYAEHAKASLGG LTEFPGLAFQSN-EGRYLLKNPKESLLNHNAIINFFKDVEAGK 33 7 
DTEQFGSHATQHLLL IEKFPGLVIQSVNVPSIRYMYGPAKFDSVEPLKEFMKQVSEGK 34 5 

::  :  :  :*.:: :  .  :  :  *  * * 

IDRSLKSEPVPEK-QDEAVKWVGKNFEEMVIQKDKDVMLEIYAPWCGYCKSFEPIYKEFF 3 93 
IEKSLKSEPIPEDDKNAPVKIWGNSFVDWLKSGKDVLIEIYAPWCGHCKKLEPVYEDLL 3 97 
HELSIKSEPIPAE-QSGPVTVWGKTFEEIVFRSDKDVLLEIYAQWCGHCKNLEPIYNQLL 4 04 
II  KPHLMSQELPEDWDKQPfffefGKflËOTĴ 410 

:: *: :* . .. .*.::**:.* ::.: *:* . . * . ** ***.**. *.. 

AEKYKDVDHLWAKMDGTANETPLEEFSWSSFPSIFFVKAG-EKTPMKFEGSRTVEGLTEE 452 
GRKLKKYDSIIVAK3WGTLKETPIKDFEWSGFPTIFFVKAG-SKIPLPYEGERSLKGFVDD 456 
GEEYKDNDKWIAKINGPQNDIPYEGFSPRAFPTILFVKAG-TRTPIPYDGKRTVEAFKEE 463 
GÉTYiaSÏË»ÏViffl3«ÖŜ ^ 4 68 

* . : : : : * * : . . ** : . . .**::*.*. : . . . * * . . 
FVNKHGSKK PLKKDDKGEEL 471 
FLNKHATNTPISIDGVPEFEDGTSEELL 483 
FISEHSSFPP QEKESRDEL 481 
Fi«^HHHHHHHMHHHHHHHHHHHHH!ii sos 

VKVV VV motif. This motif is present in both PDIA6 and A7. 

Beforee incubation, peptide FYAPWCGHCK representing the thioredoxin-like domain was added in various 

concentrations.. In both cases, increasing amounts of peptide resulted in a marked decrease in recognition of PDI A6, 

whilee recognition of the other PDI versions was hardly affected (figure 5 A). This confirmed that IgA in tears from 

subjectt VI recognized the thioredoxin-like domain and indicated that these particular antibodies form part of the 

repertoiree of subject V7 as well. The PDI A7 recognition of subject V7 and the 'full ' recognition of subject VI 

remainedd intense despite the absence of a contribution by the thioredoxin-likee domain. It seemed that a reduction in 

bindingg to the thioredoxin domain is compensated by an increase in binding to the VKVV V motif. Possibly, binding 

too these different nearby IgA epitopes in PDI is mutually exclusive. 
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Figuree 4: Clustal W (1.81) multiple sequence alignment of T.gondii, P.falciparum, P.falciparum, C.parvum, H.sapiens PDIs. 

Overall,, the protein has the highest similarity to PDI from other species of the phylum Apicomplexa: 

PlasmodiumPlasmodium falciparum (AJ250363) and Cryptosporidium parvum (U48261), with 210/444 and 171/448 

identitiess (id's), respectively, followed by PDI homologues of Ostertagia ostertagi (AJ419174), Humicola 

insolensinsolens (P55059) and Onchocerca volvulus (U12440). There is considerable homology with human PDI (P55, 

P07237)) as well: 163/453 id's. Of the 5 domains of PDIs denoted A-B-B'-A'-C (102-60-68-104-16 amirioacids), 

thee A domains characteristically display the highest similarity with other PDIs, mainly due to conservation of the 

thioredoxin-likee domains [33,59]. The alignment pattern of die A' domain is similar to die overall alignment, 

withh T. gondii PDI (AJ306291) being most homologues wiüi A' domains of the above mentioned protozoan 

familyy members (56/104 and 59/104 id's, resp.) and human PDI (53/105 id's). Remarkably, me A domain of 

T.gondiiT.gondii displays more homology with PDIs of O.ostertagi (62/102 id's), Caenorhabditis briggsae (AJ005807, 

61/1022 id's), Schistosoma mansoni (S34275, 61/100 id's) and C.elegans (S71862, 57/102 id's) than with 

P.falciparumP.falciparum (54/101 id's). In contrast to the A regions, both B regions of T.gondii have only limited homology 

withh B regions of PDI of P.falciparum (17/58 and 29/61 id's, respectively). 

