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Summary  

Severe malaria is a life threatening disease caused by Plasmodium falciparum. 

Glycosylphosphatidylinositol (GPI) glycolipids specific to P. falciparum are abundant on 

the parasite surface and are implicated as a toxin in severe malaria. Glycoconjugate 

vaccines that induce GPI-specific antibodies are predicted to ameliorate the hyper-

inflammatory response against the native GPI toxin and protect against severe malaria. 

Here, I disclose the immunogenic properties of designed synthetic GPI glycoconjugates. 

Binding specificities of polyclonal and monoclonal antibodies induced by various 

synthetic GPI glycoconjugates were profiled using microarrays displaying synthetic GPI 

epitopes. This profiling gave detailed insight about how residues of the GPI core backbone 

affect the specificity of the induced antibodies. Based on the derived antibody specificity 

profile, synthetic GPI antigens PEtN-Man3 and PEtN-Man4 were designed to induce 

antibodies recognizing the non-reducing terminus of the core GPI backbone. I reasoned 

that antibodies against this terminal epitope, specific to P. falciparum GPI, may protect 

against the toxic hyper-inflammatory response implicated in severe malaria. Since GPIs 

are inflammatory only in the context of the full glycolipid, with the reducing end masked 

by the lipid tail, binding to the terminal non-reducing epitope may be enough to stop 

inflammation. Also, these antibodies would share epitope specificities with naturally 

occurring GPI-specific antibodies. 

As predicted, immunisation with both glycoconjugates reproducibly induced high 

antibody titres recognising the targeted terminal epitope. Monoclonal antibodies against 

the target epitope were also generated after immunisation. Though the current 

glycoconjugate formulation did not protect against neurological symptoms in the mouse 

model of experimental cerebral malaria, it may be protective in other malaria models if a 

Th2 bias is needed. Furthermore, different glycoconjugate formulations can also be 

investigated to balance Th1/Th2 responses. Serendipitously, I discovered that the 

antibodies were cross-reactive with L. mexicana, so possible protective effects of 

immunisation against other protozoan diseases may be explored. This thesis demonstrates 

that reliable and effective strategies for glycoconjugate vaccine design are strengthened by 

glycan microarray profiling. Designed antigens can be further formulated into 

glycoconjugates to produce poly- and monoclonal antibodies specific to targeted epitopes.  
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werden, um so doch noch einen Impfschutz in dem von uns benutzten Mausmodell zu 

beobachten. 

Zufällig hat sich gezeigt, dass die hier erhaltenen Antikörper ebenfalls GPI-Strukturen des 

Parasiten L. mexicana erkennen.  Daher ergibt sich die Möglichkeit die entwickelten 

Glykoknjugatimpfstoffe zur Immunisierun gegen andere durch Parasiten hervorgerufenen 

Krankheiten einzusetzten.   

Zusammengenommen zeige ich in meiner Arbeit, dass die Entwicklung von Kohlenhydrat 

basierten Impfstoffen durch gezielte Charakterisierung der Immunantwort gegen 

verschiedene strukturell verwandte Strukturen verbessert und beschleunigt werden kann. 

Dadurch können immunodominante Strukturen schnell und zuverlässig identifiziert 

werden. Gleichzeitig können in weiteren Schritten Impfstoffformulierungen bei minimalen 

Aufwand optimiert werden. 

 

 

 









Introduction 1.1: Malaria 

32 

            
 
Figure 2: Blood stage merozoite representations. a) Illustration of major organelles. b) A 
P. falciparum merozoite in the process of invading a human red blood cell. Scale bar = 200 nm. Image 
composite taken from The cellular and molecular basis for malaria parasite invasion of the human red blood cell 
(Cowman, Berry et al. 2012). 
 

 

 

       
 
Figure 3: Model for merozoite invasion. Scale = 0.5 µM. Image composite taken from Super-
Resolution Dissection of Coordinated Events during Malaria Parasite Invasion of the Human Erythrocyte (Riglar, 
Richard et al. 2011). 
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Figure 4: The complete P. falciparum lifecycle. Image taken from Malaria (White, 
Pukrittayakamee et al. 2014). 
 

 
Evasion mechanisms 

Malaria has infected mammals for over 150 million years (Carter and Mendis 2002). Over 

time, the free-floating P. falciparum has evolved ways to evade host immune mechanisms 

at all stages of its lifecycle. For example, gametocytes assimilate host proteins to evade 

complement after blood meal uptake (Simon, Lasonder et al. 2013). Polymorphisms in 

sporozoite proteins, e.g. CSP, are shown to limit effective cellular immune responses and 

efficacy as vaccine antigens (Plebanski, Lee et al. 1999, Neafsey, Juraska et al. 2015). 

Proteins required for merozoite invasion of erythrocytes, e.g. AMA1, are targets of 

naturally acquired antibody induction, but are also highly polymorphic, limiting their 

viability as vaccine antigens (Drew, Wilson et al. 2016). Merozoite antigens on the surface 

of iRBCs e.g. PfEMP1, are also highly polymorphic, and their expression switches 

between replication cycles (Roberts, Craig et al. 1992). Variant, redundant invasion 

strategies employed by merozoites also suggests a means to evade protective antibodies 

(Persson, McCallum et al. 2008). Additionally, proteins essential for invasion are exposed 

only when needed, limiting the time for potential immune detection (Cowman, Berry et al. 

2012). 
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Drug resistance  

Partial artemisinin resistance and consequent drug treatment failure is observed in the 

Greater Mekong Subregion of Southeast Asia. Partial artemisinin resistance typically 

refers to delayed parasite clearance following administration of artemisinin-derived drugs. 

However it is resistance to longer-lasting ACT partner drugs that leads to treatment 

failure, possibly facilitated by partial artemisinin resistance (WHO 2018). Despite 

growing drug resistance, ACT remains the frontline choice for treatment. However, other 

approaches to control disease, including vaccines, should be considered. 

 

1.4 Malaria vaccine development  

Current status  

Vaccines against malaria should reduce morbidity and mortality. To this end, vaccines in 

development aim to decrease parasite load during transmission and liver stages, or reduce 

disease symptoms during the blood stage [Figure 7]. Regrettably, vaccines are not part of 

any control programs since no routine vaccine against malaria exists (Nyame, Kawar et al. 

2004, Astronomo and Burton 2010, Hoffman, Vekemans et al. 2015). 

Complex biology and evasion hampers parasite vaccine development, compared to 

vaccine development in bacteria and viruses. However, a malaria vaccine should be 

possible considering that naturally acquired immunity to disease symptoms develops over 

time. Malaria vaccines at the most advanced stages of development aim to induce 

protective immune responses during the human liver stage of disease through the 

induction of antibody-mediated and cell-mediated responses against P. falciparum 

(Hoffman, Vekemans et al. 2015). 
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Figure 7: Targeted stages of the parasite lifecycle. The stage targeted in a malaria vaccine reflects 
the type of protective effect the vaccine would have. Human liver stage vaccines would combat 
infection and transmission of the vaccine, while human blood stage vaccines would combat disease 
symptoms and associated mortality and morbidity. Image taken from PATH Malaria Vaccine Initiative. 
 

