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Abstract 

Effective vaccination against malaria remains a critical element in the effort to eradicate 

the disease. So far, best protection is induced by repeated intravenous injection of 

irradiated, non-replicating sporozoites. In contrast, blood stage infection only affords 

semi-immunity after several disease episodes are endured. Therefore, in-depth analyses 

of innate immune responses to sporozoite and blood stage parasites are needed to 

understand the superiority of the attenuated sporozoite vaccine and ultimately, to 

recapitulate its efficacy in a safer, cheaper and more practical vaccine. 

A fundamental obstacle to studying innate responses to sporozoites is the need for 

sufficient quantities of sterile material for experiments. To probe sporozoite-induced 

innate cell activation, parasites were flow sorted from salivary gland extracts based on 

transgenic GFP expression. In a reductionist co-culture system, sorted P. berghei 

sporozoites rapidly traversed primary mouse macrophages, a behaviour allowing them 

to reach hepatocytes after being deposited into the dermis during natural infection. 

Transcriptomic analysis of sporozoite-experienced macrophages revealed a distinct 

expression profile characterized by NF-κB driven expression of inflammatory mediators. 

In particular, CD201, a CD1d-like transmembrane receptor with lipid presentation 

capabilities, was strongly upregulated on macrophages and might play a role in γδT-cell 

activation. In addition, first evidence is provided that macrophage activation by 

sporozoites is partly dependent on TLR2 and MyD88. Intriguingly, ‘response to 

wounding’ and ‘macroautophagy’ signatures were enriched in sporozoite-stimulated 

macrophages and are likely consequences of active sporozoite traversal through innate 

cells. Indeed, in vivo vaccination with spect1 knockout sporozoites, which are deficient 

in cell traversal, induced a defective CD8 T-cell response, showcasing a potential role for 

cell traversal in the induction of effective adaptive responses.  

In contrast, P. falciparum blood stage parasites induced weak activation of primary 

human monocytes, despite the presence of highly stimulatory ligands like RNA, which, 

in purified form, induced pro-inflammatory cytokine production and maturation 

reminiscent of bacterial RNA. Interestingly, comparing transcriptional responses of 

mouse macrophages treated with P. berghei blood stage parasites to macrophages 
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treated with sporozoites revealed highly divergent early activation signatures. Taken 

together, these findings open up several interesting avenues for future research which 

will paint a clearer picture of innate immune responses to Plasmodium parasites. 
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Zusammenfassung 
Malaria ist eine der häufigsten Infektionskrankheiten und betrifft vor allem 

Entwicklungsländer in Afrika. Bisher gibt es keine effektive Impfung gegen die Krankheit 

und der beste immunologische Schutz wird durch wiederholte intravenöse Injektion von 

nicht-vermehrungsfähigen Sporozoiten erreicht. Im Gegensatz dazu bietet die Infektion 

im Blutstadium nur nach wiederholten Krankheitsepisoden eine Teilimmunität gegen 

schwere Verläufe der Krankheit. Um beide Prozesse besser zu verstehen, ist eine 

tiefgehende Untersuchung der Reaktion des angeborenen Immunsystems auf 

Sporozoiten, sowie Parasiten im Blutstadium erforderlich. Erkenntnisse hieraus können 

dabei helfen, die Überlegenheit des Sporozoiten-Impfstoffs zu verstehen und, 

letztendlich, seine Wirksamkeit in einem sichereren, kostengünstigeren und 

skalierbaren Impfstoff zu rekapitulieren. 

 

Eine Schwierigkeit bei der Untersuchung der Reaktion des angeborenen Immunsystems 

auf Sporozoiten ist die Notwendigkeit, sterile Parasiten für Experimente aus 

Mückenpräparationen zu erhalten. Daher wurden Parasiten aus 

Speicheldrüsenextrakten von Mücken mittels transgener GFP-Expression FACS sortiert 

und anschließend, in einem reduktionistischen in vitro System, mit Makrophagen co-

kultiviert. RNA Sequenzierung von Makrophagen aus der Co-Kultur zeigte ein auffälliges, 

von Sporozoiten induziertes Expressionsprofil, das durch die NF-κB-gesteuerte 

Expression von inflammatorischen Genen gekennzeichnet ist. Insbesondere CD201, ein 

CD1d-ähnlicher Transmembranrezeptor mit Lipidpräsentationsfähigkeiten, wurde auf 

Makrophagen stark hochreguliert und könnte eine Rolle bei der γδT-Zell-Aktivierung 

spielen. Darüber hinaus kann gezeigt werden, dass die Aktivierung von Makrophagen 

durch Sporozoiten teilweise von TLR2 und MyD88 abhängig ist. Interessanterweise 

waren die genetischen Signaturen „Reaktion auf Verwundung" und „Makroautophagie" 

in Makrophagen überrepräsentiert die mit Sporozoiten co-kultiviert wurden und sind 

wahrscheinlich Folgen von aktiver Sporozoiten-Traversierung durch Makrophagen. In 

der Tat zeigten Mäuse, die mit Traversierungs-defizienten Sporozoiten geimpft wurden 

stark reduzierte CD8 T-Zell Antworten. Dies deutet auf eine mögliche Rolle der 

Zelltraversion bei der Induktion effektiver adaptiver Immunantworten hin.  
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Im Gegensatz zu Sporozoiten verursachten P. falciparum Parasiten im Blutstadium nur 

eine schwache Aktivierung primärer humaner Monozyten, trotz der Anwesenheit 

hochstimulierender Liganden wie der RNA, die in aufgereinigter Form eine pro-

inflammatorische Zytokinproduktion und Reifung der antigenpräsentierenden Zellen 

induzierte. RNA Sequenzierung von Makrophagen, die mit Parasiten im Blutstadium co-

kultiviert wurden zeigte ein stark unterschiedliches Expressionsmuster zu Makrophagen 

die mit Sporozoiten co-kultiviert wurden. Insgesamt tragen diese Ergebnisse zu dem 

Verständnis der angeborenen Immunantwort auf Plasmodium-Parasiten bei und bieten 

weitere Möglichkeiten zur zukünftigen Forschung. 
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1.1. Malaria 

1.1.1. The pathogen 

Human malaria is caused by one of five species of the single-celled eukaryotic genus 

Plasmodium; with the highest disease burden caused by P. falciparum1,2. Plasmodium 

parasites have a complex lifestyle that entails sexual reproduction in the Anopheles 

vector and asexual reproduction in the human host (Figure 1.1). Sporozoites, the 

infectious life cycle stage of the parasite, are transmitted to humans by the bite of an 

infected mosquito during a blood meal. From the skin, sporozoites travel through the 

blood stream to the liver, where they invade hepatocytes entering their next 

developmental stage. During intrahepatic development, one sporozoite gives rise to 

tens of thousands of merozoites which are then released into the bloodstream3. 

Importantly, while only tens to hundreds of sporozoites are injected into the dermis per 

mosquito bite, one successful sporozoite is enough to cause blood stage infection. After 

egress from the hepatocyte, merozoites initiate the symptomatic blood stage of a 

Plasmodium infection, by replicating inside of erythrocytes. During blood stage 

infection, some merozoites develop into gametocytes4, which can be taken up into a 

mosquito during blood feed5. In the mosquito gut, male and female gametes fuse to 

form diploid zygotes which further develop into ookinetes. Ookinetes traverse the gut 

wall where they form oocysts. Through several rounds of replication, oocysts give rise 

to sporozoites which travel to the mosquito salivary gland, where they await to be 

injected into their next human host6. 
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1.1.2. The disease 

The WHO estimated 214 million cases of malaria for 2015, resulting in 438.000 deaths7. 

The geographically highest disease burden is in sub-Saharan Africa with 88% of cases7. 

Symptoms of malaria range from none in partially immune individuals, to cyclic fever 

and to severe manifestations leading to death. Severe disease can present as anaemia, 

metabolic acidosis, cerebral malaria or multi-organ system involvement8. Only around 

1 % of infections lead to severe malaria, most often in immunological naïve individuals1. 

Children under 5 years of age are most affected and most likely to suffer from severe 

malaria and death1. Recently, global burden of malaria has been considerably reduced 

due to the increased use of insecticide-treated bed-nets and artemisinin-based 

combination therapies (ACTs). In particular, the advent of ACTs has overcome the threat 

posed by the occurrence of parasites resistant to other clinically approved drugs1. 

However, artemisinin resistant P. falciparum strains emerging in particular in south-east 

Asia threaten the precious gains made in this area recently9. Therefore, the 

development of effective vaccines against malaria remains one of the major goals of the 

WHO. 
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1.1.3. Vaccination against malaria 

Vaccines have saved uncountable lives and led to the eradication or near-eradication of 

some of humankind’s most harmful pathogens. Vaccination works by artificially 

educating the immune system about a target pathogen leaving it more equipped when 

encountering this or similar pathogens. This education requires at least two 

conceptually distinct components: i) pathogen-specific molecules, called antigens, that 

the immune response is targeted against and ii) an agent that activates the immune 

system to generate an immune response against the antigens, referred to as adjuvant. 

To date, no effective vaccine against malaria exists, partially due to the parasite’s 

complex lifestyle and immune evasion capabilities10.  

 

Conceptually, effective vaccines that would contribute to easing malaria disease burden 

can be divided into three groups based on when during the parasite lifecycle they 

interfere. A first group of vaccines aims at blocking transmission of parasites to- or 

development in mosquitoes. While these vaccines cannot prevent illness, in preventing 

or reducing transmission to the vector they would greatly accelerate eradication 

efforts11. The main parasite target protein for transmission blocking vaccines currently 

in development is Pfs25, which is expressed at the ookinete surface and is necessary for 

midgut epithelium invasion12. Candidate transmission blocking vaccines are currently 

being tested in pre-clinical and clinical phase I trials13. 

 

Secondly, vaccines targeting the blood stage of infection aim at either reducing 

replication of the parasites, or try to equip vaccinees with protection against severe or 

clinical malaria symptoms14. Importantly, blood stage parasites express a magnitude of 

antigens on the infected red blood cell surface that can be substituted once antibodies 

to that specific antigen are produced (a process called antigenic variation). It is now 

widely accepted that semi-immune individuals – through enduring repeated infections 

– possess antibodies against most of these antigenic variants, while individuals who are 

immune to severe malaria possess antibodies only against variants that mediate severe 

disease1. Such a breath of antigens is difficult to reproduce with current recombinant 

vaccine technologies. However, vaccination with attenuated blood stage parasites is 

moving back into focus after early reports indicated that the approach could be, in 



 6 

principle, feasible15,16. Promising vaccine targets currently in clinical development are 

MSP1 and RH5, which are expressed on the merozoite surface where they mediate 

invasion into red blood cells13,17,18. 

 

The last group of vaccines currently in development aim to prevent blood stage infection 

altogether by blocking hepatocyte infection by sporozoites and/or intrahepatic 

development, thereby inducing sterile protection. These vaccines would also block the 

spread of malaria by abrogating blood stage development. The population bottleneck 

of the parasites during the sporozoite and intrahepatic stages2 (Figure 1.2) render them 

a promising but also challenging target. In particular, the fact that only a single 

sporozoite needs to productively infect a hepatocyte to induce fulminant blood stage 

infection, sets the bar very high for a pre-erythrocytic vaccine19. In contrast to a blood 

stage vaccine that ‘merely’ needs to keep the reproduction number of merozoites in the 

bloodstream < 1 to be effective, a pre-erythrocytic vaccine needs to prevent every single 

sporozoite from infecting a hepatocyte and/or from developing therein every time a 

person is subjected to the bite of an infected mosquito19. Another conceptual drawback 

of pre-erythrocytic vaccines is that they slow down or stop the development of semi-

immunity in endemic areas by preventing, based on efficacy, a percentage of blood 

stage infections to occur during childhood and adolescence. In these cases, 

breakthrough infections could more often lead to severe forms of malaria potentially 

posing an unknown risk to vaccinees2. In this regard it is interesting to point out that 

human genetic variants leading to increased rates of sterile immunity are 

counterintuitively not selected for in highly endemic areas, supposedly because 

breakthrough infections later in life without established semi-immunity leads to severe 

fitness costs from an evolutionary standpoint20. 

 

The most advanced malaria vaccine to date is RTS,S, which has completed phase III 

clinical trials21 and is currently undergoing pilot implementation studies in Malawi, 

Ghana and Kenya22,23. RTS,S targets the Circumsporozoite protein (CSP), which is the 

most abundantly expressed protein on the sporozoite surface where it mediates 

sporozoite gliding and hepatocyte invasion24. In phase III clinical studies, RTS,S showed 

some efficacy to prevent disease episodes in both children and young infants21. 

