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Abstract: Around 2 billion people worldwide are infected with
the apicomplexan parasite Toxoplasma gondii which induces
a variety of medical conditions. For example, primary infection
during pregnancy can result in fetal death or mental retardation
of the child. Diagnosis of acute infections in pregnant women is
challenging but crucially important as the drugs used to treat
T. gondii infections are potentially harmful to the unborn child.
Better, faster, more reliable, and cheaper means of diagnosis by
using defined antigens for accurate serological tests are highly
desirable. Synthetic pathogen-specific glycosylphosphatidyl-
inositol (GPI) glycan antigens are diagnostic markers and have
been used to distinguish between toxoplasmosis disease states
using human sera.

The apicomplexan 7. gondii is a parasite that is capable of
infecting all warm-blooded animals.!!! Infection occurs
through the ingestion of contaminated raw meat or oocysts
shed by cats, the parasite’s primary host.”! Although 7. gondii
infections are the third leading cause of food-borne infections
requiring hospitalization in the USA," it is not perceived as
a major public health problem in developed countries, owing
to its usually benign etiopathology.! However, in immuno-
compromised individuals, latent toxoplasmosis can lead to
dangerous medical conditions such as toxoplasmic encepha-
litis, a severe inflammation of the brain and a leading cause of
death in ATDS patients.”! Primary infection during pregnancy
can cause transmission of the parasite from the mother to the
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unborn child, leading to mental and physical retardation and
fetal death.”! Congenital toxoplasmosis can be prevented by
stopping parasite transmission from mother to fetus using
potentially harmful chemotherapy. Thus, false-positive diag-
noses of the disease are to be avoided. Currently, diagnosis of
acute toxoplasmosis relies on serological detection of IgG and
IgM antibodies as well as determination of IgG avidity against
T. gondii antigens. The IgM titer has the greatest diagnostic
value, as the absence of IgM antibodies can rule out a recently
acquired infection with greater certainty. However, commer-
cially available test kits used by nonreference laboratories are
known to generate high rates (up to 60%) of false-positive
test results.” Therefore, the identification of antigens that are
suitable for the development of reliable diagnostic tools is
important.

Glycosylphosphatidylinositols (GPIs) are a class of complex
molecules that are present in high abundance (about 10° copies
per cell) on the cell surface of T. gondii.® These glycolipids are
found in all eukaryotic organisms and share the conserved
glycan core structure a-Man-(1—2)-a-Man-(1—6)-o-Man-(1—
4)-a-GleNH,-(1—6)-myo-Ino (Figure 1).”! T. gondii uses GPIs
to anchor enzymes and other surface proteins via their C-
terminus to the extracellular side of the plasma membrane. Two
main GPI glycoforms that are 7. gondii specific contain an
additional branch connected to the O4-position of Manl.
Whereas GPI 1 bears an a-Glc-(1—4)--GalNAc side chain,
GPI 2 lacks the glucose moiety.'” Molecules 1 and 2 also differ
in their function. While GPI 2 serves as a membrane anchor for
surface antigens and enzymes, GPI 1 occurs free on the cell
surface without being covalently attached to any protein.'!! In
particular, GPI 1 is an immunologically active compound that
induces an early IgM response in humans after infection with
T. gondii.'” We hypothesized that the phosphoglycans of GPIs
1 and 2, as well as substructures and biochemical intermediates,
display potential diagnostic markers that may enable the
differentiation between acute and latent toxoplasmosis.!

The isolation of homogeneous GPIs from parasites is
challenging and does not give access to GPI derivatives or
substructures. We employed chemical synthesis to obtain
GPIs!"¥ of defined structure and high purity that are suitable
for biochemical assays and medical applications.'” This
approach also excludes the possibility of false-positive test
results due to cross-reactivity against impurities in 7. gondii
isolates.'l In order to elaborate diagnostic tools based on
carbohydrate microarrays'”’ of GPI-glycans, an orthogonal
handle that ensures regioselective covalent attachment to
a solid support was required. To preserve the free amine
groups of GPIs, a thiol was selected as a nucleophilic
orthogonal functionality. Therefore, a linear alkane thiol
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Figure 1. Conserved pseudopentasaccharide core structure of GPIs and T. gondii specific
glycolipids 1 and 2. GIcNH, = p-glucosamine, Ino=inositol, Man = b-mannose.