Liver stage vaccines 

Liver stage vaccines aim to inhibit disease transmission by blocking liver stage 

development of the parasite. Downstream pathology would also be reduced by preventing 

blood stage progression. 

Whole organism vaccines using radiation-attenuated sporozoites were early strategies for 

inducing adaptive immune responses against liver stage parasites (Clyde, Mccarthy et al. 

1975). A modern radiation-attenuated sporozoite vaccine has shown to protect vaccinated 

individuals from controlled malaria infection in field trials, presumably by inducing 

CD8 T cell responses to liver stage parasite antigens (Seder, Chang et al. 2013). However, 

whole organism vaccines have a number of key challenges to overcome. These include 

scaling up of the product, cryopreservation of the vaccine, route of administration, and 

dosing strategies (Pinder, Moorthy et al. 2010, Hoffman, Vekemans et al. 2015). 

Liver stage antigen vaccines, as opposed to whole organism vaccines, are considered a 

viable alternative in terms of production and distribution. RTS,S is the most advanced 

liver stage antigen vaccine. It targets the abundant GPI-anchored circumsporozoite protein 

(CSP) which is involved in liver cell adherence. CSP-specific antibodies are associated 

with protection from disease (John, Tande et al. 2008) and RTS,S raises CSP-specific 



Introduction 1.4: Malaria vaccine development 

42 

antibodies reported to interfere with parasite homing to the liver. However, distinguishing 

protective and non-protective CSP-specific antibodies is considered (Charoenvit, Sedegah 

et al. 1990). Ultimately, the efficacy of the RTS,S/AS01 formulation is greatly contested 

based on the results of a 2009-2014 phase III  trial. The vaccine did not significantly 

protect against cases of severe malaria in the target groups of infants and young children, 

and protection against clinical malaria symptoms waned over time (Tinto, D'Alessandro et 

al. 2015, Gosling and von Seidlein 2016). Phase 4 studies vaccinating up to 40,000 

children to further evaluate safety is currently planned by Glaxo-Smith-Kline (WHO 

2016). 

 
Blood stage vaccines 

It is now understood that antibodies play a role in protection during the blood stage of 

malaria through many different effects depending on the targeted antigen [Figure 8]. 

Vaccines aimed at ameliorating blood stage disease symptoms could raise such antibodies. 

Merozoite-specific antibodies are believed to interfere with red blood cell invasion, 

disrupt intracellular replication, target iRBCs for destruction, or neutralise parasite 

inflammatory toxins (Teo, Feng et al. 2016). These antibodies were initially thought to 

play a relatively unimportant part in acquired immunity against severe malaria before 

early studies indicated a protective role. Passive transfer of immunity was reported when 

IgG injections from semi-immune adults led to clinical improvement of infected, 

non-immune patients (Cohen, Carrington et al. 1961, Bouharountayoun, Attanath et al. 

1990). Today, the most advanced blood stage vaccine is GMZ2, which raises MSP3 & 

GLURP-specific IgG and induces memory B-cell responses (Esen, Kremsner et al. 2009). 

Apical membrane antigen 1 (AMA1) is another malaria antigen currently in blood stage 

vaccine development. AMA1-specific antibodies are reported to inhibit asexual 

replication, highlighting its vaccine potential (Remarque, Faber et al. 2008). 

Combining antigens from both the blood and liver stages of disease are also being actively 

developed into vaccine formulations. A combination of the blood stage antigen AMA1 

and CSP is the strategy currently employed by all multi-stage vaccines (Okitsu, Silvie et 

al. 2007, Thompson, Porter et al. 2008, Sedegah, Tamminga et al. 2011). Field studies of 

these vaccines look to measure both sterile immunity and clinical protection from disease. 



Introduction 1.4: Malaria vaccine development 

43 

A subset of blood stage vaccines may not directly target the parasite. Instead, toxic 

molecules released by the parasite during cycles of asexual replication could be targeted in 

order to reduce disease symptoms. This concept is proven by successful tetanus and 

diphtheria toxoid vaccines targeting the bacterial toxins that cause disease (Playfair, 

Taverne et al. 1990, Schofield 2007). A similar vaccine approach for malaria could work 

by blocking toxins such as GPI in order to ameliorate downstream manifestation of severe 

malaria. 

 

 
Figure 8: The modes of action of merozoite antigen-specific antibodies. Functions include 
interfering with red blood cell invasion, disrupting intracellular replication, targeting iRBCs for 
destruction, or neutralising parasite inflammatory toxins. Image taken from Functional Antibodies and 
Protection against Blood-stage Malaria (Teo, Feng et al. 2016). 
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1.5 GPIs as vaccine antigens 

Attractive targets  

GPIs, compared to proteins, are attractive candidates as malaria vaccine antigens. Glycan 

biosynthesis is a complex, multi-enzymatic process compared to protein synthesis 

(Delorenzi, Sexton et al. 2002) such that random gene point mutations are unlikely to 

confer a change in the GPI glycan structure without lethal consequences for the parasite. 

Since parasite evasion mechanisms rely on antigen variation and polymorphism, targeting 

invariant glycan antigens on GPI could overcome these mechanisms. Indeed, an essential 

merozoite adhesin with limited polymorphism is currently being developed as a promising 

vaccine candidate (Douglas, Baldeviano et al. 2015). Moreover, GPI is conserved across 

P. falciparum strains (Berhe, Schofield et al. 1999). As a result, parasite resistance to 

vaccines using carbohydrate antigens would be hindered. In fact, microbial resistance to 

glycoconjugate vaccines currently on the market has not yet developed.  

 
Structure  and function  

After their first complete characterisation (Ferguson, Homans et al. 1988) GPIs were 

shown to be ubiquitous, modifying up to 1% of all eukaryotic proteins (Eisenhaber, Bork 

et al. 2001). They are usually expressed at low levels on the plasma membrane but are 

expressed at relatively high levels in parasitic protozoa (Gowda 2002), including 

Plasmodium (Schofield and Hackett 1993, Gowda 2007). GPIs cover the merozoite 

surface and are released into circulation at schizont rupture (Gilson, Nebl et al. 2006). 

They are the major carbohydrate modifications for blood stage proteins, compared to 

O-glycosylation and N-glycosylation which are virtually absent or only at very low levels 

(Gowda, Gupta et al. 1997). 