However, protection rapidly declined together with anti-CSP antibody titres, which were 
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predictive of protection21,25. Importantly, very high anti-CSP antibody titres were found 

to be necessary for protection25. Nonetheless, recent insights into the nature of 

protective anti-CSP antibodies and their target sites within the CSP protein26–28 provide 

rationales for improving the next generation CSP targeting vaccines29. 

 

The best sterile protection against malaria achieved to date is afforded either by 

repeated intravenous injection of sporozoites either under chloroquine cover or using 

irradiated, replication-incompetent sporozoites to prevent the onset of blood stage 

infection. This approach, which can achieve sterile protection, is based on seminal 

findings in birds where injection of heat-killed or ultraviolet-irradiated sporozoites 

afforded partial protection from avian malaria30,31, a finding that was later reproduced 

in mice32 and humans33,34.  A vaccine based on aseptic purified P. falciparum sporozoites, 

called PfSPZ is currently in clinical development. However, the PfSPZ vaccine suffers 

from high logistic hurdles, since sporozoites have to be dissected from salivary glands  

and preserved at very low temperatures until intravenous injection, which makes it 

unlikely to be rolled out in rural African areas19. In addition, protection is greatly 

diminished when volunteers are challenged with heterologous parasite strains19. 

Nonetheless, the sporozoite vaccine remains the gold standard for protection achieved 

by vaccination, and its effect on the immune system has been studied for decades as a 

prototype for effective vaccination against malaria. 
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1.2. The innate immune system 

1.2.1. The two arms of the immune system 

From the beginning of life, parasitic life forms have fought a fierce evolutionary battle 

with their host organisms. This ancient fight continues to this day and has been (and still 

is) one of the main drivers of evolution. Vertebrates are host organisms for diverse 

pathogens from all clades of life including viruses, bacteria and eukaryotic parasites. To 

be able to combat this diversity of pathogens, vertebrates have evolved a slate of 

intricate mechanisms that are collectively termed the adaptive immune system35. A key 

cornerstone of the adaptive immune system is its ability to – through a delicate 

recombination process – generate an almost infinite number of receptors termed T-cell 

receptors (TCRs) and B cell receptors (BCRs) that are able to recognize components 

(called antigens) of virtually any pathogen. These receptors are clonally distributed on T 

and B lymphocytes. BCRs can be secreted – then termed antibodies – to target 

pathogens and can be further tailored towards a specific target through the induction 

of point mutations that increase affinity and avidity in the germinal centre reaction36. 

Together, B and T lymphocytes are responsible, through clonal expansion and 

reprogramming, for the main feature of the adaptive immune system: the ability to 

‘learn’ from an infection and thus more effectively combat secondary infections from 

the same or similar pathogens.  

 

The second arm of the immune system – the innate immune system – is evolutionarily 

much older than the adaptive immune system and serves two main purposes. i) to 

restrain the replication of pathogens early in infection long enough for the adaptive 

immune system to kick in and ii) to instruct the adaptive immune system about the 

specificity that immune responses should be targeted against and about the quality of 

the immune response most suited to the pathogen at hand37. Concerning the latter, 

main players of the innate immune system are antigen presenting cells (APCs) that 

express a set of germline-encoded and evolutionary ancient receptors. These receptors 

recognize fundamental features of pathogens and are called pathogen recognition 

receptors (PRRs)38. Upon PRR engagement, APCs undergo complex metabolic and 

transcriptional reprogramming that allows them to present pathogen antigens to T-cells 
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and – through a complex cell-cell interaction termed the immunological synapse – 

instruct antigen specific lymphocytes to undergo clonal expansion and differentiation39 

(Figure 1.3). As such, the innate immune system serves to maintain a delicate balance 

between harmful overarching or misdirected immune activation on one hand, and 

inadequate, weak responses that leave the host defenceless against pathogens, on the 

other38.  
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1.2.2. Pattern recognition receptors 

To fulfill their role to instruct T-cells with secondary signals, APCs must possess pathogen 

recognizing receptors that are independent of the clonally distributed T and B-cell 

receptors and are instead germline encoded. Janeway was the first to predict the 

presence of such receptors in 198940, arguing that these receptors would likely be able 

to detect molecular entities that are present in invading pathogens but not the host. He 

called these receptors pattern recognition receptors (PRRs) and their targets pathogen 

associated molecular patterns (PAMPs). Janeway’s paradigm that self vs. non-self-

discrimination through PRRs would induce adaptive immune responses was shortly after 

complemented by Polly Matzinger’s “danger hypothesis”41. The danger hypothesis 

states that the immune system detects damage instead of discriminating self vs. non-

self. This sensing was theorized to be based on the ability of PRRs to detect molecular 

entities released upon injury, which were termed damage associated molecular patterns 

or DAMPs. Importantly, while PAMPs are comprised of molecules that are not present 

in the host and serve to differentiate self from non-self, DAMPs are molecular patterns 

that are induced upon injury or stress and signal perturbations to homeostasis42.  

 

The first PRR in humans, toll-like receptor (TLR) 4, was identified by Ruslan Medzithov 

to induce production of IL-1ß in response to bacterial lipopolysaccharide (LPS)43 and 

therefore represents the first self vs. non-self-detecting PRR identified in humans. 

However, since then, many more PRRs and their respective ligands have been identified, 

of which many prominently detect DAMPs. While Janeway’s and Matzinger’s theorems 

were sometimes viewed as mutually exclusive, the discovery of PRRs for DAMPs and 

PAMPs has proven that both signals can lead to immune activation. The main groups of 

PRRs are briefly introduced below. 

 

Toll-like receptors are single-pass transmembrane proteins that are characterized by an 

extracellular leucine-rich-repeat (LRR) motif and an intracellular toll-interleukin 

receptor (TIR) domain44. The LRR domain is responsible for target binding which induces 

dimerization of TLRs. Importantly, both homo- and heterodimerization between TLRs is 

possible and depends on both the bound ligand and specific receptor45. Through their 

TIR domain, all TLRs signal via the adaptor molecule MyD88 to activate NF-κB mediated 
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rapid inflammatory responses. However, an alternative pathway exists for TLR4 and 

TLR3 which can signal through TRIF independently of MyD88 to induce a type I IFN 

response46. In addition, TLR7, 8 and 9 can induce a type I IFN response that is 

independent from TRIF but dependent on MyD88 signalling and the recently identified 

TASL47. Multiple lines of evidence point towards a prominent role of TLR activation in 

inducing adaptive immune responses47–49 and many TLRs have been implicated in 

autoimmune diseases50. Key TLR signalling pathways are depicted in Figure 1.4.  

 

C-type lectin receptors (CTLs) are transmembrane proteins that recognize diverse 

carbohydrates through their carbohydrate recognition domain (CRD). Several CTLs have 

been shown to function as pattern recognition receptors by detecting pathogen-specific 

carbohydrates51. Upon activation, most CTLs activate NF-κB by signalling through SYK 

and CARD951. SYK is recruited either directly to ITAM motifs that are present on the 

intracellular domains of CTLs or to CTL-interacting FcRγ. However, upon ligand binding, 

some CTLs also induce anti-inflammatory signalling through an intracellular ITIM motif51. 

CTLs are particularly important for effective immune responses against eukaryotic 

pathogens like fungi. Interestingly, crosstalk between TLR and CTL signalling has been 

observed for certain ligands such as zymosan (a preparation of Saccharomyces 

cerevisiae cell wall components): TLR2 and the CTL Dectin-1 are both able to recognize 

zymosan components and cooperate to induce a stronger inflammatory response than 

either receptor alone52. Consequently, a model has been proposed where CTLs serve to 

diversify and fine-tune TLR responses and it has been shown that CTLs can thereby 

control T-cell fates53. 

 

Nucleotide-binding oligomerization domain-like (NOD-like) receptors (also called NLRs) 

are cytoplasmic PRRs that sense a wide range of PAMPs and DAMPs40. They share a 

NACHT domain that mediates oligomerization and most NLRs also harbour a LRR domain 

responsible for ligand binding and N-terminal effector domains such as a caspase 

recruitment domain (CARD found in NLRCs) or pyrin domain (PYD found in NLRPs)54. The 

most well researched NLRCs are NOD1 and NOD2 that recognize bacterial cell wall 

components and, upon oligomerization, activate NF-κB through CARD-mediated 

interaction with RIPK254. The most well researched NLRP is NLRP3, which, upon K+ efflux 

from the cell, forms an oligo protein complex with PYCARD (also called ASC) and 
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caspase-1, termed the inflammasome55. Inflammasome formation leads to caspase-1 

dependent proteolytic activation of several strong inflammatory mediators. In 

particular, active caspase-1 cleaves pro-IL1ß and GasderminD into their respective 

biologically active forms leading to pyroptosis, a form of highly inflammatory cell 

death56. Mechanistically, NLRP3 forms the scaffold that starts the formation of the 

inflammasome complex upon ligand binding.  

 

In addition to NLRP3, two other NLRs can act as scaffolds to induce the formation of 

inflammasomes: NLRP157 and NLRC3. Moreover, absent in melanoma 2 (AIM2) has been 

found to induce inflammasome formation. AIM2 is a cytosolic sensor for double 

stranded DNA and belongs to the PIHYN protein family that is characterized by a shared 

HIN domain responsible for DNA binding58–60. Like NLRPs, AIM2 also harbours a PYD 

domain that allows for interaction with ASC and inflammasome formation. Lastly, pyrin 

(or TRIM20) can induce inflammasome formation through its PYD domain after 

detection of bacterial toxin mediated inactivation of RhoA61. 
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A last and heterogenous group of receptors are cytosolic nucleic acid sensors. RIG-I like 

receptors (RLRs) such as RIG-I and MDA5 bind to cytosolic RNA and subsequently 

oligomerize their CARD domains62. Oligomerized CARD allows interaction with the CARD 

domain of the adaptor protein mitochondrial antiviral signalling protein (MAVS) that 

induces downstream type I IFN expression through activation of IRFs 3 and 763. In 

contrast, cytosolic DNA is recognized by cGAS which, upon DNA binding, catalyses the 

formation of 2’-3’-cGAMP64. cGAMP activates STING, which induces a strong type I IFN 

response through IRF3 activation. In addition to its role in type I IFN production, STING 

also activates NF-κB signalling and is involved in the induction of autophagy64. Some 

important cytosolic PRR pathways are depicted in Figure 1.5. 

 

Dysregulated signalling of PRRs has strong implications in many autoimmune disorders 

which highlights the necessity for their strict regulation. Over two decades of research 

into PRR signalling has revealed important themes of PRR regulation. i) 

Compartmentalization of PRRs into specific cellular locations such as the endosome for 

TLR944 or cytoplasm for AIM258,59 ensures that PRR ligands are only immunogenic if they 

are present outside of their natural biological context. ii) Oligomerization is a necessity 

for downstream signalling for most PRR adaptor proteins such as ASC56 (inflammasome), 

MyD8865 (myddosome) and MAVS63. The forming protein super-structures have been 

termed supramolecular organizing centres (SMOCs) and contribute to PRR regulation 

for example by signalling only if a certain oligomer size-threshold is surpassed65. iii) 

Signal integration from multiple pathways has repeatedly been shown to fine tune 

outcomes of PRR signalling66, often leading to more pro-inflammatory responses as seen 

for TLR2 and Dectin-1 cooperation in the sensing of fungi52. iv) Cell-type and tissue 

specific expression of PRRs and downstream pathway components equips certain cell 

types with enhanced capabilities to respond to specific pathogens. One example is 

plasmacytoid dendritic cells that can produce large amounts of type I interferons upon 

detection of nucleic acids67.   
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1.3. Innate immunity to malaria 

1.3.1. Innate immunity to blood stage infection 

Innate immune mechanisms during blood stage malaria infection are highly complex 

and, despite decades of research, remain only poorly characterized and understood. 

While in-depth knowledge about the nature of favourable and unfavourable immune 

responses during infection is urgently needed, research has been hampered by the 

inherent complexity of the parasite’s lifestyle and its many interactions with the human 

host. It is remarkable to point out in this regard that Plasmodium parasites possess one 

of the largest genomes for any single cellular organism, much of which is likely devoted 

to manipulating their host organisms. Most notably in this regard are the var (encoding 

PfEMP1s) and rif68 (encoding RIFINs) gene families of P. falciparum that encode around 

60 and 200 highly polymorphic genes, respectively. The encoded proteins are displayed 

on the infected erythrocyte cell surface during blood stage infection and mediate a 

pleiotropy of host-pathogen interactions by binding to host cell surface receptors. 