phosphodiester was installed at the O1-position
of myo-Ino instead of the naturally occurring
lipid moiety to provide conjugation-ready phos-
phoglycans 3-6 (Figure 2).1*!
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the carbohydrate portion of 1 and 2 upon
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Scheme 1. Synthesis of phosphoglycan 3. Reagents and conditions: a) 1. 10, PivCl, Py;
2. 1,, H,0, 87%; b) Sc(OTf);, MeCN, H,0, 50°C, 76 %,; c) 1. 14, PivCl, Py; 2. I,, H,O;
3. hydrazine, 76 %; d) NH;), THF, Na(, —78°C, tBuOH, 55%. Bn=benzyl,

Cbz =carboxybenzyl, Lev=levulinyl, Piv=pivaloyl, Py = pyridine, Tf=triflyl, TIPS =tri-
isopropylsilyl.

thanolamine and a GalNAc branch at the O2-
and O4- positions of ManT respectively.!*!

Access to the complex GPI molecules was based on the
convergent route for the synthesis of these glycolipids and
their derivatives we had developed earlier."”! To illustrate the
syntheses of glycans 3-6*"! the preparation of 3 is shown in
detail (Scheme 1). The synthesis commenced with the phos-

To complete the collection of synthetic GPI glycans
related to toxoplasmosis antigens, the substructures 15-17
(Figure 3 A) displaying the side branch of GPI 3 were also
prepared according to the general synthetic strategy.”” Linear
glycans 18 and 19,8 which mirror GPI anchors found on the
apicomplexan parasites Plasmodium falciparum and Crypto-

sporidium parvum,?! as well as

o pseudodisaccharide ~ 200%1  (Fig-
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Figure 2. GPl-glycans 3-5 resemble the carbohydrate moieties of T. gondii GPIs. Compound 6

represents the minimal structure of all mammalian GPIs.
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Figure 3. Carbohydrate structures evaluated as markers for the diagnosis of toxoplasmosis.

A) Substructures 15-17 represent the side branch of GPI 3. B) Linear phosphoglycans 18-20 IgG and IgM antibodies binding to

contain conserved features of GPIs. C) Mannan substructure 21 is present in the cell wall of linear GPT19 and monophosph.orylated
pathogenic yeast. GPI-glycan 5 were detected in some

sera of acutely infected patients. Anti-
bodies recognizing the P falciparum
hydrate microarrays were incubated with reference sera of  GPI-glycan structure 18 were not observed in any acutely
patients suffering from acute or latent toxoplasmosis as well  infected patients. Interestingly, individual sera also contained
as of seronegative individuals utilizing a highly reproducible ~ IgM but no IgG antibodies directed against pseudodisacchar-
protocol for the detection of anti-carbohydrate antibodies in  ide 20.
humans.”"! As anticipated, samples from latently infected patients

The screening results (Figure 4) showed that all sera from  showed an IgG antibody binding pattern and signal intensities
noninfected patients” contained undetectable or low levels  that are comparable to the analyses of sera from acutely
of IgG and IgM antibodies directed against the printed GPIs  infected humans (Figure 4 C). In contrast, IgM levels against
or their substructures (Figure 4 A). Some healthy individuals  all printed structures were considerably reduced.

These results are in accordance with
reports describing that the immune response
against GPIs in 7. gondii infected humans is
mainly directed against the a-Glc-containing
glycolipid 1 and not GPI anchor 2, which
indicates that the side-branch motif in this
molecule is an important antigenic epitope.™!
None of the tested samples contained anti-
bodies that bind to mammalian glycan 6,
suggesting that the adaptive immune system
is able to distinguish self from non-self GPI
structures through the additional phospho-
ethanolamine unit at ManI.

As antibodies against GPI-glycan 3 were
detected in all infected samples, this structure
was evaluated as a diagnostic marker for
toxoplasmosis (Figure 5). A statistical analy-
sis showed that mean IgG as well as IgM
serum antibody levels against saccharide 3
are significantly increased during the acute

Figure 4. Representative scans of a carbohydrate microarray incubated with generic

serum samples (dilution 1:15) from patients having A) no infection, B) acute toxoplasmo-
sis, and C) latent toxoplasmosis (printing pattern is superimposed). D) Scheme describ- phase of the infection. While the average
ing the positions of the compounds on the microarray. concentration of IgG in the blood does not
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Figure 5. Antibody levels determined by microarray analysis against
antigen 3 in sera samples (dilution 1:15) from different toxoplasmosis
cohorts including standard deviation for every data point (n.s.=not
significant; ***=p < 0.005, calculated using the Mann—Whitney rank
sum test). Description of cohorts: no infection (n=10); acute infec-
tion (n=38); latent infection (n=10). Black bars represent mean
antibody levels.

considerably decrease after the acute phase, IgM levels drop
to values that are in most cases comparable to those of
seronegative individuals.