GPI glycolipids typically act as protein anchors by embedding their lipid tail in the 

hydrophobic membrane [Figure 9]. The glycan backbone of GPI is attached to the lipid 

tail via a myo-inositol-2-phosphate (InoP) residue that extends with one glucosamine 

(GlcN) and three mannose (Man) residues Man-I, Man-II,  and Man-III. Proteins are 

attached to the non-reducing terminus of this core GPI backbone via a 

phosphoethanolamine (PEtN) bridge. A fourth Man extends the core GPI backbone 
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immunised with this glycoconjugate to induce GPI-specific antibody production. The mice 

were subsequently challenged with experimental cerebral malaria (ECM) via infection 

with P. berghei ANKA. Significant protection from cerebral syndrome and fatality was 

likely due to the induction of GPI-specific antibodies that ameliorated the hyper-

inflammatory response against the native free GPI toxin (Schofield, Hewitt et al. 2002). 
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corresponding to late puberty/early adulthood (Dutta and Sengupta 2016) at the time of the 

prime immunisation. Mice were either from in-bred strains at the BfR animal facility or 

sourced from Janvier Labs (Saint-Berthevin, France). When the mice were sourced from 

outside the BfR facility then the mice were allowed to rest for 7 days upon delivery to the 

BfR animal facility before the prime immunisation. 

 
Immunisation regime  

Glycoconjugate formulation of 100 µL was injected into the mice subcutaneously above 

the shoulders, into loose skin over the neck using a syringe with a 27G needle. The 

glycoconjugate formulation was allowed to warm to RT before injection to minimise 

discomfort. A total of three injections were administered every two weeks constituting a 

prime-boost-boost regime in order to generate the antigen-specific antibody response. 

Thus, mice were immunised on days 0, 14, and 21, roughly human equivalent to two years 

between boosts (Dutta and Sengupta 2016). 

Serum samples were collected from each mouse for downstream profiling of the induced 

antibody response. Serum samples were collected on the day of the prime injection, day 0, 

and every week thereafter on days 7, 14, 21, and day 35. Day 42 sera may also be 

collected. To obtain sera, the mice were placed in a restrainer. Blood was sampled from 

the tail-tip, with no more than 25 µL being collected per bleed. The blood was left to 

coagulate for at least 30 min at RT and then centrifuged at 2000 rcf to pellet the blood 

cells and separate the serum. Serum was aspirated, and an additional centrifugation step 

was repeated to clean the serum from remaining blood cells. Serum was frozen at -80°C 

until further use. Mice were additionally weighed on these days to ensure they did not 

experience unexpected weight loss as a possible consequence of glycoconjugate 

immunisation. 
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centrifugation and stored at 4 °C until use. Glycan array spots using 0.2 mM 

concentrations were used for the subsequent antibody profiling analysis. 

 
Glycan microarray  analysis for epitope mapping  

Epitope-specific antibody profiles of sera from immunised mice were characterised on the 

glycan microarray. Glycan microarray slides displaying the GPI epitope library were 

blocked with 1% (w/v) bovine serum albumin (BSA) in PBS for 1 hr at RT, rinsed with 

ultrapure water and dried by centrifugation. 64-well incubation chambers (Grace Bio-

Laboratories, Bend, OR, USA) were applied to the microarray slides. 25 µL sera diluted 

1:50 in PBS were added to each well for incubation overnight at 4°C in a humidified 

chamber. Following incubation, sera were discarded and wells rinsed with 

0.05% (v/v) Tween-20 in PBS. Anti-mouse secondary antibodies were added to each well 

(Invitrogen, Waltham, MA, USA) diluted 1:400 with 1% (w/v) BSA, 0.05% (v/v) Tween-

20 in PBS and incubated on the microarray slides for 1 hr at RT. For isotype titre analysis, 

combinations of goat anti-mouse IgG2a Alexa Fluor 647 (#A21241, Invitrogen), goat anti-

mouse IgG1 Alexa Fluor 594 (#A21125, Invitrogen), goat anti-mouse IgG3, Alexa Fluor 

488 (#A21151, Invitrogen), and goat anti-mouse IgM, Alexa Fluor 546 (#A21045, 

Invitrogen) at 1:400 dilution were used. For total IgG analysis, goat anti-mouse IgG (H+L) 

Alexa Fluor 635 (#A31574, Invitrogen) with goat anti-mouse IgM (µ-chain) Alexa Fluor 

594 (#715-585-020, Dianova, Hamburg, Germany) was used. For monoclonal antibody 

analysis goat anti-mouse IgM (µ-chain) Alexa Fluor 647 (#A21238, Invitrogen) was used. 

For human antibody analysis goat anti-human IgG (H+L) Alexa Fluor 546 (#A21089, 

Invitrogen) and goat anti-Human IgM (Heavy chain) Alexa Fluor 647 (#A21249, 

Invitrogen) at 1:400 dilution were used. For monkey antibody analysis goat anti-monkey 

IgG (Fc specific) FITC (#GAMon/IgG(Fc)/FITC, Nordic-Mubio, Susteren, The 

Netherlands) and goat anti-monkey IgM (Fc specific) TRITC (# GAMon/IgM(Fc)/TRITC, 

Nordic-MUbio) at 1:200 dilution were used. 

Microarray slides were rinsed with 0.1% (v/v) Tween-20 in PBS, PBS only, ultrapure 

water, and then dried by centrifugation. Microarray slides were scanned with a GenePix 

4300A microarray scanner (Molecular Devices, Sunnyvale, CA, USA). Background-

subtracted mean fluorescence intensity (MFI) values reflected the antibody titre present in 

the sera. These data were exported to R for analysis and visualisation. 
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3 Results and Discussion 

3.1 Elucidat ing immunogenic GPI residues  

Profiling  antibodies induced by  various synthetic GPI fragments  

A glycoconjugate that protects against severe malaria requires the selection of an epitope 

that is presumably the target epitope of protective antibodies. After epitope selection, a 

synthetic antigen needs to be designed that facilitates the induction of these 

epitope-specific antibodies, when formulated as part of an immunising glycoconjugate. To 

aid in the antigen design, an understanding of how certain GPI residues affect the epitope 

specificity of induced antibodies is required.  

In order to investigate how the inclusion or omission of residues on GPI antigens could 

direct antibody specificities I utilised synthetic glycan fragments 1-6 [Figure 10] based on 

P. falciparum GPI, which were previously synthesised in our lab. Microarrays were 

furnished with these fragments, along with other control oligosaccharides, to create a 

library of GPI epitopes allowing the multiplexed detection of glycan-specific antibodies 

(Geissner, Anish et al. 2014). Additionally, I employed the sera of C57BL/6 mice 

previously immunised with glycoconjugates of 1-6 containing 5 µg of synthetic GPI. I 

screened these sera (diluted 1:100) at day 42 post-prime immunisation (n=15 per group, 

classified by the immunising glycoconjugate) on the GPI epitope microarray to profile 

epitope-specific antibody titres and evaluate how induced antibody titres are affected by 

residues within various carbohydrate antigens. 