Importantly, parasites successively switch the usage of these gene family members, 

resulting in a phenomenon that has been termed antigenic variation, since there is little 

immunological cross-reactivity between the gene family members69. Another layer of 

complexity is added by the fact that there is a high functional heterogeneity between 

members of one gene family with many variants playing important roles in virulence69. 

 

Dendritic cells are primary inducers of adaptive immunity and are therefore prime 

targets for blood stage innate immunity research70. Early observations on blood stage 

parasites and DC interactions were made from co-culturing P. falciparum blood stage 

parasites with human dendritic cells71. The authors found that parasite lines that had a 

cytoadherent phenotype could inhibit LPS-induced dendritic cell maturation and their 

ability to induce T-cell proliferation in vitro71. Indeed, recent work characterizing human 

dendritic cell responses to blood stage parasites also found atypical activation patterns 

with a marked absence of inflammatory cytokine production and low co-stimulatory 

molecule expression72. Nonetheless, blood stage stimulated DCs were able to potently 

activate CD4+ T-cells in vitro marked by the induction of high levels of IFNγ and TNFα72. 

A similar activation phenotype was also observed in DCs isolated from individuals from 



 19 

endemic countries73,74, raising the question whether the observed absence of cytokine 

production together with concomitant maturation marker upregulation constitutes a 

parasite-caused manipulation or a host adaptation to prevent cytokine driven immune 

pathology75 whilst still being able to activate adaptive immune responses.  

 

Further observations have been made with regard to DCs using rodent malaria models. 

In conjunction with human data, mouse bone marrow derived DCs also show reduced 

maturation capacity upon stimulation with LPS, when they were pre-treated with P. 

yoelii blood stage parasites76. In addition, it was shown that blood stage treated DCs 

produced soluble mediators that reduced CD8+ T-cell activation, however, the nature of 

these mediators remains enigmatic76. Conversely, two independent studies have 

identified that specific DC subsets are required for cerebral malaria in the P. berghei 

model77,78. The first publication reports that conventional dendritic cell depletion results 

in prevention of ECM, which is dependent on T-cell mediated cytotoxicity in this 

model79, but not in reduction of parasitaemia77. The later report found that a specific 

Clec9A+ CD11chigh DC subset controlled brain CD8+ T-cells and ablation resulted in 

prevention of ECM78. These contrasting findings highlight that DC biology in malaria is 

still incompletely understood. 

 

Mechanistic insight into possible innate cell manipulation by blood stage parasites came 

unexpectedly from studies into blood stage specific antibodies of malaria experienced 

donors80. Intriguingly, broadly reactive antibodies from two different donors were found 

to have large insertions of the human Lair1 gene inserted between V and DJ segments80. 

Extensive mutation during SHM inside of the Lair1 insert resulted in reduced binding of 

the antibodies to the natural ligand of LAIR1, collagen, and enhanced binding to infected 

erythrocytes80. The resulting antibodies were found to be specific for certain parasite 

RIFINs80 and it was later shown that LAIR1 receptors bind to certain RIFINs as well81. In 

addition, two more human receptors have been found to bind to P. falciparum RIFINs; 

LILRB181,82 and LILRB283. All three of these receptors belong to the Ig superfamily, 

contain intracellular immunoreceptor tyrosine-based inhibitory (ITIM) motifs and are 

broadly expressed by myeloid cells and lymphocytes84–86. ITIM motifs downregulate cell 

activation by antagonizing activation signals in many different immunological contexts, 

such as NK-cell activation, T and B cell activation and myeloid cell activation after PRR 
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engagement87. It is therefore conceivable that RIFIN interaction with these, and 

potentially other ITIM containing receptors, serve to negatively regulate immune 

responses during infection, a hypothesis which has been confirmed in initial studies81. 

However, the immunological context in which RIFINs engage ITIM-containing receptors 

and how this interaction impacts on the development of immunity, disease 

manifestations and parasite clearance mechanisms during blood stage malaria remains 

incompletely understood. 
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1.3.2. Host sensors of Plasmodium blood stage PAMPs 

Research into innate immunity to blood stage Plasmodium infection has focused on 

identifying parasite immune-stimulatory ligands and their host cell receptors, with the 

aim to identify therapeutic targets for ameliorating excessive inflammation during 

severe malaria88, to understand how innate immunity controls parasitaemia early in 

infection and to identify pathways responsible for the induction of an adaptive immune 

response89. Several blood stage PAMPs and their cognate sensors have been identified 

in the past decades89. 

 

Glycosylphosphatidylinositols (GPIs) are complex lipid, carbohydrate and phosphate 

containing molecules that are common in all eukaryotic life and function by anchoring 

proteins to membranes90. Plasmodium GPIs contain conserved molecular features that 

are distinct from human GPIs90. Together with their ubiquitous expression on the 

parasite cell surface, GPIs are prime targets for PRR recognition. Indeed, seminal studies 

identified P. falciparum GPIs as immune stimulatory ligands for innate cells that induced 

production TNFα and IL-1ß in macrophages and resulted in immune pathology in mice 

upon injection91. TLR2 was later identified to be the receptor for GPI of several 

protozoan parasites including plasmodia92,93. Intriguingly, vaccination with Plasmodium 

GPIs seems to induce some resistance to cerebral malaria in the P. berghei model94, 

giving credit to the idea that PRR driven excessive inflammation may be underlying some 

pathology mechanisms of severe malaria and highlighting a potential role for anti-GPI 

vaccines in preventing severe disease manifestations.  

 

A second well-characterized blood stage PAMP is hemozoin. Through digestion of 

haemoglobin, intraerythrocytic Plasmodium parasites generate large amounts of heme, 

which can produce free radicals in the parasites’ digestive vacuoles. To detoxify heme, 

Plasmodium parasites enzymatically convert it into a insoluble crystallized form, 

hemozoin, that is released into the bloodstream during rupture of the infected red blood 

cell95. Hemozoin has been studied extensively in its ability to induce innate activation 

and has led to many confusing findings mainly due to its ability to complex many 

biological entities including lipids and nucleic acids that themselves can activate 

PRRs96,97. The study of synthetic hemozoin that is free of contaminants has ultimately 
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led to the notion that hemozoin itself is relatively inert to innate cells, but functions by 

delivering PRR ligands to their respective receptors98. However, there are reports that 

synthetic hemozoin activates the NLRP3 inflammasome, although the exact mechanism 

of activation remains elusive99–101. 

 

The investigation of hemozoin as a malaria PAMP is tightly connected to the study of 

plasmodial DNA as activating ligand of innate immune cells. It was first thought that 

hemozoin is the activating ligand of TLR9102,103 but it later turned-out to be plasmodial 

DNA that was bound to hemozoin98. Interestingly, hemozoin seems to have an 

adjuvating effect when it is complexed with DNA98, supposedly by allowing DNA access 

to the cytosol where it also activates cytosolic DNA sensors101. However, it is still unclear 

how hemozoin escapes from endosomes. Several studies are highlighting the role of 

TLR9 and TLR7 in activating a type I IFN response after detection of Plasmodium DNA104–

106. In addition, type I IFN production was also shown to be induced after cGAS-mediated 

detection of Plasmodium DNA in the cytoplasm107. Again, the authors show that DNA 

access to the cytosol is apparently mediated by complex formation with hemozoin107. 

 

While much research has been done on Plasmodium DNA sensors, RNA sensing 

mechanisms and their role during disease are less well understood. While in mice, MDA5 

seems to be activated during blood stage P. yoelii infection to signal via MAVS the 

production of type I IFNs108, the activating ligand for MDA5 has not clearly been 

identified yet. Interestingly, the authors found that ablating IFN production after 

cytosolic DNA or RNA sensing protected mice from lethal P. yoelii challenge, while 

abrogating endosomal nucleic acid sensing through TLR7 and TLR9 did not108. These 

findings point towards a complex interplay between innate interferon pathways during 

blood stage infection that has yet to be untangled.  

 

In numerous studies, many inflammatory mediators of innate immune cells such as pro-

inflammatory cytokines and type I interferons have been found to be both protective 

and detrimental during malaria infection, showcasing both the complexity of the innate 

response and its need to be finely spatiotemporally regulated to ensue best outcomes 

for the host109.  
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1.3.3. Innate immunity to pre-erythrocytic stages 

Data on innate immunity to pre-erythrocytic stages of malaria are relatively scarce given 

its importance in programming adaptive immune responses after sporozoite 

vaccination. This is due to the difficulty of obtaining large quantities of sterile 

sporozoites. In mice, intrahepatic stages have been shown to induce a type I IFN 

response that was dependent on parasite replication, as irradiated parasites induced 

markedly reduced levels of IFN expression. The same work also identified MDA5 as a 

host sensor for parasite RNA in the cytosol; however, a muted IFN response was still 

present in Mda5-/- mice110. In contrast, MAVS deficient mice seemed to have a 

completely abrogated IFN response, indicating that a second, yet unidentified, 

cytoplasmic sensor for Plasmodium PAMPs exists that signals via MAVS to induce IFN 

expression110. The exact cell type that senses Plasmodium RNA has not been 

identified110. Simultaneously, a second group identified both type I IFNs and IFNγ as 

players in innate immune-mediated suppression of live stage development111. 

Experiments by Miller and colleagues point towards a role for type I IFN in recruiting NK 

cells to the liver that produce IFNγ and thereby reduce hepatic parasite burden111. A 

possible mechanism through which IFNγ can mediate a reduction of liver stage burden 

has been identified shortly after, wherein IFNγ increases an LC3-mediated alternative 

autophagy pathway that kills intrahepatic parasites112. Indeed, more recent findings 

point towards a tight interplay between host autophagy and parasite autophagy evasion 

pathways113. Taken together, these studies indicate that innate immunity to 

intrahepatic stages is likely to have a role in supressing liver parasite burden. However, 

the contribution of intrahepatic development to the induction of sterile immunity is less 

well understood and overall human data is lacking. 

 

While sporozoites are evolutionary optimized for their journey to the liver, only a few 

actually manage to infect hepatocytes with the remaining sporozoites being cleared by 

cells of the innate immune system. Thus, these unsuccessful sporozoites likely 

contribute to innate activation and are a source of antigen for T and B cell activation and 

germinal centre reactions. In vivo tracking of fluorescent reporter expressing 

sporozoites after intradermal injection revealed that similar numbers of viable P. 

berghei sporozoites reached the liver or remained in the skin114. Importantly, 
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sporozoites were found in subcapsular zones of skin draining lymph nodes (dLNs)114,115. 

Radtke and colleagues115 further found that sporozoites were taken up into dLN resident 

CD8+ DCs and that these DCs proceeded to efficiently prime CD8+ T-cells. The important 

role for CD8+ cDC1s in priming CD8+ T-cells after sporozoite vaccination was also shown 

in Batf3-/- mice which lack cDC1s116,117. In addition, targeted expression profiling of dLNs 

24 h after sporozoite injection revealed elevated expression of CXCL9, CXCL10, 

Granzyme B and IFNγ114. Work done with the P. yoelii model further suggested that 

priming in dLNs after subcutaneous sporozoite injection is sufficient to induce sterile 

immunity118. In the same model, IFNγ, dendritic cells as well as CD4+ and CD8+ T-cells 

played important roles during the induction phase, while CD8+ T-cells were most 

important for protection from challenge later on118. While these studies define a 

roadmap for the generation of protective immunity after intradermal injection, how 

these mechanisms translate to intravenous injection of sporozoites, which has been 

shown to be more efficacious in human trials, is largely unknown.  

 

Another set of interesting observations regarding the induction of adaptive immune 

responses following sporozoite vaccination came from CHMI studies of vaccinated 

volunteers. Surprisingly, RNA sequencing of PBMCs isolated from vaccinated individuals 

identified that elevated expression of two genes encoding γδ TCRs (TRDV2 and TRGV9) 

were associated with protection from subsequent mosquito-bite challenge117. 