Antigen 3 emerged as a suitable biomarker for the
diagnosis of different stages of toxoplasmosis. The IgG level
against 3 can be used to distinguish noninfected from
T. gondii infected humans whereas the concentration of IgM
antibodies binding the same carbohydrate may serve to
differentiate latent and acute toxoplasmosis.’*’)

In conclusion we synthesized GPI-glycans found on the
surface of parasite and mammalian cells. Parasite-specific
carbohydrates presented on glycan arrays enabled a detailed
investigation of the immune response against GPIs upon
natural infection with 7. gondii in humans. Screening of
human sera revealed that only the full phosphoglycan of GPI
1 displays a valuable antigen recognized by all infected serum
samples tested. Analysis of GPI 3 specific IgG and IgM levels
allowed for distinction between infected and noninfected
individuals. Thus, parallel detection of IgG and IgM directed
against the single synthetic cell-surface antigen, GPI 3,
constitutes a suitable strategy for the development of
a faster and more-specific diagnostic tool to discriminate
between latent and acute toxoplasmosis.

Received: June 30, 2014
Published online: October 16, 2014

Keywords: biomarkers - carbohydrate microarrays -
medicinal chemistry - toxoplasmosis

www.angewandte.org

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[1] F. A. Hunter, L. D. Sibley, Nat. Rev. Microbiol. 2012, 10, 766—
778.

[2] F. Debierre-Grockiego, Trends Parasitol. 2010, 26, 404 —411.

[3] P.S. Mead, L. Slutsker, V. Dietz, L. F. McCaig, J. S. Bresee, C.
Shapiro, P. M. Griffin, R. V. Tauxe, Emerging Infect. Dis. 1999, 5,
607 -625.

[4] E. Debierre-Grockiego, R. T. Schwarz, Glycobiology 2010, 20,
801-811.

[5] J. G. Montoya, O. Liesenfeld, Lancet 2004, 363, 1965 -1976.

[6] J.S. Remington, R. McLeod, P. Thulliez, G. Desmonts in
Infectious Diseases of the Fetus and Newborn Infant, 6edth
ed(Eds.: T. Hummel, J. Ehlers), Elsevier Saunders, Philadelphia,
2006, pp. 947-1091.

[7] O. Liesenfeld, C. Press, J. G. Montoya, R. Gill, J. L. Isaac-
Renton, K. Hedman, J. S. Remington, J. Clin. Microbiol. 1997,
35,174-178.

[8] M. A. Ferguson, J. Cell Sci. 1999, 112, 2799 -2809.

[9] M. Fujita, T. Kinoshita, FEBS Lett. 2010, 584, 1670-1677.

[10] B. Striepen, C.F. Zinecker, J. B. Damm, P. A. Melgers, G. J.
Gerwig, M. Koolen, J. F. Vliegenthart, J. F. Dubremetz, R. T.
Schwarz, J. Mol. Biol. 1997, 266, 797 - 813.

[11] N. Azzouz, H. Shams-Eldin, S. Niehus, F. Debierre-Grockiego,
U. Bieker, J. Schmidt, C. Mercier, M. F. Delauw, J.-F. Dubre-
metz, T. K. Smith, R. T. Schwarz, Int. J. Biochem. Cell Biol. 2006,
38, 1914-1925.

[12] S.D. Sharma, J. Mullenax, F. G. Araujo, H. A. Erlich, J.S.
Remington, J. Immunol. 1983, 131, 977-983.

[13] F. Kamena, M. Tamborrini, X. Y. Liu, Y. U. Kwon, F. Thompson,
G. Pluschke, P. H. Seeberger, Nat. Chem. Biol. 2008, 4, 238 —240.

[14] For reviews see: a) A. V. Nikolaev, N. Al-Maharik, Nat. Prod.

Rep. 2011, 28, 970-1020; b) Z. Guo, L. Bishop, Eur. J. Org.

Chem. 2004, 3585-3596; c)1. Vilotijevic, S. Gotze, P. H.

Seeberger, D. Varéon Silva in Modern Synthetic Methods in

Carbohydrate Chemistry: From Monosaccharides to Complex

Glycoconjugates (Eds.: D.B. Werz, S. Vidal), Wiley-VCH,

Weinheim 2014, pp. 335-372; for selected examples see: d) C.