Immunisation with glycoconjugates of 1-6 induced various class-switched IgG, indicative 

of T cell dependent immunity [Figure 11], and also IgM [Figure 12]. Immunisation with 

glycoconjugates of 1 and 4 containing InoP induced antibodies predominantly against 

fragments containing InoP, and to a lesser extent GlcN, independent of PEtN or Man 

[Figure 11a & d and Figure 12a & d]. Fragments lacking GlcN or InoP were not 

recognized. This suggests that InoP and GlcN are immunodominant residues facilitating 

the induction of antibodies specific to the GlcN-InoP epitope. The immunogenicity of 

InoP was similarly reported when InoP-specific antibodies were induced in mice 

immunised with glycoconjugates of synthetic Man4-GlcN-InoP antigen (Tamborrini 
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2009). The immunogenicity of InoP may have also contributed to the specificity of 

antibodies induced by glycoconjugates of synthetic T. gondii GPI containing InoP (Götze, 

Reinhardt et al. 2015). Interestingly, naturally occurring GPI-specific antibodies can 

recognise synthetic GPI fragments containing GlcN-InoP epitopes when presented in 

conjunction with the intact P falciparum-specific core Man backbone. However, these 

naturally-induced antibodies do not recognise the non-specific GlcN-InoP fragments on 

their own (Kamena, Tamborrini et al. 2008). Therefore, InoP and GlcN are 

immunodominant residues when included in synthetic GPI fragments that are used for 

immunisation, but do not appear similarly immunodominant as a part of native GPI 

antigen.   

Immunisation with glycoconjugates of 2 and 5 lacking InoP induced antibodies directed 

mainly toward Man and GlcN, with further improvement when PEtN was present [Figure 

11b & e and Figure 12b & e]. However, the antibodies also bound to fragments lacking 

PEtN, indicating that PEtN is not the immunodominant epitope. The antibodies do not 

recognize the Man2-GlcN-InoP fragment similar to naturally occurring GPI-specific 

antibodies (Kamena, Tamborrini et al. 2008) suggesting that antigens lacking InoP could 

induce antibodies more akin to naturally occurring GPI-specific antibodies. 

Immunisation with glycoconjugates of 3 and 6, lacking PEtN on Man-III, show decreased 

immunogenicity compared to their counterparts with PEtN [Figure 11c & f and Figure 12c 

& f ]. In larger glycoconjugates containing all three immunogenic groups, the induced 

antibodies preferentially recognize and bind InoP and GlcN. Thus, inclusion of PEtN is 

important for antibody induction, if immunodominant groups like GlcN and InoP are 

missing. PEtN has been reported to contribute to immunogenicity in synthetic glycan 

antigens based on C. difficile PSII cell wall polysaccharide (Adamo, Romano et al. 2012) 

and lipoteichoic acid (Broecker, Martin et al. 2016). PEtN on these synthetic glycan 

antigens were also shown to be crucial in inducing antibodies with similar binding 

properties to antibodies induced by native PSII (Adamo, Romano et al. 2012). 

For antibody titres against GPI from other organisms, immunisation with glycoconjugate 

of 2 induced high IgG and IgM titres to T. gondii and mammalian GPI [Figure 13b and 

Figure 14b].  Interestingly, immunisation with glycoconjugate of 5 did not induce this 

non-specific binding [Figure 13e and Figure 14e] suggesting that the fourth Man induces 
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antibody profiles specific to P. falciparum GPI. This finding supports previous reports 

describing the fourth Man as a key recognition element (Kamena, Tamborrini et al. 2008). 

Immunisation with glycoconjugates of 3 and 6 show little binding to GPI from other 

organisms [Figure 13c & f and Figure 14c & f], supporting the notion that PEtN is 

important for antibody induction if immunodominant groups like GlcN and InoP are 

missing. Finally, immunisation with glycoconjugates of 1 and 4 induces IgG and IgM to 

non-P. falciparum GPI [Figure 13a & d and Figure 14a & d], likely mediated by InoP. 

Taken together, we observe that InoP and GlcN are immunogenic residues of synthetic 

GPI antigens. PEtN is also immunogenic, and should be included if immunodominant 

groups like GlcN and InoP are missing. These results also suggest that antigens designed 

to induce antibodies mimicking the epitope binding profile of naturally occurring 

antibodies would likely require the omission of InoP.  
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Figure 11: IgG titres against synthetic GPI fragments in sera at day 42. Group size n=15, 
classified by the immunising glycoconjugate. Top panel (a-c) IgG titres after immunisation with 
glycoconjugates of 1-3 lacking the fourth Man. Bottom panel (d-f) IgG titres after immunisation with 
glycoconjugates of 4-6 containing the fourth Man. 
 

               
 

               
Figure 12: IgM titres against synthetic GPI fragments in sera at day 42. Group size n=15, 
classified by the immunising glycoconjugate. Top panel (a-c) IgM titres after immunisation with 
glycoconjugates of 1-3 lacking the fourth Man. Bottom panel (d-f) IgM titres after immunisation 
with glycoconjugates of 4-6 containing the fourth Man.  
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Figure 13: IgG titres against synthetic GPI in other organisms in sera at day 42. Group size 
n=15, classified by the immunising glycoconjugate. Top panel (a-c) IgG titres after immunisation 
with glycoconjugates of 1-3 lacking the fourth Man. Bottom panel (d-f) IgG titres after immunisation 
with glycoconjugates of 4-6 containing the fourth Man. 
 

               
 

               
Figure 14: IgM titres against synthetic GPI in other organisms in sera at day 42. Group size 
n=15, classified by the immunising glycoconjugate. Top panel (a-c) IgM titres after immunisation 
with glycoconjugates of 1-3 lacking the fourth Man. Bottom panel (d-f) IgM titres after 
immunisation with glycoconjugates of 4-6 containing the fourth Man.  
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Profiling of previous ly published  monoclonal antibodi es 

I found that InoP is immunodominant in synthetic GPI fragments used for immunisation. 

Therefore, antibodies induced by InoP-containing glycoconjugates should be directed to 

the immunodominant InoP epitope. To further validate this finding, I analysed the binding 

profile of published monoclonal antibodies (mAb) derived from InoP-containing 

glycoconjugate immunisation. Previously, mice were immunised with synthetic GPI 

Man4-GlcN-InoP- [Figure 15] conjugated to KLH carrier protein in order to induce 

GPI-specific antibodies. Three mAbs MTG4, MTG5, and MTG6 were generated from the 

immune cells of these immunised mice (Tamborrini 2009). The mAbs were then screened 

against a published epitope library of synthetic GPI fragments truncated from the 

non-reducing terminus, all containing InoP (Tamborrini, Liu et al. 2010). To elucidate the 

mAb specificity, or lack thereof, to GPI residues other than InoP I screened the mAbs 

against the current epitope library containing synthetic GPI fragments lacking InoP.  

Preserved stocks of monoclonal hybridoma cells expressing MTG4, MTG5, or MTG6 

mAb were cultured. The individual cell culture supernatants (diluted 1:100) were screened 

on the synthetic GPI library to evaluate mAb specificity.  The mAbs MTG5 and MTG6 

exclusively recognise fragments containing a GlcN-InoP epitope [Figure 16b & c]. MTG4 

was also able to recognise GPI fragments containing the GlcN-InoP epitope [Figure 16a] 

in addition to GPI fragments containing a Man4-GlcN epitope, independent of InoP and 

PEtN. Fragments without the fourth Man were not recognised, indicating that the fourth 

Man is required for recognition, possibly in combination with the GlcN residue. 