Subsequent experiments in mice revealed that depletion of γδ T-cells during vaccination 

but not during challenge was necessary for protection of mice, highlighting a role for γδ 

T-cells in the induction of adaptive immune responses117. Further interrogation showed 

that γδ T-cells and CD8+ cDC1s were required to induce CD8+ T-cells but not CSP-specific 

antibodies117. Supporting evidence for a role for γδ T-cells during vaccination comes 

from observations that sporozoite vaccination increased frequencies of Vγ9+ Vδ2+ T-cells 

in human volunteers, and that even before vaccination, γδ T-cells in in vitro PfSPZ-

stimulated PBMCs produced IFNγ119.  

 

Whilst studying sporozoite fate and innate immune interactions in vivo provides highly 

valuable information, in vitro data characterizing interactions of sporozoites with host 

cells is still relatively scarce, albeit likely to give hints about mechanistic underpinnings 

of sporozoite-induced innate activation. First experiments were done by co-culturing P. 
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yoelii sporozoites with mouse peritoneal macrophages and revealed that sporozoites 

induced respiratory burst in macrophages120. Interestingly, frequencies of activated 

macrophages were lower when using salivary gland sporozoites than when immature 

oocyst-like sporozoites were used, leading the authors to speculate that mature 

sporozoites possess means to reduce macrophage activation120. Shortly after, 

Vanderberg and colleagues121 characterized sporozoite macrophage interactions in vitro 

using live cell imaging and discovered multiple modes of host-parasite interaction. 

Importantly, sporozoites were shown to actively penetrate into and subsequently egress 

from macrophages, a process that in some cases led to the destruction of the innate 

cells121. This traversal process has subsequently been shown to be of great importance 

for sporozoites in vivo to leave the dermis after deposition through a mosquito bite and 

to overcome the Kupffer cell-barrier prior to infecting hepatocytes122,123. While research 

into mechanistic basis of host-cell traversal is ongoing124, it has become clear that host-

cell traversal induces the loss of macrophage plasma membrane integrity125 and 

activates Kupffer cells126.  

 

More recently, Zhang et. al127 set out to identify TLRs activated by P. yoelii sporozoites 

by incubating TLR reporter cell-lines with sporozoite lysate. Interestingly, the group 

identified TLR2 as the main TLR to be activated and showed that TLR2 deficient mice had 

higher liver stage burden after intravenous sporozoite injection and failed to express 

inflammatory cytokines in the liver127. While this data provides a compelling hypothesis 

and is in line with findings of TLR2 activation by blood stage parasites, the authors failed 

to investigate the type I IFN response in the liver of TLR2 deficient mice which would 

have provided insights about whether or not TLR2 acts in concert with Mda5 and MAVS 

to induce a hepatic type I IFN response127. Another recent in vitro study characterized 

human innate cell co-culture with P. berghei and P. falciparum sporozoites128. 

Interestingly, the investigators found that sporozoites more often ended up in monocyte 

derived macrophages (moMs) than in monocyte derived dendritic cells (moDCs)128. 

While the authors did find pro-inflammatory cytokines IL-6 and IL-1ß in the supernatants 

of co-cultured macrophages, they also measured anti-inflammatory cytokine IL10 and 

PD-L1 which led them to conclude that sporozoite encounter induced a regulatory 

phenotype in human innate cells128. Taken together, both of these studies only paint 

incomplete pictures of innate cell activation by sporozoites. Importantly, experimental 
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design in both studies does not completely rule out the possibility of interfering factors 

from mosquito salivary glands to be partly responsible for the findings.  
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1.4. Aims and rationale 

With the low and quickly declining efficacy of RTS,S and low feasibility of PfSPZ vaccines, 

a next generation of antimalarial vaccines is urgently needed to eradicate malaria. While 

finding new antigen targets for this next generation of vaccines is of high importance, 

vaccine efficacy also depends on stimulating the right kind of immune response through 

adjuvant or vector usage. Surprisingly, mechanistic function of most adjuvants used to 

date are incompletely understood and most adjuvant systems, such as the AS01 used in 

RTS,S, have been discovered through trial-and-error129. Therefore, a more in-depth 

understanding of how innate immune cells are activated during natural malaria infection 

and during vaccination with sporozoites might pave the way towards more evidence-

driven adjuvant and vaccine design.  

 

While sporozoite vaccination has been used as a blueprint to study effector mechanisms 

and targets of the adaptive immune system that correlate with protection, it has 

scarcely been used as a blueprint to understand the type of innate immunity that 

sporozoites induce that ultimately establishes the most adequate adaptive immune 

response. In addition, despite efforts into research on innate immunity to blood stage 

Plasmodium infection, it is not clear yet why blood stage parasites induce suboptimal 

adaptive immune responses.  

 

This work aimed to elucidate innate immune mechanisms that enable the highly 

targeted and effective adaptive responses after sporozoite vaccination. In particular, in 

vitro co-culture systems were developed to gain in-depth mechanistic understanding of 

interactions between Plasmodium sporozoites and innate immune cells. In addition, 

innate cell interactions with blood stage parasites were investigated, allowing direct 

comparison of innate responses to both sporozoite and blood stage parasites.  
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2.1. Reagents, buffers and media 

Table 2.1: Reagents used in this study. 

NAME VENDOR 

PBS Sigma 
ACK Lysis buffer Life Technologies 
RPMI 1640 ThermoFisher 
DMEM ThermoFisher 
HEPES 1M Sigma-Aldrich 
2-Mercaptoethanol Life Technologies 
L-glutamine  Life Technologies 
Penicillin/Streptomycin ThermoFisher 
Gentamicin Sigma 
Fetal Calf Serum (FCS) Life Technologies 
Bovine Serum Albumin (BSA) Sigma-Aldrich 
NaHCO2 Sigma-Aldrich 
NaOH Sigma-Aldrich 
Hypoxanthine Sigma-Aldrich 
Albumax I Gibco 
Lymphoprep Stemcell 
Pancoll (1.077 g/l) Pan Biotech 
DMSO Merck 
Non-essential amino acids (NEAA) 100x Sigma 
Lymphoprep Stemcell 
PBS (no calcium, no magnesium) ThermoFisher/Sigma 
Tween 20 Sigma 
AccuStain Giemsa Sigma 
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Table 2.2: Buffers and Media used in this study. 

NAME COMPOSITION 

Complete RPMI medium 

RPMI 1640, 50 U/ml Penicillin, 50 µg/ml 
Streptomycin, 10 % (v/v) heat 
inactivated FCS, 5 mM HEPES, 1x NEAA, 
2 mM l-glutamine 

RPMI medium 
RPMI 1640, 50 U/ml Penicillin, 50 µg/ml 
Streptomycin, 10 % (v/v) heat 
inactivated FCS 

DMEM medium 
DMEM, 50 U/ml Penicillin, 50 µg/ml 
Streptomycin, 10 % (v/v) heat 
inactivated FCS 

Wash medium (P. falciparum culture) 
RPMI 1640, 25 mM HEPES, 100 µM 
hypoxanthine, 12.5 µg/ml gentamicin 

Culture medium (P. falciparum 
culture) 

RPMI 1640, 25 mM HEPES, 0.5 % (w/v) 
Albumax I, 100 µM hypoxanthine, 12.5 
µg/ml gentamicin, 1.77 mM sodium 
bicarbonate 

FACS buffer 
PBS, 0.5 % (v/v) heat inactivated FCS, 
2mM EDTA 

ELISA blocking & dilution buffer PBS, 1 % (v/v) BSA 
ELISA wash buffer PBS, 0.1 % (v/v) Tween 20 
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2.2. Parasites 

2.2.1. P. berghei 

A GFP transgenic P. berghei ANKA strain122 was used throughout this thesis and is 

denoted as ‘wild type’. It expresses GFP under the control of the HSP70 promotor. In 

addition, a previously described spect1 deficient P. berghei strain130 was used and is 

denoted as ‘spect1-/-‘. 

 

2.2.1.1. Insectary 

P. berghei sporozoites were bred in our in-house insectary by Yeping Cai. To generate 

sporozoites, 300 to 400 Anopheles mosquitoes per cage were allowed to feed on 2 P. 

berghei infected mice with around 1 % parasitaemia for 30 minutes and subsequently 

kept for at least 15 and up to 22 days, before sporozoites were harvested.  

 

2.2.1.2. Sporozoite preparation 

Mosquitoes were collected in a pre-cooled tube connected to a negative pressure outlet 

and directly transferred onto ice. Once immotile, mosquitoes were dissected under a 

dissection microscope (Olympus) fitted with a GFP emission filter set and excitation 

lamp. To extract sporozoites, the mosquito head was carefully removed from the torso, 

allowing for the salivary glands to be removed from the thorax. In cases were the salivary 

glands were not removed with the head, gentle pressure was applied to the thorax until 

the salivary glands were squeezed out. Whenever GFP transgenic parasite lines were 

used, sporozoite-containing salivary glands were identified as bright GFP positive. 

Salivary glands were then carefully separated from the mosquito material with a syringe 

and transferred into an Eppendorf tube containing pre-cooled PBS. Collected salivary 

glands were then gently homogenized using a pestle and subsequently filtered once 

through a sterile 70 µm cell strainer (BD Biosciences).  

2.2.1.3. Blood stage parasites 

Blood stage parasites were obtained from infected mice with parasitaemia of around 1 

to 5 %. Blood was collected from a small tail vein incision and collected into heparin 
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containing Eppendorf tubes. Blood was then diluted 1:200 in PBS and kept on ice until 

use. 

2.2.1.4. FACS sorting parasites 

Within 1 h of collection, sporozoites or blood stage parasites were sorted using either a 

BD FACS Aria II or a BD FACS Symphony that were housed in S2 cabinets. Cell sorters 

were monitored weekly for bacterial contamination and thoroughly cleaned before 

parasite sorting to avoid contamination. Parasites were gated on a log FSC vs GFP plot 

and sorted directly into 96 or 384 well tissue culture plates using either 100 µm or 70 

µm nozzle and purity mode set to ‘single cell’. Due to volume constraints, a maximum 

of 5x105 parasites were sorted into a well of a 96 well plate or 2x105 into a well of a 384 

well plate. 

2.2.2. P. falciparum 

P. falciparum 3D7 line was used as genetic background for all experiments in this thesis 

and will be denoted as ‘wild type’.  

2.2.2.1. Blood stage culture 

Parasites were cultured in freshly collected 0+ erythrocytes according to previously 

established protocols131. In short, 10 ml of fresh blood was collected in heparin, spun 

down at 450 rcf for 10 minutes and supernatant was discarded. Then, blood was mixed 

1:1 with wash medium and carefully layered over 5 ml Lymphoprep (Stemcell) in a 15 

ml falcon tube. After another spin down at 450 rcf for 20 minutes, supernatant was 

discarded, and remaining RBCs washed twice in wash medium. RBCs were stored at 4°C 

for up to 7 days before use. Parasites were maintained at 1 to 10 % parasitaemia and 1 

% haematocrit, adding fresh RBCs and culture medium and splitting the culture every 2 

days. Blood stage culture was incubated in P175 flasks at 37 °C and 5 % CO2 in a 

humidified incubator.  

2.2.2.2. Giemsa staining 

To assess parasitaemia, a drop of the blood stage culture was smeared on a microscopy 

slide and left to dry for a couple of minutes. Then, the slide was quickly dipped into 

methanol and left to dry again after which the slide was placed into 10 % v/w Giemsa 
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solution (Merck) for 5 minutes. The stained slide was then carefully washed with distilled 

water and percentage of infected RBCs counted using light microscopes fitted with 100x 

oil-emersion objectives. 

2.2.2.3. Magnetic purification of late-stage parasites 

Late-stage infected erythrocytes were purified from the blood stage culture using MACS 

columns. In short, MACS LS columns (Miltenyi) were placed into a 4-fold magnetic stand 

(Miltenyi) and rinsed with sterile PBS. Then, around 15 ml of blood stage culture at 1 % 

haematocrit and 1 to 30 % parasitaemia was added sequentially to each column, making 

sure it never dried out. Columns were then washed twice with 5 ml sterile PBS and 

removed from the magnetic stand. Parasites were eluted from the columns with 5 ml 

sterile PBS containing 2 mM EDTA and collected in to 15 ml falcon tubes. Tubes were 

then spun down at 300 rcf for 5 minutes, supernatants carefully removed, and parasites 

resuspended in 120 µl PBS. Concentration of purified parasites was assessed using 

Neubauer haemocytometers while parasitaemia was measured with Giemsa smears. 

Parasitaemia of purified blood stage culture was usually between 95 and 99 % with 

almost exclusively late-stage parasites present. 