Murakata, T. Ogawa, Tetrahedron Lett. 1991, 32, 671-674;

e) D. V. Yashunsky, V.S. Borodkin, M. A. Ferguson, A.V.

Nikolaev, Angew. Chem. Int. Ed. 2006, 45, 468—-474; Angew.

Chem. 2006, 118, 482-488; f) B. M. Swarts, Z. Guo, J. Am.

Chem. Soc. 2010, 132, 6648 —6650; g) K. Pekari, R. R. Schmidt, J.

Org. Chem. 2003, 68, 1295-1308.

For reviews see: a) S. Yu, Z. Guo, C. Johnson, G. Gu, Q. Wu,

Curr. Opin. Chem. Biol. 2013, 17, 1006—-1013; b) Y.-H. Tsai, X.

Liu, P. H. Seeberger, Angew. Chem. Int. Ed. 2012, 51, 11438—

11456; Angew. Chem. 2012, 124, 11604-11623; for selected

examples see: c¢) F. Debierre-Grockiego, S. Niehus, B. Codde-

ville, E. Elass, F. Poirier, R. Weingart, R.R. Schmidt, J.

Mazurier, Y. Guérardel, R. T. Schwarz, J. Biol. Chem. 2010,

285, 32744-32750; d) X. Wu, Z. Shen, X. Zeng, S. Lang, M.

Palmer, Z. Guo, Carbohydr. Res. 2008, 343, 1718-1729; e) F.

Debierre-Grockiego, N. Azzouz, J. Schmidt, J. F. Dubremetz, H.

Geyer, R. Geyer, R. Weingart, R. R. Schmidt, R. T. Schwarz, J.

Biol. Chem. 2003, 278, 32987-32993; f) M. D. Urbaniak, D. V.

Yashunsky, A. Crossman, A. V. Nikolaev, M. A. Ferguson, ACS

Chem. Biol. 2008, 3, 625—-634; g) W. Frick, A. Bauer, J. Bauer, S.

Wied, G. Miiller, Biochemistry 1998, 37, 13421 —13436.

A. Dao, N. Azzouz, C. Eloundou Nga, J. F. Dubremetz, R. T.

Schwarz, B. Fortier, Eur. J. Clin. Microbiol. Infect. Dis. 2003, 7,

418-421.

a) S. Park, J. C. Gildersleeve, O. Blixt, I. Shin, Chem. Soc. Rev.

2013, 42, 4310-4326; b)S.R. Stowell, C.M. Arthur, R.

McBride, O. Berger, N. Razi, J. Heimburg-Molinaro, L. C.

Rodrigues, J.-P. Gourdine, A. J. Noll, S. von Gunten, D. F. Smith,

Y. A. Knirel, J. C. Paulson, R. D. Cummings, Nat. Chem. Biol.

2014, 10, 470-476.

[15]

[16]

(17]

Angew. Chem. Int. Ed. 2014, 53, 13701-13705


http://dx.doi.org/10.1038/nrmicro2858
http://dx.doi.org/10.1038/nrmicro2858
http://dx.doi.org/10.1016/j.pt.2010.04.006
http://dx.doi.org/10.3201/eid0505.990502
http://dx.doi.org/10.3201/eid0505.990502
http://dx.doi.org/10.1093/glycob/cwq038
http://dx.doi.org/10.1093/glycob/cwq038
http://dx.doi.org/10.1016/S0140-6736(04)16412-X
http://dx.doi.org/10.1016/j.febslet.2009.10.079
http://dx.doi.org/10.1006/jmbi.1996.0806
http://dx.doi.org/10.1016/j.biocel.2006.05.006
http://dx.doi.org/10.1016/j.biocel.2006.05.006
http://dx.doi.org/10.1038/nchembio.75
http://dx.doi.org/10.1039/c0np00064g
http://dx.doi.org/10.1039/c0np00064g
http://dx.doi.org/10.1002/ejoc.200400198
http://dx.doi.org/10.1002/ejoc.200400198
http://dx.doi.org/10.1016/S0040-4039(00)74856-8
http://dx.doi.org/10.1002/anie.200502779
http://dx.doi.org/10.1002/ange.200502779
http://dx.doi.org/10.1002/ange.200502779
http://dx.doi.org/10.1021/ja1009037
http://dx.doi.org/10.1021/ja1009037
http://dx.doi.org/10.1021/jo026380j
http://dx.doi.org/10.1021/jo026380j
http://dx.doi.org/10.1016/j.cbpa.2013.09.016
http://dx.doi.org/10.1002/anie.201203912
http://dx.doi.org/10.1002/anie.201203912
http://dx.doi.org/10.1002/ange.201203912
http://dx.doi.org/10.1074/jbc.M110.137588
http://dx.doi.org/10.1074/jbc.M110.137588
http://dx.doi.org/10.1016/j.carres.2008.03.033
http://dx.doi.org/10.1074/jbc.M304791200
http://dx.doi.org/10.1074/jbc.M304791200
http://dx.doi.org/10.1021/cb800143w
http://dx.doi.org/10.1021/cb800143w
http://dx.doi.org/10.1021/bi9806201
http://dx.doi.org/10.1039/c2cs35401b
http://dx.doi.org/10.1039/c2cs35401b
http://dx.doi.org/10.1038/nchembio.1525
http://dx.doi.org/10.1038/nchembio.1525
http://www.angewandte.org