MTG4 and MTG5 also bind to T. gondii and mammalian GPI fragments [Figure 16d and 

Figure 16e]. MTG6 also shows binds to GPI from other organisms to a lesser extent 

[Figure 16f]. One can presume this cross-specific binding is facilitated by the GlcN-InoP 

epitope contained in the GPI fragments from other organisms. 

Microarray profiling of the mAbs confirms their specificity to InoP. It can then be 

presumed that the mouse from which these mAbs were derived had high numbers of 

antibody-producing cells producing Ig of this specificity (French, Fischberg et al. 1986). 

Induction of cells producing InoP-specific antibodies was likely facilitated by 

immunisation with the glycoconjugate containing InoP, confirming the immunogenicity of 

InoP when used in synthetic GPI antigens. 
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A hexasaccharide was also synthesised and conjugated to CRM197 carrier protein 

[Appendix, Figure 80 & Figure 81]. This hexasaccharide was similar to previously 

published glycoconjugates containing InoP. Mice were immunised in order to determine 

induced antibody specificities. It was revealed that this glycoconjugate did not induce 

antibody production against the synthetic GPI epitopes. As the glycoconjugate was not 

immunogenic, further work with this glycoconjugate was not pursued.  
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3.2 Design of synthetic minimal epitope fragments  

Rationale fo r design  

With an understanding of how certain residues on synthetic GPI affect the subsequent 

immune response, the next step was to consider which epitope on GPI would be the target 

of induced antibodies. Ideally, antibodies specific to this epitope would be protective 

against the toxic effects of GPI. To this end, minimal epitope fragments were designed 

[Figure 17]. PEtN-Man3 (7) is based on free GPI, and PEtN-Man4 (8) is based on GPI 

anchors attached to merozoite invasion proteins (Gerold, Dieckmann-Schuppert et al. 

1994) considered prime vaccine candidates (Cowman, Berry et al. 2012). These minimal 

epitope antigens lack the immunodominant GlcN and InoP residues. Since larger glycans 

are usually more immunogenic than smaller oligosaccharides (Martin, Broecker et al. 

2013, Broecker, Martin et al. 2016) we retain the immunogenic PEtN moiety on Man-III . 

PEtN should also facilitate the induction of antibodies specific to epitopes on the non-

reducing terminus of GPI, distal to the phospholipid. 

I reasoned that antibodies specific to this terminal epitope may protect against the toxic 

hyper-inflammatory response implicated in severe malaria. The linear structure without 

further modification is specific to P. falciparum GPI, avoiding structurally similar GPI 

epitopes found on host cells that possibly retard the induction of effective immune 

responses (Cowman, Berry et al. 2012). Since GPIs are inflammatory only in the context 

of the full glycolipid (Vijaykumar, Naik et al. 2001), with the reducing end masked by the 

lipid tail, binding to the terminal non-reducing epitope may be enough to stop 

inflammation. More recently, human liver-plasma protein C1INH was shown to neutralize 

GPI-induced inflammation presumably by binding GPI glycan residues (Mejia, Diez-Silva 

et al. 2016).  

The antigens, lacking InoP, could induce antibodies more akin to naturally occurring 

GPI-specific antibodies (Kamena, Tamborrini et al. 2008). Indeed, the minimal epitope 

antigens are part of experimentally determined epitopes for antibodies isolated from 

individuals with malaria [Figure 18], excluding the GlcN-InoP epitope (Naik, Branch et 

al. 2000, Naik, Krishnegowda et al. 2006, Kamena, Tamborrini et al. 2008, Tamborrini, 

Liu et al. 2010). 
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Figure 17: The minimal epitope antigens. The full GPI is shown in grey for context. 7) 
PEtN-Man3 focuses on the non-reducing terminus of free GPI. 8) PEtN-Man4 includes the fourth 
mannose specific to P. falciparum GPI. 
 

 
 
Figure 18: The minimal GPI epitope for naturally-occurring antibodies. PEtN-Man3 minimal 
epitope antigen (black) is smaller than the pentasaccharide epitope containing GlcN-InoP (blue). The 
full GPI is shown in grey for context. 
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Profiling  induced antibodies against minimal epitope fragments  

Minimal epitope fragments 7 and 8 were synthesised according to published procedures 

(Tsai, Götze et al. 2013). The synthetic minimal epitope fragments 7 and 8 were printed 

onto microarrays to expand the GPI epitope library. Truncated GPI substructures lacking 

Man residues were also added. Specific IgG isotype titres in the sera of mice that were 

immunised with glycoconjugates of 1-6 were then profiled on this expanded microarray. 

In this way, we could determine whether immunisation with glycoconjugates of 1-6 

induced antibodies specific to the target terminal epitope. Additionally, we could observe 

possible IgG isotype biases elicited by the various glycoconjugates. 

I screened sera (diluted 1:100) at day 42 post-prime immunisation (n=15 per group, 

classified by the immunising glycoconjugate). Class-switched IgG1 [Figure 19] and IgG2a 

[Figure 20] titres were consistently higher than IgG3 [Figure 21]. Isotype IgG1 is of high 

affinity and limits inflammatory responses. Isotype IgG2a is associated with cellular 

toxicity, complement fixation, and antigen clearance. Though it is difficult to draw direct 

comparisons to human IgG isotypes, mouse IgG1 can be considered similar to Ig4 while 

mouse IgG2a is similar to human IgG1, based on function and receptor binding 

(Vidarsson, Dekkers et al. 2014, Collins 2016). 

Immunisation with glycoconjugates of 1 and 4 induced high IgG1 and IgG2a titres against 

fragments containing InoP structures, including truncated GPI fragments lacking Man, as 

observed with total IgG [Figure 19a & d and Figure 20a & d]. Negligible IgG1 and IgG2a 

titres against minimal epitope fragments 7 and 8 were observed. 

Immunisation with glycoconjugates of 2 and 5 lacking InoP induce low IgG1 and IgG2a 

titres against fragments 7 and 8 [Figure 19b & e and Figure 20b & e] compared to 

fragments with additional GlcN, supporting the evidence that GlcN is immunogenic and 

potentially induces antibodies away from the terminal epitope. There is, however, a lack 

of binding to the Man-truncated fragment, suggesting that the intact core GPI Man 

backbone is required for binding. 

Immunisation with glycoconjugates of 3 and 6 did not induce antibodies against the 

minimal epitopes [Figure 19c & f and Figure 20c & f]. Titres were also lower compared 

to other glycoconjugates, likely due to the absence of PEtN on Man-III . 
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Across all glycoconjugates, the IgG3 titre is generally low, except against fragment 1. The 

PEtN on Man-II (non-natural position) for fragment 1 could contribute to this preferred 

binding over other fragments [Figure 21]. IgM shows specificity to fragment 7, in addition 

to other fragments lacking InoP. This suggests that class-switching to IgG skews the 

specificity of antibodies away from terminal GPI epitopes [Figure 22a, b, d, & e]. 