 

  



 35 

2.3. Mouse experiments 

2.3.1.1. Immunization experiments 

For P. berghei sporozoite vaccination experiments, dissected and filtered sporozoites 

were attenuated with 220kRad gamma radiation in a MultiRad225 Irradiator (Flaxitron). 

Sporozoites were then counted in a Neubauer cell counter and 2.5x105 sporozoites were 

i.v. injected per mouse. To monitor CD8 T-cell activation and antibody production after 

vaccination, peripheral blood was collected through tail vein incisions. To assess γδT-cell 

and innate immune cell activation, mice were euthanized via cervical dislocation to 

harvest spleens. 

 

2.3.2. Preparation of single cell suspension from spleen 

Harvested spleens were kept in cold PBS until use. To obtain single cell suspensions, 

spleens were mashed through a 70 µm cell strainer with the plunger of a 3 ml syringe 

(Terumo). Cells were collected in a 50 ml falcon tube, spun down once at 500 rcf for 5 

minutes at 4 °C and resuspended in 1 ml FACS buffer before being counted in a 

Neubauer haemocytometer. 

2.3.3. Collection of sera 

Blood of immunized or naïve mice was collected from tail vein incisions into Eppendorf 

tubes, allowed to clot and spun down at 2000 rcf for 10 minutes. Serum was then 

transferred into empty Eppendorf tubes and stored until use at -80 °C.  

2.3.4. Bone marrow derived macrophages 

To generate BMDMs, mice were euthanized via cervical dislocation and femur and tibia 

dissected and placed into cold PBS until use. In a sterile hood, bones were then flushed 

out with a syringe containing BMDM culture media, while collecting the flushed-out cells 

in a 50 ml falcon tube. Flushed out cells were then homogenized by repeated flushing 

through a syringe and finally placed in a sterile tissue culture dish. Cells were then 

incubated for 5 days at 37 °C, 5 % CO2 in a humidified incubator, changing the medium 

on days 2 and 4. On day 5, BMDMs were harvested by gently scraping the tissue culture 
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dishes, spun down at 300 rcf for 5 minutes and resuspended in DMEM containing 10 % 

fcs and 1 % P/S. For seeding in 96 well plates, concentration was adjusted to 1 x 106 cells 

per ml and cells seeded in 100 µl per well. In cases where experiments were done in 384 

well plates, concentration was adjusted to 2 x 105 cells per ml and cells were seeded in 

50 µl per well. Cells were allowed to rest for 12 to 36 h before challenge. 
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2.4. Experiments with primary human cells 

Fresh human whole blood was obtained from DRK Blutspendedienst Dresden. Buffy 

coats were carefully opened with a scalpel, whole blood collected with a serological 

pipette and mixed 1:1 with RPMI. Then, blood was carefully layered over 25 ml Ficoll 

(Pancoll) in 50 ml tubes and spun for 25 minutes without brakes at 500 rcf at 4 °C. The 

PBMC layer was carefully collected, washed 3 times with RPMI and resuspended in RPMI 

medium.  

2.4.1. Flow sorting human monocytes 

Human PBMCs were depleted for RBCs, T and B-cells, NK cells and Neutrophils using the 

monocyte negative enrichment panel and MACS magnetic columns. In short, cells were 

stained with the myeloid cell enrichment antibody mix (biotinylated anti-human CD56 

clone HCD8, anti-human CD3 clone SK7, anti-human CD19 clone HIB19, all 1/50) in FACS 

buffer, incubated for 30 minutes on ice and washed 3 times in FACS buffer before they 

were incubated with streptavidin labelled magnetic beads (Miltenyi Biotech) for 5 

minutes on ice. Then, cells were transferred into a EasySep magnetic stand (Miltenyi 

Biotech) and incubated for another 5 minutes. Cells were then carefully decanted into a 

fresh tube while keeping the old tube inside of the magnet to retain cells bound to the 

magnetic beads. Myeloid cell enriched PBMCs were then stained with the monocyte 

sorting panel (Table 2.3) as described in section 2.4, washed twice in FACS buffer and 

sorted using a BD Aria I fitted with a 100 µm nozzle and running in ‘purity’ mode into 

falcon tubes containing complete RPMI medium at 4 °C. Classical monocytes were gated 

as live, lineage negative, HLA-DR+, CD16+ and CD14-. After sorting, cells were spun down 

at 300 rcf for 10 minutes and concentration of the sorted APC populations was adjusted 

to 1 x 106 cells per ml and cells seeded in 100 µl per well in 96 well plates. 
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Table 2.3: Antibody panel used for sorting of classical monocytes 

TARGET CLONE VENDOR FLUOROCHROME DILUTION 

HLA-DR L243 Biolegend BV421 100 
CD14 HCD14 Biolegend  APC-Cy7 100 
CD16 B73.1 Biolegend APC 100 
CD19 HIB19 Biolegend PerCP 50 
CD3 SK7 Biolegend PerCP 50 
CD56 HCD8 Biolegend PerCP 50 
CD141 1A4 Biolegend BV510 50 
7AAD - Biolegend - 100 
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2.5. In vitro stimulation experiments 

In vitro stimulation experiments were carried out in 96 or 384 well tissue culture plates 

(obtained from ThermoFisher for mouse experiments, Corning for experiments with 

human cells) in 100 µl or 50 µl final volume per well, respectively. After target cells were 

seeded and rested, stimuli were added, and cells spun down for 10 minutes at 300 rcf. 

Cells were then incubated at 37 °C and 5 % CO2 in humidified incubators. After 

incubation, cells were spun down for 10 minutes at 300 rcf to stop the experiment. 

Supernatants were collected and stored at -80 °C until use. In some cases, supernatants 

were stored at -20 °C for up to 4 weeks. Cells were harvested in pre-cooled FACS buffer 

by pipetting up and down to detach them from the well bottoms. Cells were then 

transferred into 96 well u-bottom plates and stained as described in section 2.4.5. In 

cases were some of the stimuli were added by FACS sorting (P. berghei sporozoites and 

blood stage), medium was carefully changed in all wells after an initial spin-down at 300 

rcf for 10 minutes to make sure that all wells contained equal volumes of non-diluted 

media. Then, remaining stimuli were added as above. 

2.5.1. Stimuli 

For most positive controls, 500 ng ml-1 LPS (Enzo Life Sciences) was added to the cells. 

To activate the NLRP3 inflammasome, cells were primed with 500 ng ml-1 LPS for 4 h and 

activated with 5 mM ATP (Roche). For RNA stimulation experiments of human 

monocytes, RNA was complexed with an equal amount (w/w) of poly-L-arginine (Sigma) 

in PBS at room temperature for 15 minutes directly prior to stimulation with a final 

concentration of 240 ng/ml. Bacterial RNA was obtained from LPS-free E. coli (ClearColi, 

Lucigen) using the Direct-zol RNA miniprep plus RNA isolation kit (ZymoResearch). 

Human RNA was obtained from the BLaER1 cell line132 using the Direct-zol RNA miniprep 

plus RNA isolation kit. P. falciparum RNA was obtained from the in vitro culture using 

phenol-chloroform extraction. In short, the culture was spun down at 300 rcf for 5 

minutes. Pelleted RBCs were then lysed in TRIzol (ThermoFisher) and spun down. Next, 

the aqueous phase was collected and subjected to two subsequent phenol-chloroform 

extractions following standard protocols to prevent protein or DNA contamination of 

the extracted RNA. Next, RNA was washed with Isopropanol and Ethanol and 

resuspended in water. Purity of RNA used for stimulation experiments was confirmed 
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using a NanoDrop spectrophotometer (ThermoFisher). For negative controls, respective 

volumes of PBS were added to the wells. 
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2.6. Flow cytometry 

Single cell suspensions were obtained from either spleen, peripheral blood or cell 

culture experiments. Cells from spleen and cell culture experiments were stained in 96 

well u-bottom plates (ThermoFisher), while cells obtained from mouse peripheral blood 

were stained in 1.5 ml Eppendorf tubes. First, unspecific antibody binding was blocked 

by pre-incubating cells with Fc-Block (TrueStain, Biolegend) at 1:100 dilution in FACS 

buffer for 10 minutes at 4 °C. Then, pre-made antibody cocktails in FACS buffer were 

added to the cells to reach antibody dilutions shown in the respective tables (Tables 4 

to 8) and cells incubated for another 30 minutes at 4 °C in the dark. Cells were then spun 

down at 450 g for 5 minutes and washed 3 times with FACS buffer. Peripheral blood 

samples were additionally treated with 700 µl ACK lysis buffer (Life Technologies) for 15 

minutes on ice and subsequently washed twice with FACS buffer. 7AAD (Biolegend) was 

added at 1:100 dilution before cells were acquired on either a BD LSRII, BD Fortessa or 

BD Accuri C6 flow cytometer. 

 

 

Table 2.4: Antibody panel for assessing peripheral CD8 T-cell activation (all anti-mouse 
antibodies). Acquired on a BD Fortessa. 

TARGET CLONE VENDOR FLUOROCHROME DILUTION 

CD8 53-6.7 Biolegend BV421 100 

CD44 IM7 Biolegend APC 100 

CD11a M17/4 Biolegend PE-Cy7 100 

CD62L MEL-14 Biolegend PE 100 

7AAD - Biolegend - 100 

 

 

 

Table 2.5: Antibody panel used to assess activation of splenic γδT-cells (all anti-mouse 
antibodies). Acquired on a BD Fortessa. 

TARGET CLONE VENDOR FLUOROCHROME DILUTION 

CD3 17A2 Biolegend APC-Cy7 100 
γδTCR  GL3 BD Biosciences BUV395 100 
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CD25 PC61 Biolegend PE 100 
CD69 H1.2F3 Biolegend PacBlue 100 
CD49d MFR4.B Biolegend APC 100 
CD11a M17/4 Biolegend PE-Cy7 100 
7AAD - Biolegend - 100 

 

 

Table 2.6: Antibody panel to assess CD201 and CD80 expression on splenic myeloid cell 
subsets (all anti-mouse antibodies). Acquired on a BD Fortessa. 

TARGET CLONE VENDOR FLUOROCHROME DILUTION 

Ly-6G 1A8 Biolegend BUV395 400 
Ly-6C HK1.4 Biolegend PerCP-Cy5.5 200 
CD11b M1/70 Biolegend BV510 400 
CD11c N418 Biolegend BV421 200 
CD201 RCR-16 Biolegend APC 100 
CD80 16-10A1 Biolegend PE-Cy7 100 
CD8a 53-6.7 Biolegend AF700 200 
B220 RA3-6B2 Biolegend BV605 200 
CD3 17A2 Biolegend APC-Cy7 200 
LIVE/DEAD 
fixable Near-IR 

- ThermoFisher - 1000 

 

 

Table 2.7: Antibody panel to quantify CD201 surface expression on stimulated mouse 
macrophages. Measured on a BD LSRII. 

TARGET CLONE VENDOR FLUOROCHROME DILUTION 

CD201 RCR-16 Biolegend APC 100 
7AAD (L/D) - Biolegend - 100 

 

Table 2.8: Antibody panel used to assess activation of stimulated primary human 
classical monocytes. Acquired on a BD Accuri C6. 

TARGET CLONE VENDOR FLUOROCHROME DILUTION 

CD80 2D10 Biolegend APC 200 

CD86 IT2.2 Biolegend FITC 200 

CD40 5C3 Biolegend PE 200 

HLA-DR L243 Biolegend PE-Cy7 200 
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2.6.1. Imaging Cytometry 

Single cell suspensions were spun down for 5 minutes at 300 rcf and resuspended in 100 

µl FACS buffer. Before analysis, 1 µl 7AAD was added to the cells. Cells were then 

analysed on a Amnis ImageStream MKII according to the manufacturer’s instructions. 

Data was analysed with Amnis IDEAS software. Sporozoite internalization by 

macrophages was identified using the internalization wizard.  
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2.7. ELISA 

2.7.1. Cytokine ELISA 

Human IL-1ß, TNF, IL-6, IL10 and IL-12p40 ELISAs were sourced from Biolegend and 

generally used to manufacturer’s instructions in 96 well MaxiSorp plates (Thermo 

Fisher). In addition, HRP reaction with TMB (Biolegend) was stopped using 3 M sulphuric 

acid and absorption read at 490 nm. Standard curves and samples were run in technical 

duplicates on each plate and averaged during analysis. All other human cytokines were 

measured using a custom bead-based ELISA (Legendplex, Biolegend), according to 

manufacturer’s instructions and analysed on a BD Accuri C6 cytometer. Mouse IL-1ß, 

IL6, TNF and CXCL1 were measured using a custom bead-based multiplex ELISA 

(Luminex) which was performed by Ching Ngo. Mouse CXCL2 was measured using a 

DuoSet ELISA kit (R&D) following manufacturer’s recommendations in 96 well Nunc 

MaxiSorp plates (ThermoFisher). o-Phenylenediamine (Sigma) was used as HRP 

substrate and the reactions were stopped with 1% (v/w) sodium dodecyl sulphate. 