AA and A' regions, B B H I H B < an<^ m m 0f Human PDI according to [72]. 

Moree importantly, recognition of the highly conserved thioredoxin-like domains by subjects VI and V7 implies 

speciess cross-reactive capabilities. To study cross-reactivity, we compared the reactivity of tear IgA with the 

reactivityy of two polyclonal antibody preparations directed against T.gondii PDI and bovine PDI, the latter known to 

cross-reactt with human PDI. The anti-T.gondii PDI polyclonal generated in rabbit revealed bands at expected heights 

inn our preparations of tachyzoites and recombinant T.gondii PDI, but not in the human cell line extract or the 

P.falciparumP.falciparum extract (fig 5B). 

Thee polyclonal against bovine PDI reacted with a 55 kDa antigen in the human cell extract but not with anrigen in the 

otherr preparations. In marked contrast, the IgA staining patterns of infant Bl and volunteer VI on blots containing 

humann or Plasmodium extracts were remarkably similar in their complexity (figure 5B). The patterns had bands at 

expectedd heights for human, T.gondii, and P.falciparum PDI (figure 5B). A third sample, V7, did not show such a 

complexx staining pattern on strips with human or Plasmodium extract, but also stained bands at expected heights for 

thee various PDIs (results not shown). 

T.gondiii PDI is a surface-antigen 

Too confirm our previous finding that anti-toxoplasma IgA are capable of binding to the parasite surface and tiius be 

functionall  in defence against T.gondii (figure 6A), intact parasites were incubated with anti-SAGl antibodies, specific 

forr the major membrane protein of T.gondii [31 ], and diluted tears of five individuals. While die anti-SAGl antibody 

gavee a homogeneous fluorescent pattern contouring all parasites, IgA antibodies in tears gave a coarse fluorescence of 

mostt parasites and a homogeneous fluorescence of a minority (figure 6B, using sample V4). There were differences in 

fluorescencee patterns between tear samples tested; sample VI only displayed a coarse pattern, weaker and more 

apicallyy localized (not shown). Two other incubations did not give detectable fluorescence patterns. In general, 

fluorescencee was only observed witfi tear samples showing brisk recognition of PDI. 

Althoughh suggesting a possible function, surface-staining of IgA does not help to distinguish between conventional 

andd natural antibodies as conventional IgM (and most likely also slgA) responses are directed against surface-

exposedd epitopes of antigens [56], while natural slgA are capable of binding to me surface of bacteria [48], and, as 

shownn here, protozoan parasites. 
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Figuree 5: Recognition of a thioredoxin-like domain and analysis of cross-reactivity of tear IgA antibodies. 

(A):: Tears of subjects VI and V7 were incubated with Western blots containing full length PDI, and two 

truncatedd versions with (PDI A6) and without (PDI A7) the thioredoxin-like domain. Before incubation peptide 

FYAPWCGHCKK was added in the amounts indicated. Strips were stained for GST after the PDI specific 

antibodiess were removed (lower panel marked a-GST). Please note that the positions of the bands in this figure 

doo not reflect the actual MW of the proteins, as small blot-strips were used in an attempt to minimize volumes 

required.. Subject ID corresponds with figure 1. (B): Strips with Plasmodium schizont extract (pi), human 

embryonicc kidney cell extract (hu), PDI A2 (A2), and T.gondii lysate (tg) were incubated with diluted tears of B1 

andd V1 and polyclonals specific for bovine and T.gondii PDI. The tg strips were taken from another blot. Strips 

incubatedd with tears from subject Bl were incubated with the polyclonal specific for bovine PDI after tear 

antibodiess were removed. Even upon long exposure anti-bovine and T.gondii PDI polyclonals showed no cross-

reactivity.. Cross-reaction by IgA in tears occurred despite considerably lower anti-PDI concentrations: tears 

weree diluted lOOx compared with 4000x and 20.000x for bovine and T.gondii PDI, respectively. 