IgG1 and IgG2a titres were generally low for GPI fragments from other organisms 

[Figure 23 and Figure 24]. However, moderate IgG3 titres to T. gondii and mammalian 

GPI are detected after immunisation with glycoconjugate of 2. [Figure 25b]. Binding to 

synthetic T. brucei GPI is low across all isotypes [Figure 25], likely due to the absence of 

GlcN and InoP. 

Based on this analysis, antibodies induced by glycoconjugates of 1-6 did not induce class-

switched antibodies with a preferred specificity to the minimal epitope fragments 7 and 8. 

 



Results and Discussion 3.2: Design of synthetic minimal epitope fragments 

77 

               
 

               
Figure 19: IgG1 titres against synthetic GPI fragments in sera at day 42. Group size n=15, 
classified by the immunising glycoconjugate. Top panel (a-c) IgG1 titres after immunisation with 
glycoconjugates of 1-3 lacking the fourth Man. Bottom panel (d-f) IgG1 titres after immunisation 
with glycoconjugates of 4-6 containing the fourth Man. 
 

               
 

               
Figure 20: IgG2a titres against synthetic GPI fragments in sera at day 42. Group size n=15, 
classified by the immunising glycoconjugate. Top panel (a-c) IgG2a titres after immunisation with 
glycoconjugates of 1-3 lacking the fourth Man. Bottom panel (d-f) IgG2a titres after immunisation 
with glycoconjugates of 4-6 containing the fourth Man.  
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Figure 21: IgG3 titres against synthetic GPI fragments in sera at day 42. Group size n=15, 
classified by the immunising glycoconjugate. Top panel (a-c) IgG3 titres after immunisation with 
glycoconjugates of 1-3 lacking the fourth Man. Bottom panel (d-f) IgG3 titres after immunisation 
with glycoconjugates of 4-6 containing the fourth Man. 

 

               
 

               
Figure 22: IgM titres against synthetic GPI fragments in sera at day 42. Group size n=15, 
classified by the immunising glycoconjugate. Top panel (a-c) IgM titres after immunisation with 
glycoconjugates of 1-3 lacking the fourth Man. Bottom panel (d-f) IgM titres after immunisation 
with glycoconjugates of 4-6 containing the fourth Man.  

a b c 

d e f 

a b c 

d e f 



Results and Discussion 3.2: Design of synthetic minimal epitope fragments 

79 

               
 

               
Figure 23: IgG1 titres against synthetic GPI fragments in other organisms in sera at day 42. 
Group size n=15, classified by the immunising glycoconjugate. Top panel (a-c) IgG1 titres after 
immunisation with glycoconjugates of 1-3 lacking the fourth Man. Bottom panel (d-f) IgG1 titres 
after immunisation with glycoconjugates of 4-6 containing the fourth Man. 

 

               
 

               
Figure 24: IgG2a titres against synthetic GPI fragments in other organisms in sera at day 42. 
Group size n=15, classified by the immunising glycoconjugate. Top panel (a-c) IgG2a titres after 
immunisation with glycoconjugates of 1-3 lacking the fourth Man. Bottom panel (d-f) IgG2a titres 
after immunisation with glycoconjugates of 4-6 containing the fourth Man.  
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Figure 25: IgG3 titres against synthetic GPI fragments in other organisms in sera at day 42. 
Group size n=15, classified by the immunising glycoconjugate. Top panel (a-c) IgG3 titres after 
immunisation with glycoconjugates of 1-3 lacking the fourth Man. Bottom panel (d-f) IgG3 titres 
after immunisation with glycoconjugates of 4-6 containing the fourth Man. 

 

               
 

               
Figure 26: IgM titres against synthetic GPI fragments in other organisms in sera at day 42. 
Group size n=15, classified by the immunising glycoconjugate. Top panel (a-c) IgM titres after 
immunisation with glycoconjugates of 1-3 lacking the fourth Man. Bottom panel (d-f) IgM titres 
after immunisation with glycoconjugates of 4-6 containing the fourth Man.  
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3.3 Elucidating whether  synthetic GPI fragments  are a proxy for 

native GPI 

Synthetic GPI fragments are considered a suitable representation of native GPI, and have 

been used to map the epitope specificities of naturally-occurring antibodies (Kamena, 

Tamborrini et al. 2008, Tamborrini, Liu et al. 2010). The various synthetic fragments on 

the current GPI epitope library, which includes the newly designed minimal epitope 

antigens, are also expected to be suitable representations of native GPI, however this was 

not yet confirmed. Various individual and pooled serum samples from infected individuals 

were profiled against the current GPI epitope library. This was to determine whether the 

fragments are cross-reactive to naturally-occurring GPI-specific antibodies, suggesting 

that the synthetic GPI fragments are a proxy for native GPI. 

 
Profiling pooled sera antibodies  

Pooled sera originating from a malaria-endemic area in Kenya (NIBSC code #10-198), 

and non-endemic areas in the United Kingdom (NIBSC code #09-222 and #99-706) were 

purchased from vendors. I screened these sera (diluted 1:50) on the GPI epitope 

microarray to profile epitope-specific antibody titres. When comparing the binding 

profiles between the samples of pooled sera, I expected to see higher antibody titres 

recognising synthetic GPI fragments in sera from the malaria-endemic area. 

When comparing IgG titres against the synthetic GPI fragments [Figure 33a-c], there are 

very similar profiles between pooled sera 10-198 (from Kenya) and 09-222 (from the 

United Kingdom). Highest titres are against structures containing the fourth Man, with 

highest binding to fragment 6. Highest IgG titres are also against fragment 6 for sera 

99-706 (from the United Kingdom).  

When comparing IgM titres against the synthetic GPI fragments [Figure 33d-f], there are 

again very similar profiles between pooled sera 10-198 and 09-222. However, 09-222 

stands out for having very high IgM titre against fragment 6 compared to 10-198 and 

99-706. Highest titres for all pooled sera samples are against GlcN-InoP epitope.  
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When profiling IgG and IgM titres against GPI from other organisms [Figure 28], a 

similar binding profile between 10-198 and 09-222 is observed again, with overall lower 

titres observed for 99-706. 

It can be confirmed from this analysis that the current synthetic GPIs are cross-reactive to 

naturally-occurring antibodies. However, the increased antibody titres against 

P falciparum fragments were not observed in the pooled 10-198 sera when compared to 

control sera 09-222. The binding profiles in both sera samples were not only similar, but 

oftentimes higher in 09-222. Given that a clear difference in binding profile is not 

observed between sera from individuals in malaria endemic and non-endemic areas, it 

remains to be seen whether the synthetic GPIs, including the minimal epitope antigens, are 

specific to native P. falciparum GPI. Screening of individual serum samples may be 

required to determine whether the synthetic GPIs are indicative of natural infection.  
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Figure 27: Antibody titres against synthetic GPI from pooled sera. Top panel (a-c) IgG titres. 
Profiles of a) 10-198 pooled sera from Kenya, b) 09-222 pooled sera control, c) 99-706 pooled sera 
control. Bottom panel (d-f) IgM titres. Profiles of d) 10-198 pooled sera from Kenya, e) 09-222 
pooled sera control, f) 99-706 pooled sera control. 
 