Absorption was read using a VICTOR Nivo plate reader (PerkinElmer) at 450 nm. 

Standard curves and biological samples were run in technical duplicates which were 

averaged during analysis. 

2.7.2. Antibody ELISA 

Antibodies targeting P. berghei CSP in immunized or naïve mice were measured using 

in-house developed ELISAs. In short, Nunc MaxiSorp plates (ThermoFisher) were coated 

overnight with 1 µg/ml streptavidin (Sigma) in PBS. On the next day, plates were washed 

with ELISA washing buffer, blocked for 1 h in ELISA blocking buffer and incubated with 

biotinylated recombinant P. berghei CSP (1 µg/ml in PBS, Genscript) for 1 h at room 

temperature. Next, plates were thoroughly washed and incubated with sera collected 

from immunized mice in serial dilutions for 2 h at room temperature. After another 

washing step, HRP anti-mouse total IgG or HRP anti-mouse IgM (both Southern Biotech) 

antibodies were added to the wells (1 in 10000 dilution) for 1 h. Next, plates were 

washed 5 times and developed using KPL peroxidase components A and B (SeraCare). 

Reaction was stopped with 1% (v/w) sodium dodecyl sulphate and read at 450 nm on a 
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VICTOR Nivo plate reader. Antibody concentrations were calculated as area under the 

dilution curve (AUC).  
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2.8. RNA Sequencing 

The SmartSeq2133 protocol was adapted in this thesis to generate transcriptomes of 

small numbers of bulk sorted macrophages. SmartSeq2 was originally developed for 

single cell RNA sequencing where single cells are obtained by flow sorting into wells of 

a plate preloaded with cell lysis buffer. Subsequent reverse transcription using poly-A 

primers targets whole length mRNA for cDNA synthesis and introduces an LNA-

containing template switching oligo (TSO). A subsequent PCR using the introduced 

handles amplifies the cDNA fragments which are then tagmented and labelled using 

TruSeq chemistry from Illumina. Wells are pooled only after cDNA has been labelled with 

TruSeq primers right before sequencing.  

2.8.1. SmartSeq2 optimization for bulk macrophages 

Initial experiments with 50 sorted macrophages per well revealed suboptimal cDNA 

quality after reverse transcription using the standard smartSeq2 protocol. We thus 

sequentially optimized the sorting step, the lysis buffer composition, the reverse 

transcription and the PCR step to obtain optimal cDNA quality. Parameters optimized 

and final conditions used can be found in Table 2.9. 

 

 

Table 2.9: Parameters optimized for SmartSeq2-based transcriptional profiling of bulk 
sorted mouse macrophages. 

PARAMETER ORIGINAL  TESTED OPTIMIZED  

Tween concentration 
in lysis buffer 0.2 % 0.2 % to 2 % 1 % 

Lysis buffer volume 10 µl 2 µl to 10 µl 2 µl 

RNase inhibitor 
concentration  2 U/µl 2 U/µl to  

20 U/ µl No improvement 

Polymerase for PCR KAPA Hifi CloneAmp 
HIFI, KAPA HIFI KAPA Hifi 

Sorter nozzle size Not 
mentioned 70 µm, 100 µm 100 µm showed 

improved accuracy 
Number of cells 
sorted/well 1 5 to 100 50 

PCR cycles 16-18 16 to 28 22 
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2.8.2. Cell sorting and lysis 

First, rigid 96 well PCR plates (ThermoFisher) containing 2 µl modified SmartSeq2 lysis 

buffer (Table 2.10) were prepared and kept on ice until use. Macrophages were then 

washed from the wells and sorted after adding 7AAD. Macrophages were gated as 7AAD 

negative single cells and GFP- as well as GFP+ populations were sorted into different 

wells. Per condition and population, 3 to 6 technical replicates of 50 cells were sorted 

into different wells. After sorting, PCR plates were spun down (pulse to 1000 rcf), 

transferred onto dry ice and then stored at -80 °C until use or used directly.  

 

Table 2.10: Modified cell lysis buffer composition. 

REAGENT MANUFACTURER CONCENTRATION 

Tween 20 Sigma-Aldich 1 % w/v 

DTT ThermoFischer 5 mM 

RNase inhibitor Clonetech 2 U/µl 

Water - - 

 

2.8.3. Reverse transcription and PCR 

PCR plates containing lysed cells were incubated at 72 °C for 3 minutes in a PCR cycler 

(Eppendorf). Then, plates were spun down to collect liquid at the bottom of the wells 

and placed on ice. 2 µl RT mix (Table 2.11) was added carefully to each well and plates 

spun down another time to mix. Plates were then placed in a PCR cycler running the 

program shown in Table 2.12. To amplify generated cDNA, 5 µl PCR mix (Table 2.13) was 

then added to each well and plates were spun down again to mix well contents. Plates 

were then placed back into the PCR cycler running the PCR program (Table 2.14) after 

which they were quickly spun down again and stored at -20 °C until further use.  
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Table 2.11: Reverse transcription reaction mix. 

REAGENT MANUFACTURER CONCENTRATION 

SuperScript II ThermoFisher 100 U 
Superscript first strand 
buffer (5x) ThermoFisher 1x 

Betaine  Sigma-Aldrich 1 M 
MgCl2 Sigma-Aldrich 6 mM 

TSO Custom order from 
GenScript 1  

RNase inhibitor Clonetech 10 U/µl 
Water - - 

 

 

Table 2.12: Thermal cycling program for reverse transcription. 

CYCLE TEMPERATURE TIME 

1 42 ˚C 90 min 
2 - 11 50 ˚C 2 min 
 42 ˚C 2 min 
12 70 ˚C 15 min 
13 4 ˚C Hold 

 

Table 2.13: Reaction mix for PCR amplification of cDNA. 

REAGENT MANUFACTURER FINAL CONCENTRATION 

KAPA HiFi Hot Start 
ReadyMix (2x) KAPA Biosciences 1x 

ISPCR primers Custom order 
from GenScript 0.1 µM 

Water - - 
 

Table 2.14: Thermal cycling program for cDNA amplification. 

CYCLE TEMPERATURE TIME 

1 98 ˚C 3 min 
2 - 23 98 ˚C 20 sec 
 67 ˚C 15 sec 
 72 ˚C 6 min 
24 72 ˚C 5 min 
25 4 ˚C Hold 
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2.8.4. cDNA quality control 

For set up and optimization, amplified cDNA quality and quantity was assessed on 1 % 

agarose gels. In some cases, cDNA quality was also checked on a Bioanalyzer (Agilent) 

using high sensitivity DNA chips according to the manufacturer’s instructions. For 

experiment samples, quality of each technical replicate was assessed on an agarose gel 

and replicates with good quality taken forward for tagmentation and sequencing.  

2.8.5. Tagmentation 

cDNA was purified using Ampure XP beads (Beckman Coulter) according to 

manufacturer’s instructions Then, tagmentation was carried out using Illumina TruSeq 

RNA library prep kit v2 according to manufacturer’s instructions. After tagmentation and 

amplification of tagmented cDNA using labelled TruSeq primers (Illumina), DNA was 

purified again with Ampure XP beads. Concentration of purified DNA was assessed using 

Quant-iT pico-green kit (Thermo Fisher). Next, average fragment length of the libraries 

was calculated from 8 representative samples that were analysed on a Bioanalyzer high 

sensitivity DNA chip. DNA molarity for each sample was calculated and adjusted to 0.2 

nM. Then, libraries were pooled. 

2.8.6. Sequencing 

Quality of the pooled cDNA library was confirmed on a high sensitivity DNA chip on a 

Bioanalyzer. Then, cDNA was sequenced on a NextSeq500 platform using paired end 75 

bp reads. 

2.8.7. Sequencing data analysis 

Quality control of raw sequencing data was performed using FastQC. Then, sequencing 

reads were aligned to mouse reference genome GRCm38.98 using Kallisto134 with 30 

bootstraps. Technical replicates were merged at this step. Differential gene expression 

was analysed using DEseq2135 with gene count output of Kallisto imported using 

tximeta136. For DEseq2 differential expression calculations between treatments and 

populations, the design formula was defined as ‘~ treatment + replicate’, where the 

‘replicate’ factor denotes the biological replicate of the experiment. Results for 
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differential expression were extracted by contrasting levels in the ‘treatment’ factor 

(which also included the different populations) while controlling for variation caused by 

the ‘replicate’ factor (= variation attributed to biological replicates). Volcano plots of 

differentially expressed genes were generated using the Enhanced Volcano137 package. 

For functional analysis, gene expression changes were considered significant when 

adjusted p value was < 0.5 and log2 fold change > 2.  To generate heatmaps and to define 

gene sets upregulated specifically with certain treatments, principal component analysis 

was carried out on DEseq2 normalized read counts using base R. Then, normalized read 

counts for genes contributing most to the top 2 principal components were used to plot 

a heatmap clustering both genes and treatments, while removing duplicate genes. Main 

gene clusters specific for each treatment were then extracted (top 200 genes) and used 

for downstream functional analysis. Functional analysis was carried out using 

ReactomePA138 and ClusterProfiler139 package and visualized with enrichplot139 package. 

Transcription factor binding site enrichment analysis was performed with oPOSSUM 

v3.0140. The code generated during this thesis for data analysis and plotting is shown in 

the appendix. 
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Chapter 3: Innate Immune Responses to 

Plasmodium Sporozoites 
 
 

• Set up and characterization of a reductionist in vitro system to investigate innate 

immune responses to sporozoites 

• Small-scale high-throughput RNA sequencing uncovers a distinct and timely 

resolved macrophage expression profile in response to sporozoite encounter 

• Sporozoite-stimulated macrophage gene expression is driven by NF-κB and KLF4 

and features a macroautophagy signature 

• Sporozoite activation of macrophages is partly dependent on the TLR2-MyD88 

pathway 
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3.1. Introduction and Aims 

Studies on innate recognition of Plasmodium parasites have mostly focussed on the 

blood stage forms of the parasite. Blood stage infection with P. falciparum leads – after 

numerous infections are endured – to semi-immunity, yet vaccination with blood stage 

parasites has proven unsuccessful. In contrast, vaccination with the sporozoite stage of 

the parasite has long been known to provide high levels of sterile protection. It is 

therefore surprising that relatively few studies so far have investigated in depth how 

sporozoites activate innate immune cells. 

 

Innate immunity to sporozoites has mostly been studied in vivo by looking at early 

events after intradermal injection of irradiated sporozoites. For example, these studies 

identified the importance of CD8+ cDCs115  and a TH1 skewing cytokine profile114 in 

priming adaptive immune responses. However, gaining clear mechanistic insights into 

sporozoite innate immunity in vivo is complicated due to the inherent complexity of 

interacting cell types, cytokines and other effectors. On the other hand, studying 

sporozoite innate immunity in vitro is hampered by the difficulty to obtain large 

numbers of sterile sporozoites necessary for the scale of typical in vitro experiments. In 

addition, both approaches do not reliably differentiate between sporozoite mediated 

responses and those mediated by factors in the mosquito salivary glands. 

 

In this chapter, a novel reductionist in vitro system is established to investigate innate 

immune responses to sporozoites that allows clear differentiation between sporozoite 

and salivary gland mediated effects. In addition, small-scale RNA sequencing is used to 

circumvent quantitative limitations in sporozoite availability. Using this system, the aim 

of this chapter was to characterize and to gain mechanistic insights into innate immune 

activation induced by Plasmodium sporozoites. 
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3.2. An in vitro System to investigate innate immune activation by 

Malaria sporozoites 

Characterization of innate sensing of the sporozoite stage of the parasite has been 

hampered by the difficulty of separating sporozoite mediated immune responses from 

those mediated by factors in the mosquito salivary glands. We reasoned that flow 

sorting sporozoites based on transgenic GFP expression directly after dissection would 

pose a viable way to physically separate parasites from mosquito cells (Figure 3.1a). 