[18] Y.-U. Kwon, R. L. Soucy, D. A. Snyder, P. H. Seeberger, Chem.
Eur. J. 2005, 11, 2493 -2504.

[19] a) Y.-H. Tsai, S. Gotze, N. Azzouz, H. S. Hahm, P. H. Seeberger,
D. Varén Silva, Angew. Chem. Int. Ed. 2011, 50, 9961 -9964;
Angew. Chem. 2011, 123, 10136-10139; b) Y.-H. Tsai, S. Gotze,
1. Vilotijevic, M. Grube, D. Varén Silva, P. H. Seeberger, Chem.
Sci. 2013, 4, 468 —481.

[20] Synthetic schemes and procedures for all new compounds can be
found together with copies of 'H, >C and *'P NMR spectra in the
Supporting Information (SI).

[21] J. W. Priest, A. Mehlert, D. M. Moss, M. J. Arrowood, M. A.
Ferguson, Mol. Biochem. Parasitol. 2006, 149, 108-112, and
references therein.

[22] A. Holemann, B. L. Stocker, P. H. Seeberger, J. Org. Chem.
2006, 71, 8071 -8088.

[23] V.Briken, S. A. Porcelli, G. S. Besra, L. Kremer, Mol. Microbiol.
2004, 53, 391 -403.

Angewandte

imemationalediion . CEIMIE

[24] H. Kobayashi, J. Suzuki, S. Tanaka, Y. Kiuchi, H. Oyamada, N.
Iwadate, H. Suzuki, N. Shibata, S. Suzuki, Y. Okawa, Arch.
Biochem. Biophys. 1997, 341, 70—74.

[25] Protocols for the fabrication and incubation of carbohydrate
microarrays are described in the Supporting Information.

[26] F. Jacob, D.R. Goldstein, N. V. Bovin, T. Pochechueva, M.
Spengler, R. Caduff, D. Fink, M. I. Vuskovic, M. E. Huflejt, V.
Heinzelmann-Schwarz, Int. J. Cancer 2012, 130, 138 —-146.

[27] Previous characterization of all analyzed sera samples was
conducted in the laboratory of Prof. Dr. Uwe Grof3 and the
results from the standardized tests are given in the Supporting
Information.

[28] M. X. Zhang, T. R. Kozel, Infect. Immun. 1998, 66, 4845 —4850.

[29] Receiver operating characteristics were determined for IgG and
IgM levels directed against carbohydrate 3 and are shown in the
Supporting Information.

Angew. Chem. Int. Ed. 2014, 53, 13701-13705

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.org

13705


http://dx.doi.org/10.1002/chem.200400934
http://dx.doi.org/10.1002/chem.200400934
http://dx.doi.org/10.1002/anie.201103483
http://dx.doi.org/10.1002/ange.201103483
http://dx.doi.org/10.1039/c2sc21515b
http://dx.doi.org/10.1039/c2sc21515b
http://dx.doi.org/10.1016/j.molbiopara.2006.04.006
http://dx.doi.org/10.1021/jo061233x
http://dx.doi.org/10.1021/jo061233x
http://dx.doi.org/10.1111/j.1365-2958.2004.04183.x
http://dx.doi.org/10.1111/j.1365-2958.2004.04183.x
http://dx.doi.org/10.1006/abbi.1997.9939
http://dx.doi.org/10.1006/abbi.1997.9939
http://dx.doi.org/10.1002/ijc.26002
http://www.angewandte.org