               
 

               
Figure 28: Antibody titres against synthetic GPI in other organisms from pooled sera. 
Top panel (a-c) IgG titres. Profiles of a) 10-198 pooled sera from Kenya, b) 09-222 pooled sera 
control, c) 99-706 pooled sera control. Bottom panel (d-f) IgM titres. Profiles of d) 10-198 pooled 
sera from Kenya, e) 09-222 pooled sera control, f) 99-706 pooled sera control.  
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Profiling individual infected monkey sera antibodies  

I confirmed that the synthetic GPI fragments are cross-reactive to naturally occurring 

antibodies. To test whether the synthetic GPI fragments based on P. falciparum are 

specific to antibodies induced by malaria infection, serum samples collected before and 

after controlled infection were screened. Here, primate sera were sourced from the 

Biomedical Primate Research Centre (Department of Parasitology, Rijswijk, The 

Netherlands). Sera were collected from rhesus monkey before and after the 4th round of 

P. knowlesi infection. Sera (diluted 1:50) were screened on the glycan microarray, and for 

each GPI fragment the IgG and IgM titres before and after infection were compared using 

paired T-test. A significantly higher titre after the 4th infection timepoint would suggest 

that the GPI fragment binds to antibodies induced as a result of controlled P. knowlesi 

infection. I expect only P. falciparum GPI fragments to show a significant difference 

indicating IgG induction. Conversely, GPI from other organisms should not show this 

significant difference. For fragments showing low Ig titres (MFI <500) across all of the 

serum samples, the T-test analysis was not carried out. 

Monkey sera generally do not show any significant differences (p <0.05) in IgG titre 

against P. falciparum GPI fragments before and after the 4th infection round [Figure 29]. 

The only significant difference observed was for IgG against fragment 6 however a 

decrease, rather than increase in IgG titre, was observed [Figure 29f]. Monkey sera 

generally do not show any significant differences in IgG titre against GPI fragments from 

other organisms before and after the 4th infection round [Figure 30]. 

For IgM titres against P. falciparum GPI fragments, monkey sera generally do not show 

any significant differences before and after the 4th infection round [Figure 31]. However, 

there is a significant increase observed for IgM against fragment 5 [Figure 31d]. Monkey 

sera generally do not show any significant differences in IgM titre against GPI fragments 

from other organisms before and after the 4th infection round [Figure 38]. 

The general lack of antibody induction observed in these sera may be explained by the fact 

that this approach uses controlled P. knowlesi infection as a model of natural 

P. falciparum infection. The structure of P.falciparum GPI has been well characterised 

and is known to be conserved across P falciparum strains (Berhe, Schofield et al. 1999). 
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However, the structure of GPI in other Plasmodium spp. has not been published. Thus, the 

lack of antibody induction against the synthetic GPI fragments may be due to the fact that 

antibodies were induced against P. knowlesi GPI rather than P. falciparum GPI. 
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Figure 29: IgG titres against synthetic P. falciparum GPI fragments in sera from monkeys 
experiencing controlled infection. Pre- (serum timepoint 0) and post-infection (serum timepoint 4) 
IgG titres in sera of monkeys (n=6) were compared using paired T-test. Significant differences 
(p<0.05) indicate that antibodies cross-reactive to the synthetic GPI fragment were induced after 
infection. 
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Figure 30: IgG titres against synthetic GPI fragments from other organisms in sera from 
monkeys experiencing controlled infection. Pre- (serum timepoint 0) and post-infection (serum 
timepoint 4) IgG titres in sera of monkeys (n=6) were compared using paired T-test. Significant 
differences (p<0.05) indicate that antibodies cross-reactive to the synthetic GPI fragment were 
induced after infection. 
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Figure 31: IgM titres against synthetic P. falciparum GPI fragments in sera from monkeys 
experiencing controlled infection. Pre- (serum timepoint 0) and post-infection (serum timepoint 4) 
IgM titres in sera of monkeys (n=6) were compared using paired T-test. Significant differences 
(p<0.05) indicate that antibodies cross-reactive to the synthetic GPI fragment were induced after 
infection.. 
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Figure 32: IgG titres against synthetic GPI fragments from other organisms in sera from 
monkeys experiencing controlled infection. Pre- (serum timepoint 0) and post-infection (serum 
timepoint 4) IgG titres in sera of monkeys (n=6) were compared using paired T-test. Significant 
differences (p<0.05) indicate that antibodies cross-reactive to the synthetic GPI fragment were 
induced after infection.  
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GalNAc residue on Man-I does not hinder binding to T. gondii GPI fragments (Tgon1.2 

and Tgon1.3) [Figure 34b & c]. However, the additional Glc residue on Tgon1.1 that 

completes the side chain prevents binding of antibodies to the GPI core Man backbone so 

that there is no significant difference in early and late IgG titre as a result of infection 

[Figure 34a]. I did not observe significant antibody induction for any other GPI fragments 

that are not derived from P. falciparum. Early and late IgM titres do not present a 

significant difference [Figure 37 & Figure 38]. The early induction and fall in IgM titre 

may occur before the first sera collection. 

Serum samples from a small sample of patients who had lifelong malaria exposure were 

also collected during a time of re-infection with P. falciparum. IgG titres against synthetic 

GPI fragments at early and late timepoints were not significantly different [Figure 35 & 

Figure 36], except for a non-P.falciparum GPI fragment at comparatively low IgG titre 

[Figure 36d]. This suggests that the induction of the IgG specific antibodies happens at 

primary infection, but not during re-infection. Differences in IgM titre are similarly 

non-significant [Figure 39 & Figure 40], except for non-P.falciparum GPI fragments at 

comparatively low IgM titres [Figure 40c & e]. 

Taken together, these data show that antibody titres against the current library of synthetic 

GPI fragments increase after natural P. falciparum primary infection. This indicates that 

the synthetic GPI fragments are a good representation of native GPI, able to be recognised 

by antibodies induced by native GPI molecules. The epitope important for cross-reactive 

antibody recognition appears to be the unmodified core Man backbone specific to 

P. falciparum. GlcN and InoP, immunogenic when included in glycoconjugate antigens, 

are again shown to be irrelevant to the binding of naturally-occurring GPI antibodies. 