Discussion n 

Inn a recent study we identified Toxoplasma gondii protein disulfide isomerase (PDI) as the major antigen recognized 

byy tear IgA's [54], Now we demonstrate that anti-PDI secretory IgA are present in different mucosal secretions (tears 

andd milk) from adult healthy human subjects, and tears from young children and infants. It is highly unlikely that 

thesee infants were exposed to T.gondii when nursed and there were no symptoms of an acquired infection of the 

motherss during gestation. Previous findings already pointed out that there is no relation between the presence of these 

IgAA antibodies in tears and chronic infection by T.gondii, i.e. no correlation with presence or absence of T.gondii 

antibodiess in serum. The fact that human milk also contains anti-PDI antibodies confirms that human milk is also a 

richh source of natural slgA antibodies [19,53]. Clearly, antibodies with specificity for PDI form part of the secretory 

IgAA repertoire responsible for the primary protection of nursed infants and probably remain present in tears 

throughoutt life [26], stressing their importance. 

PDII  was one of the few antigens recognized by lacrimall  IgA in infants and adults. The paucity of antigens recognized 

byy natural antibodies in infants as compared to older children and adults, has been observed previously in natural IgM 

repertoiress [57], Apparently IgA anti-PDI antibodies are secreted by a select group of B cells naturally activated early 

inn MIS development. As anti-PDI antibodies are continuously secreted irrespective of age [26], these B cells 

apparentlyy remain present throughout life, a property shared with natural IgM secreting B cells in mice [57]. 

Remarkably,, 3 siblings had similar anti-toxoplasma IgA staining patterns, including anti-PDI. Although autoimmune 

38 8 



ConservedConserved regions ofPDI are targeted by IgA 

MWW [.] [ + ] [.] [+] Tear IgA/FITC a-SAG1/CY3 
(kDa) ) 

66--

4 5 --

30--

"* * << 49 kDa 

V22 V9 

Overlay y AA B 

Figuree 6: Tear antibody staining patterns of intact parasites. 

(A):: Diluted tear samples of 2 individuals were incubated twice with PBS [-], or intact parasites, [+], as 

describedd earlier [26]. The IgA staining pattern after the second extraction is shown. (B): Intact parasites were 

doublee stained by incubation with tears of V4, known to have a brisk anti-49 kDa titer, and a monoclonal 

antibodyy specific for the major surface antigen of T.gondii, SAG1. Staining of parasites by IgA in tears and anti-

SAG11 antibodies was analyzed using a laser scanning microscope. Tear IgA and anti-SAGl patterns are 

superimposedd in 'Overlay'. Red in the tear a-IgA/FITC and SAG1/CY3 pictures indicated saturated pixels. In 

'Overlay',, green indicates predominant tear IgA staining, red - predominant SAG1 staining and yellow -

colocalizationn of tear IgA and SAG1 staining. Tears of V4 were diluted 25x. Bar: 2 |ira. 

repertoiress of natural IgM antibodies in sera of mice within a strain are almost identical, the autoimmune repertoires 

off  congenic mice already differ [58]. More research is required to determine the immunological framework 

responsiblee for identical patterns in siblings. 

Detailedd analysis of amino acid sequences recognized by anti-PDI antibodies showed at least two conserved regions 

involved,, including a thioredoxin-like domain of PDI. This domain is highly conserved among PDIs [30,33,59]figure 

4),, suggesting that anti-T. gondii PDI IgA antibodies could react with PDI from other species. This was demonstrated 

withh extracts of the closely related Plasmodium falciparum and cultured human cells. The other region of 8 amino 

acidss usually contains at least 6 conserved residues, the VKVVVxx N motif. This region is conserved between 

T.gondiiT.gondii and human PDI sequences (figure 4). The conformational flexibilit y of natural antibodies could allow cross-

reactivityy with PDIs that have moderately diverged [60,61]. That conserved regions within a conserved protein are 

recognized,, allowing interspecies cross-reactivity, establishes these anti-PDI antibodies as so-called natural antibodies 

andd exponents of the innate immune system (see figure 5). In contrast, forced immunization with recombinant 

T.gondiiT.gondii PDI did not generate antibodies that are capable of cross-reaction, which indicates that these antibodies are 

primarilyy directed against species-specific regions of PDI ('B' regions figure 4). 