Indeed, P. berghei sporozoites expressing GFP under the control of the HSP70 

promotor122 formed a distinct GFP+ population when analysed by flow cytometry (Figure 

3.1b). Back-gating on the GFP+ population revealed that most sporozoites fall into a 

population on SSC-H vs FSC-A plots (Figure 3.1c). Interestingly, sporozoites made up 

highly variable amounts of total events in salivary gland extracts ranging from 0.3 % to 

as much 10 % of total events (Figure 3.1d), which highlights the utility of physically 

separating sporozoites from salivary gland contaminants prior to in vitro 

experimentation.  

 

Extensive handling of sporozoites after sorting proved detrimental, as large numbers of 

parasites were lost and a reduction in viability was observed. Instead, to retain as many 

viable parasites as possible and to keep sporozoite handling to a minimum, sporozoites 

were sorted directly into wells of a 96 well plate where BMDMs had been seeded 

previously (Figure 3.2a). Live cell imaging of the BMDM-sporozoite co-culture revealed 

that most sporozoites showed high motility (supplementary video), a surrogate 

commonly used to assess sporozoite viability141. Interestingly, some macrophages 

showed a GFP signal that was mostly highly localized but in cases spread out 

(supplementary video). In agreement with this observation, flow cytometry analysis of 

macrophages after 4 h of co-culture with sporozoites revealed a distinct population of 

GFP+ cells (Figure 3.2b). 

 

Plasmodium sporozoites have been shown to actively traverse a number of cell types in 

vivo, including antigen presenting cells such as macrophages and dendritic cells in the 

skin122 and Kupffer cells in the liver142. To assess whether the GFP+ population of 

macrophages represented macrophages that are phagocytosing a sporozoite or 
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macrophages that are being traversed by a sporozoite, we used imaging cytometry. 

Most macrophages showed localized high intensity GFP signals (Figure 3.2c, cells 

1,2,4,5), in some cases clearly resembling sporozoites and indicating that these cells may 

be actively traversed by viable parasites. In contrast, some GFP+ macrophages showed a 

diffuse GFP signal (Figure 3.2c, cells 3,6), indicative of either previous phagocytosis of a 

sporozoite and diffusion of GFP throughout the lysosomal network, or successful 

destruction of a sporozoite inside of the cytoplasm during traversal.  
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3.3. Small-scale RNA sequencing reveals a distinct expression 

pattern of sporozoite-activated macrophages 

Having set up an in vitro system to investigate sporozoite induced innate immune 

responses, we faced two limitations: i) Salivary glands from infected mosquitoes and in 

extension sporozoites are a relatively scarce resource and were the limiting factor to 

both the number and scale of experiments that we could do. ii) Sorting directly into wells 

limits the amount of sporozoites that can be added to a single well due to sorter PBS 

being added with each sporozoite. This limits the multiplicity of infection (MOI: ratio of 

parasites to macrophages in a well) that can be obtained in our system to 0.5 or 2, for 

96 or 384 well plates respectively. In contrast, in vitro challenge experiments with 

bacteria commonly use MOIs in the range of 5 to 100143 and the amount of the highly 

stimulatory LPS used for positive controls is roughly equivalent to 1 x 106 E. coli or an 

MOI of 10144. Both the scale of the experiment and the MOI potentially constrain the 

amount of stimulation the macrophages are experiencing from the sporozoites, making 

it difficult to detect consequences of the stimulation. Consequently, in preliminary 

experiments, we were not able to robustly detect cytokine readouts for sporozoite 

stimulation. 

 

We reasoned that RNA sequencing would allow us to unbiasedly detect small changes 

in cell states induced by sporozoite encounter. To be able to generate transcriptomes 

from small numbers of cells, we adopted the SmartSeq2 protocol which was developed 

for single cell RNA sequencing133 to prepare cDNA from few (50) bulk sorted 

macrophages. Since the cells are flow-sorted into lysis buffer before RNA extraction, the 

protocol also provided us with the ability to generate cDNA from different populations 

of cells from the same well by sorting them into different wells before lysis. Thus, using 

a modified SmartSeq2 protocol, we were able to measure transcriptomic changes of 

macrophages after stimulation with sporozoites (Figure 3.3a). 

 

When setting up the co-culture system, a key question was whether the initial parasite-

sorting would introduce contamination into the culture. Therefore, a control condition 

was included where PBS from the sorter was added to the macrophages by sorting 

empty droplets of sorter-PBS. Reassuringly, transcriptomes of untreated macrophages 
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were highly similar to those treated with the sorter-PBS (Figure 3.3b) and both groups 

clustered closely together on the principal component analysis (Figure 3.3c). With 

respect to untreated macrophages, only 32 genes were found to be upregulated and 17 

genes were downregulated (adjusted p > 0.05 and log2 fold change > 0.5) in 

macrophages treated with the sorter PBS. Thus, the parasite sorting step did not appear 

to introduce meaningful contamination into the co-culture system. 

 

Principal component analysis clustered sporozoite and LPS treated cells far apart from 

each other and from untreated and sorter-PBS treated cells (Figure 3.3c). It is interesting 

to note that both LPS and sporozoite-treatment induced a shift along the first principal 

component axis, while only sporozoite treatment induced a shift along the second 

principal component (Figure 3.3c). This indicates that both LPS and sporozoite treatment 

induced expression of a common gene-set (albeit more strongly induced by LPS) 

represented by the first principal component. In contrast, sporozoite treatment induced 

a considerable expression profile that was not seen with LPS treatment and was 

represented by the second principal component. Quantitively, sporozoite treatment 

caused regulation of around 1x103 genes in the macrophages, which is only slightly less 

than the 2x103 genes that were regulated with LPS treatment (Figure 3.3d). Thus, 

sporozoite encounter led to immediate transcriptional changes in macrophages that 

were quantitatively comparable to LPS induced changes but qualitatively different. 

 

A key advantage of using SmartSeq2 was being able to generate transcriptomes from 

the GFP+ and GFP- populations of macrophages that had been co-cultured with 

sporozoites. Interestingly, GFP+ and GFP- macrophage populations showed highly similar 

numbers of genes differentially regulated with respect to LPS and untreated 

macrophages (Figure 3.3d). Directly contrasting the two populations for differentially 

expressed genes revealed that very few genes were significantly regulated between 

them (Figure 3.4a). To further quantitatively investigate gene expression patterns in the 

two macrophage populations, log2 fold change values for each gene with respect to 

untreated macrophages were plotted against each other (Figure 3.4b). Intriguingly, gene 

regulation was highly proportional: genes that were upregulated in the GFP+ population 

were upregulated to a similar degree in the GFP- population and a similar trend was seen 

for downregulated genes. However, a quantitative difference was present, with genes 
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showing higher log2 fold change values for the GFP+ population (Figure 3.4b). A possible 

explanation for this observation would be that a considerable subset of macrophages 

from the GFP- population had encountered the same stimulus as the GFP+ population.  
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3.4. The sporozoite-induced macrophage transcriptional response 

features a NF-κB driven gene expression signature 

To further characterize the expression profiles underlying the principal component 

analysis (Figure 3.3c), the top 60 genes most contributing to the first two principal 

components were extracted, expression changes across conditions quantified and then 

clustered on a heatmap (Figure 3.5a). In this way, genes whose expression changes 

explain most of the variance within the whole dataset were plotted. As expected, genes 

clustered into three main clusters: i) a LPS specific gene cluster in which most genes 

were also slightly upregulated with sporozoite stimulation, ii) a cluster of genes specific 

for sporozoite stimulation and iii) a cluster of genes upregulated with both treatments. 

Genes in the LPS cluster prominently included inflammatory mediators like Il1b, Il27, 

Nos2, Cxcl10 and Cxcl11 while genes specifically upregulated in sporozoite treated 

macrophages included pro-inflammatory transcriptional and epigenetic regulators Fosb, 

Klf4, Bhlhe40 and Kdm6b. Interestingly, two members of the Tnf superfamily, Tnfsf14 

and Tnfrsf12a were specifically upregulated with sporozoite stimulation. Intriguingly, 

Tnfsf14, encoding LIGHT (CD258), has been implicated in co-stimulation and dendritic 

cell and NK cell interaction145,146.  

 

Further analysis revealed that with respect to untreated macrophages, sporozoite 

stimulation induced the strong upregulation of the chemokines Cxcl1 and Cxcl2 and, 

albeit weaker, the cytokine Tnf (Figure 3.5b). In addition, Nlrp3, encoding the sensory 

subunit of the NLRP3 inflammasome, was significantly upregulated. Between sporozoite 

and LPS treated macrophages, many genes were differentially expressed (Figure 3.5c). 

However, with respect to untreated macrophages, LPS and sporozoite stimulation led 

to the upregulation of a shared set of 326 genes, while 292 genes were specifically 

upregulated with sporozoite stimulation and 835 were specifically upregulated with LPS 

treatment (Figure 3.5d). To further characterize the extend of overlaps of gene 

signatures in LPS and sporozoite treated macrophages, genes upregulated with either 

treatment were compared for enrichment of GO molecular function terms using 

ClusterProfiler 139. ClusterProfiler revealed that shared molecular functions were 

‘positive regulation of cytokine production’ and ‘cytokine secretion’, while sporozoite 

specific genes were enriched for ‘regulation of inflammatory process’, ‘cell adhesion’ 



 63 

and ‘cell chemotaxis’ functions among others (Figure 3.6a). In contrast, the LPS specific 

gene signature was enriched in ‘response to virus’ and ‘response to interferon beta’, 

possibly pointing towards a more interferon-skewed expression signature. 

 

Transcription factor binding site enrichment analysis of upregulated genes revealed that 

both LPS and sporozoite treated macrophage gene expression was largely driven by NF-

κB signalling, as three proteins from the NF-κB family (NF-κB1, REL and RELA) were 

among the most enriched transcription factors for both treatments (Figure 3.6b). The 

induction of a NF-κB dependent expression profile is one of the key features of toll-like 

receptor signalling44. Upon activation by LPS, TLR4 signals through its adaptor MyD88 to 

activate NF-κB dependent gene expression147. Due to the large overlap of upregulated 

genes and functional gene signatures as well as the shared NF-κB dependent expression 

between LPS and sporozoite-stimulated macrophages, it seems likely that sporozoite 

stimulation, like LPS, induces a MyD88-dependent signalling cascade downstream of TLR 

activation.  

 

IRF1 and IRF2 were highly enriched in LPS treated macrophages but not in sporozoite 

treated macrophages (Figure 3.6b). The IRF family of transcription factors regulates 

transcription of interferons in response to PRR activation thereby contribute to antiviral 

immunity and inflammation148. TLR4, the receptor for LPS, activates IRF-driven 

expression by its unique ability to signal through the adaptor protein TRIF149. Conversely, 

it seems therefore likely that the PRRs that are responsible for the observed sporozoite-

induced transcriptional signature are not signalling through TRIF owing to the lack of 

antiviral pathway activity and IFN signature seen with sporozoite stimulation.   

 

Strikingly, the most enriched transcription factor for sporozoite treated macrophages 

was KLF4, a protein from the highly conserved Krüppel-Like Factor family of transcription 

factors150. KLF4 has been implicated in a range of biological processes including cellular 

reprogramming towards pluripotency151 and inflammation152. As such, KLF4 is required 

for the development and maintenance of certain cDC2 subsets where it controls the 

induction of Th2 type immune responses153. KLF4 was only weekly associated with gene 

expression in LPS treated macrophages and is therefore likely driving the expression of 

a considerable subset of genes specifically upregulated with sporozoite stimulation.  
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3.5. Sporozoites induce long lasting and heterogenous 

transcriptional changes in macrophages 

To assess if changes in macrophage gene expression after sporozoite encounter were 

transient or long lasting, we assessed transcriptomes of macrophages after 24 h. 

Importantly, GFP+ and GFP- macrophage populations were sorted after 4 h of co-culture 

into different wells of a 96 well plate and rested for 20 h in DMEM medium before cDNA 

was prepared and sequenced as before (Figure 3.7a). The same sorting step was carried 

out with LPS and mock-treated samples to control for expression effects introduced by 

the additional handling. By sorting sporozoite and LPS stimulated macrophages into 

fresh wells, they were to a large extend separated from the stimuli.  