Furthermore, the minimal epitope fragments 7 and 8 that were designed to induce 

antibodies specific to the non-reducing terminus of GPI are recognised by the naturally-

occurring antibodies. Thus, antibodies induced by glycoconjugates of 7 and 8 may better 

resemble the specificity of naturally occurring antibodies, compared to antibodies induced 

by synthetic antigens containing GlcN and InoP. 
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Figure 33: IgG titres in sera from naïve patients experiencing primary infection against 
synthetic P. falciparum GPI fragments. Early and late IgG titres in sera of patients (n=16) were 
compared using paired T-test. Significant differences (p<0.05) indicate that antibodies cross-reactive 
to the synthetic GPI fragment were induced after infection. 
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Figure 34: IgG titres in sera from naïve patients experiencing primary infection against 
synthetic GPI fragments from other organisms. Early and late IgG titres in sera of patients (n=16) 
were compared using paired T-test. Significant differences (p<0.05) indicate that antibodies 
cross-reactive to the synthetic GPI fragment were induced after infection. 
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Figure 35: IgG titres in sera from patients with previous exposure against synthetic P. falciparum 
GPI fragments. Early and late IgG titres in sera of patients (n=6) were compared using paired T-test. 
Significant differences (p<0.05) indicate that antibodies cross-reactive to the synthetic GPI fragment 
were induced after infection. 
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Figure 36: IgG titres in sera from patients with previous exposure against synthetic GPI 
fragments from other organisms. Early and late IgG titres in sera of patients (n=6) were compared 
using paired T-test. Significant differences (p<0.05) indicate that antibodies cross-reactive to the 
synthetic GPI fragment were induced after infection. 
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Figure 37: IgM titres in sera from naïve patients experiencing primary infection against 
synthetic P. falciparum GPI fragments. Early and late IgM titres in sera of patients (n=16) were 
compared using paired T-test. Significant differences (p<0.05) indicate that antibodies cross-reactive 
to the synthetic GPI fragment were induced after infection. 
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Figure 38: IgM titres in sera from naïve patients experiencing primary infection against 
synthetic GPI fragments from other organisms. Early and late IgM titres in sera of patients (n=16) 
were compared using paired T-test. Significant differences (p<0.05) indicate that antibodies 
cross-reactive to the synthetic GPI fragment were induced after infection. 
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Figure 39: IgM titres in sera from patients with previous exposure against synthetic 
P. falciparum GPI fragments. Early and late IgM titres in sera of patients (n=6) were compared using 
paired T-test. Significant differences (p<0.05) indicate that antibodies cross-reactive to the synthetic 
GPI fragment were induced after infection. 
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Figure 40: IgM titres in  sera from patients with previous exposure against synthetic GPI 
fragments from other organisms. Early and late IgM titres in sera of patients (n=6) were compared 
using paired T-test. Significant differences (p<0.05) indicate that antibodies cross-reactive to the 
synthetic GPI fragment were induced after infection. 
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3.4 Inducing antibod ies to epitopes of the GPI terminus  

The minimal epitope fragments 7 and 8 were designed to induce antibodies specific to 

epitopes on the non-reducing terminus of GPI distal to the phospholipid. The design of 7 

and 8 came from an understanding of the immunogenic GPI residues, and the non-

reducing terminus of GPI was the chosen epitope to explore whether it is the target of 

protective antibodies. To test whether the designed GPI fragments do indeed induce 

antibodies to the target terminal epitope, mice were immunised with glycoconjugates of 7 

and 8 and their induced antibody titres profiled on glycan microarray. 

Minim um dose of glycoconjugate  required  

To determine how much glycoconjugate of 7 and 8 would be required for immunisation 

and challenge study experiments, I identified the minimum glycan dose required that 

could still induces antibodies against the antigen used. Glycoconjugate of 1, previously 

produced in our lab, was used as the model antigen to determine the minimum dose. 

C57BL/6 mice were subcutaneously injected with glycoconjugate of 1 at varying 

concentrations in a prime-boost-boost regime at two week intervals. Groups of mice (n=3) 

were characterised by each glycan dose administered at 0.1, 0.4, 1 and 1.8 µg total glycan 

amount. A control group was immunized with CRM197 only, corresponding to 0 µg of 

glycan. 

Sera (diluted 1:50) up to day 35 post-prime immunisation were screened on the synthetic 

GPI microarray. Epitope-specific antibody titres induced against each GPI fragment were 

compared across different immunisation doses [Figure 41 & Figure 42]. IgG titres against 

fragment 1 were induced in all mice across all glycan doses, however antibody titres were 

not as consistently high in the group of mice immunised with 0.1 µg glycan [Figure 41a]. 

High IgG titres against fragments 2, 4, and 5 were induced with 0.4 µg glycan [Figure 

41b, c & e].  IgG titres against fragment 4 were highest at the maximum 1.8 µg glycan 

dose [Figure 41d]. IgG titres against fragment 6 were negligible [Figure 41f]. 

IgM titres against fragment 1 were consistently induced in all mice across all glycan doses 

[Figure 42a]. Highest IgM titres against fragments 1, 2, 4, and 5 were induced with 0.4 µg 

glycan [Figure 42a, b, c & e].  As seen with IgG, IgM titres against fragment 4 were 
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highest at the maximum 1.8 µg glycan dose [Figure 42d], and IgM titres against fragment 

6 were negligible [Figure 42f]. 

Antibodies against the GPI epitopes could be induced across all glycan doses tested. 

Consistently high antibody titres were induced with as little as 0.4 µg glycan, however 

inconsistent induction of antibodies was observed at 0.1 µg glycan. A glycan dose to be 

used for further immunisation and challenge experiments was set as 0.4 µg glycan for the 

mouse model of glycoconjugate immunisation. This newly established dose uses less 

glycan than previous immunisation schemes, which used up to 5 µg synthetic GPI per 

immunising dose. A reduction in dose results in less glycoconjugate that would need to be 

produced, reducing the amount of synthetic glycan that needs to be used for 

glycoconjugate production. 

Glycoconjugates of 2 and 5, previously produced in our lab, were then used to immunise 

mice at the 0.4 µg dose. C57BL/6 mice were subcutaneously injected in a prime-boost-

boost regime at two week intervals. Groups of mice (n=4) were characterised by the 

glycoconjugate used. Sera (diluted 1:50) at day 35 post-prime immunisation were 

screened on the synthetic GPI microarray. Epitope-specific antibody titres were detected 

after immunisation [Appendix, Figure 41 & Figure 42].   
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Figure 41: IgG titres against synthetic GPI fragments in sera at day 42. Group size n=3, 
classified by glycan antigen dose. Top panel (a-c) IgG titres after immunisation with glycoconjugates 
of 1-3 lacking the fourth Man. Bottom panel (d-f) IgG titres after immunisation with glycoconjugates 
of 4-6 containing the fourth Man. 
 

               
 

               
Figure 42: IgM titres against synthetic GPI fragments in sera at day 42. Group size n=3, 
classified by glycan antigen dose. Top panel (a-c) IgM titres after immunisation with glycoconjugates 
of 1-3 lacking the fourth Man. Bottom panel (d-f) IgM titres after immunisation with 
glycoconjugates of 4-6 containing the fourth Man.  
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