Tablee 3 summarizes our findings and those obtained by others regarding characteristics of natural antibodies directed 

againstt protein antigens. Although analysis of polyreactivity has been used convincingly to characterize sets of 

antibodiess [19], this is the first report in which delineation of epitopes has been used for characterization of a 

particularr (natural) antibody. 

PDII  is a multi-functional enzyme. It belongs to the superfamily of thioredoxins, functioning primarily as an 

ERR oxidoreductase of eukaryotic cells. It facilitates de novo formation of disulfide bridges between cysteines 

(oxidation)) and/or rearranges existing disulfide bridges (isomerization) in secretory and cell-surface proteins [30]. All 
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[19,53,56,68-70] ] 

Age e 

[23,56,57,71] ] 

Epitopee containing 

regions s 

Speciess specific function 

Conservedd function 

Relationn with age 

Noo relation with age 

Speciess specific stretches 

Conservedd stretches 

conventionall  Ab 

naturall Ab 

conventionall  Ab 

naturall Ab 

conventionall  Ab 

naturall Ab 

Tablee 3: Are the anti PDI IgA's conventional or natural antibodies? Our findings are highlighted. 

majorr surface antigens of T.gondii, SAG 1, SAG3, and SAG 1 related proteins have high numbers of intramolecular 

disulfidee bonds [31], which might explain the high expression level of T.gondii PDI. 

Althoughh its intracellular localization suggests that PDI is unavailable for binding by secretory IgA 

antibodiess in human mucosal secretions, there are indications that PDI has functions apart from its role in the ER. 

Despitee its ER retention signal, PDI is found on the surface of several cell types: on thyroid cells, where it is involved 

inn shedding of the TSH receptor ectodomain [62]; on platelets, where PDI mediates adhesion to integrin [36]; on 

lymphocytes,, involved in adhesion of HIV [35], and on hepatocytes [63]. Our results demonstrate that also T.gondii 

expressess PDI on its cell surface as well. Like PDI on the membrane of human cells, T.gondii PDI may contribute to 

adhesionn processes, e.g. to host cells during infection, be involved in maintenance of structure and function of surface 

antigens,, and/or the concomitant shedding of surface antigens, such as SAG1 [64]. Importantly, this would make 

mucosall  anti-PDI IgAs function against T.gondii in the innate, first line defence immune reaction. Although there are 

strongg indications that tear IgA also recognizes P.falciparum PDI, it is not known whether PDI is exposed on the 

surfacee of this parasite as well. 

Naturall  antibodies are usually cross-reactive and recognize non-self antigens of pathogens and self-related 

antigenss [18,19,46,60], like the anti-PDI antibodies described here. It is possible that the anti-PDI antibodies may be 

selectedd for their ability to bind to self-PDI, as both the thioredoxin-like domain and the VKVVVxx N motif are 

conservedd between PDI's. There are several models to explain natural antibody repertoire selection [57,58,65], but 

onlyy one seems compatible with our results: anti-PDI secretory IgA could represent the evolutionary conserved 

germlinee repertoire of antibodies [ 19,57], and form part of the 'natural immune memory' [66,67] or 'immunological 

homunculus'' [58]. These antibodies might be selected for their ability to bind to evolutionary conserved self-antigens 

havingg the potential to be (ab)used by pathogens to adhere to cells and initiate infection, as e.g. PDI by HIV in 

adherencee to lymphocytes [35]. This implies that secretion of anti-PDI slgA's could be due to their ability to bind to 

bothh 'self- and 'nonself-PDI, including T.gondii PDI. The production of these antibodies appears to be largely 

confinedd to mucosal surfaces where dimeric IgA is rapidly secreted, thereby restricting their autoreactive potential. 

T.gondiiT.gondii PDI was identified as major target for naturally occurring human IgA antibodies secreted at 

mucosall  sites. The epitopes on PDI recognized by these natural antibodies are evolutionary conserved, suggesting 

theyy have evolved to participate in the innate immunity against protozoan parasites and perhaps other eukaryotic 

pathogenss as well. Whether PDI can be regarded as a primitive invasion protein that can be neutralized by primitive 

(natural)) IgA remains to be investigated. Our results suggest that the human lacrimal gland, along with the mammary 

gland,, is one of the few mucosal sites with predominant secretion of natural antibodies. This should be confirmed by 

detailedd analysis of plasma cells present at these sites. 
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