 

Interestingly, LPS treated macrophages showed comparably few regulated genes (either 

up- or downregulated) with respect to untreated macrophages at this timepoint and 

therefore seemed to return to a similar steady state as before stimulation (Figure 3.7b, 

e). In contrast, sporozoite-treated macrophages showed high numbers of regulated 

genes (Figure 3.7b, c). Thus, stimulation with sporozoites induces long lasting 

transcriptional changes and cellular reprogramming even in the absence of ongoing 

stimulation.  

 

Differential expression analysis revealed that, similar to the 4 h timepoint, GFP+ and GFP- 

populations of sporozoite treated macrophages showed highly analogous expression 

patterns and almost no genes were differentially expressed between the populations 

(Figure 3.7 b). In addition, plotting of the log2 fold change values for each gene relative 

to untreated macrophages revealed a similar linear correlation pattern as observed at 

the 4 h timepoint (Figure 3.7d). To summarize, the degree of regulation differed 

between the populations but the genes that were regulated didn’t. However, this effect 

was less pronounced than at the 4 h timepoint. This gives further credit to the idea that 

both populations of macrophages were subjected to the same stimulus.  

 

To compare gene expression of sporozoite-stimulated macrophages over time, log2 fold 

change values relative to the respective untreated controls of macrophages at the early 

and late timepoint were plotted against each other (Figure 3.8a). On this plot, genes that 
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are regulated only at 4 h fall on the ends of the horizontal axis, while genes that are 

regulated only at the 24 h fall on the ends of the vertical axis. In addition, genes that are 

similarly regulated at both timepoints fall on the diagonal axis, with downregulated 

genes falling into the bottom left quadrant and upregulated genes falling into the upper 

right quadrant. Conversely, genes that were reversely regulated fall on the other 

diagonal. These genes could be divided into two categories: genes that were 

upregulated early but downregulated late fall into the bottom right quadrant, and genes 

that were downregulated early and upregulated late fall into the upper left quadrant. 

To take the two p-values for each gene (one for 4 h and one for 24 h) into account, their 

mean was calculated and used to colour the respective gene (see legend). Strikingly, we 

found highly divergent expression patterns between both timepoints, evident by most 

differentially expressed genes being regulated either at the early timepoint (horizontal 

axis) or at the late timepoint (vertical axis). However, a subset of 74 genes were 

upregulated at both timepoints (Figure 3.8e) including klf4 (Figure 3.8a, upper right 

quadrant). Intriguingly, over representation analysis revealed ‘response to wounding’ as 

the most enriched gene ontology (GO) term within this subset of genes (Figure 3.8b). 

Sporozoite traversal through host cells has been shown to involve local disruption of the 

plasma membrane during invasion and egress125. It therefore seems likely that a part of 

the transcriptional program could be induced as a response to sporozoite traversal 

associated cell wounding. In another interesting observation, KEGG pathway analysis 

revealed, among others, ‘macroautophagy’ as a highly enriched pathway within genes 

upregulated at both timepoints (Figure 3.8d). Macroautophagy has been implicated in 

the clearing of invading microbes and processing of antigens for presentation on MHC-

II and could therefore be an essential pathway for the efficient induction of an adaptive 

immune response against sporozoites154–156.  

 

Inflammatory pathways are strictly regulated to prevent misfiring of the immune 

responses and autoinflammatory disease. As such, a distinctive feature of inflammatory 

gene expression is the tight temporal regulation that prevents prolonged expression of 

pro-inflammatory mediators157. In this regard, it is interesting to look at genes that are 

highly expressed at the early timepoint but then downregulated at the late timepoint 

(Figure 3.8a, bottom right quadrant). GO term enrichment analysis of this gene set 

revealed ‘positive regulation of defence response’ and ‘positive regulation of cytokine 
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production’ as most enriched terms (Figure 3.8c), indicating the importance of these 

genes early after pathogen encounter. Two families of genes are noteworthily 

overrepresented in this gene set: the CC or ß-chemokines and the Ifi200 (or PYHIN) 

family of genes. The latter are a group of interferon inducible genes that include Aim2, 

a cytosolic DNA binding inflammasome sensor158. Like Aim2, the other members of the 

PYHIN family harbour a conserved DNA binding site but have comparably ill-defined 

effector functions. Interestingly, overexpression of Ifi202 in immune cells has been 

implicated in SLE susceptibility, hinting to an important pro-inflammatory role for this 

gene159. Intriguingly, Ifi202 has been shown to be able to bind to dsDNA and as a 

consequence, in contrast to Aim2, inhibit caspase activation and cell death160. As such, 

the early expression of PYHIN genes might serve to modulate the activation of 

sporozoite-stimulated macrophages, possibly through direct sensing of Plasmodium 

DNA. 
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3.6. Sporozoite encounter leads to expression of CD201 and 

production of CXCL2 which is partly dependent on TLR2 and 

MyD88 

In the previous sections, we characterized in-depth the transcriptional landscape of 

sporozoite-stimulated macrophages over time and identified expression signatures that 

are likely of importance for efficiently inducing an adaptive immune response. In order 

to conduct mechanistic loss-of-function studies in our in vitro system, we next sought to 

find reliable, protein-level read outs for sporozoite activated macrophages. 

 

Cxcl1, Cxcl2 and Tnf were highly upregulated on the mRNA level at 4 h (Figure 3.5b) but 

returned to baseline expression levels after 24 h (Figure 3.8a). Even though it was not 

significantly upregulated on mRNA level, Il6 expression is highly induced by NF-κB 

signalling161. To assess if these cytokines could be used as functional readouts for 

sporozoite detection by macrophages, we measured their concentration in 

supernatants after 24 h of co-culture. We detected low levels of IL6, TNFα, and CXCL1 

in the supernatants, but p values only trended towards significance for all of these 

cytokines (Figure 3.9a). However, CXCL2 concentrations were consistently and 

significantly elevated in supernatants of sporozoite-treated macrophages (Figure 3.9a). 

 

Epithelial protein C receptor, also called CD201, is a MHCI like protein that plays a role 

in the coagulation pathway by binding to Activated Protein C. In addition, CD201 

harbours a phospholipid binding side that shares striking homology to the binding site 

of CD1d. Recently, CD201 has been shown to be a receptor for certain γδTCRs with 

functional relevance in stress surveillance by γδT-cells. Strikingly, Procr, encoding 

CD201, was prominently upregulated in response to sporozoite treatment at both 4 h 

and 24 h (Figure 3.5b, Figure 3.7c and Figure 3.8a). Due to its potential role in lipid 

presentation and γδT-cell activation in response to sporozoite encounter, we measured 

CD201 surface expression on sporozoite-stimulated macrophages after 24 h. 

Intriguingly, flow cytometry revealed significant surface upregulation of CD201 on 

macrophages co-cultured with sporozoites (Figure 3.9b, c). We have thus discovered 

CXCL2 and CD201 as reliable read outs for sporozoite activated macrophages.  
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In section 3.4, we have identified a NF-κB driven gene signature shared between 

sporozoite and LPS treated macrophages. NF-κB activation could be commonly initiated 

in sporozoite and LPS treated macrophages by the TLR adaptor protein MyD88, as 

opposed to TRIF, which seemed to be exclusively active in LPS treated macrophages. 

TLR2 has been shown to recognise GPI anchors of many protozoan species including 

GPIs of blood stage Plasmodium parasites93,162 and has recently also been implicated to 

be activated by crude sporozoite lysate using TLR-reporter cell lines127. Intriguingly, TLR2 

signalling is uniquely dependent on MyD88 as its adaptor molecule. To assess the 

contribution of TLR2 and MyD88 to macrophage activation upon sporozoite encounter, 

we generated BMDMs from germline Myd88 or Tlr2 deficient mice and stimulated them 

with sporozoites. Having established CD201 up-regulation and CXCL2 production as 

surrogate markers for sporozoite sensing, we measured both after 24 h of co-culture. 

Interestingly, while CD201 expression was largely unaffected (Figure 3.10a), CXCL2 

production was significantly reduced to similar levels in both Tlr2-/- and MyD88-/- mice 

(Figure 3.10b). Thus, the TLR2-MyD88 axis significantly contributes to macrophage 

activation by sporozoites, most likely through TLR2 activation by Plasmodium GPI 

anchors. However, the seemingly unaffected CD201 expression in Tlr2-/- and MyD88-/- 

mice indicates that there are other sporozoite-sensing pathways at play which are also 

likely responsible for the NF-κB independent expression signatures that we observed in 

sections 3.4 and 3.5. 

 

IL-1ß is one of the main drivers of inflammatory processes and has been found to be 

directly involved in activating cells from the adaptive immune system to protect against 

pathogens but is also a prominent inducer of autoimmunity163. Consequently, IL-1ß 

expression, maturation and secretion are tightly regulated. In particular, pro-IL-1ß needs 

to be enzymatically cleaved into its biologically active form, a process that is regulated 

by so-called inflammasomes. Inflammasomes are multiple-protein complexes that 

assemble in response to cellular perturbations and generally consist of i) a sensory 

protein, ii) the ASC protein that mediates oligomerization and iii) a caspase responsible 

for cleaving of pro-IL-1ß164. IL-1ß release from murine macrophages is thought to follow 

a two-step process, wherein macrophages are first primed to induce the expression of 

inflammasome components and then activated with inflammasome activating agents 

that are sensed by the respective sensory subunit. We found that sporozoite treatment 
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alone did not result in secretion of IL-1ß (Figure 3.11a). However, sporozoite co-culture 

with LPS pre-treated macrophages led to significant and dose dependent IL1ß 

production (Figure 3.11b). We have thus shown that sporozoites are competent to 

induce inflammasome activation in LPS primed macrophages but cannot themselves 

serve as both the priming and activating signal. 
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3.7. Discussion 

In this chapter, we established a reliable experimental system to dissect sporozoite 

sensing and its downstream consequences in innate immune cells. Circumventing 

quantitative challenges associated with sporozoite generation and preparation, we used 

small scale transcriptomic profiling to characterize outcomes of sporozoite encounter in 

macrophages in depth. With the experimental system, we aimed to address two main 

objectives: i) Investigate the functional consequences of sporozoite encounter by 

macrophages and ii) characterize the mechanisms that lead to sporozoite detection.  

 

Sporozoite-activated macrophages showed a highly complex and heterogenous 

transcriptional profile that was qualitatively different from that of LPS treated 

macrophages, although overlapping pro-inflammatory gene sets were regulated 4 h 

after stimulation that were likely driven by the NF-κB pathway. A distinctive feature of 

sporozoite-activated macrophages was the early expression of a number of 

transcriptional and epigenetic regulators, most notably Klf4, Bhlhe40 and Kdm6b that 

might have imprinted the transcriptional profile seen after 24 h in the absence of further 

stimulation. Intriguingly, genes regulated at the early and late timepoints showed very 

little overlap and while early gene expression signatures were mainly pro-inflammatory, 

late gene signatures were enriched in metabolic processes like glutathione metabolism. 

Importantly, genes upregulated across both timepoints were enriched in 

‘macroautophagy’ and ‘response to wounding’ pathways. 

 

Host cell traversal has been described for many apicomplexan species165. It is long 

known that Plasmodium sporozoites traverse host cells including macrophages in 

vitro121, but the consequences of this traversal for the host cell have not been 

characterized in detail. Some evidence suggest that host cell plasma membranes are 

compromised during traversal but then resealed125. In agreement with this, we found 

that sporozoites seem to traverse macrophages in our in vitro system. Intriguingly, the 

fact that ‘response to wounding’ was the most enriched GO term between genes 

upregulated early and late after sporozoite encounter gives credibility to the idea that 

macrophages respond to sporozoite traversal-induced wounding. Macroautophagy can 

be used by host cells to eliminate intracellular pathogens166, but has also been 
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implicated in impacting on a large group of innate sensing pathways167, in many cases 

negatively regulating them to prevent inflammation. However, recent evidence also 

points towards a role of macroautophagy in antigen presentation154. While intrahepatic 

Plasmodium parasites have been shown to circumvent host cell autophagy by 

sequestering host LC3, this process requires a parasitophorous vacuole which is not 

present during host cell traversal113. Macroautophagy of traversing sporozoites might 

therefore be a primary way of sporozoite elimination and source of sporozoite-stage 

antigen. 

 

We were surprised by the relatively weak expression and production of classical 

inflammatory cytokines IL-6 and TNF albeit apparent strong activation of the NF-κB 

pathway and overrepresentation of cytokine signalling related pathways in upregulated 

gene sets. A reason for this could be cell intrinsic regulatory mechanisms that dampen 

cytokine expression or secretion. A second likely explanation could be that the scale of 

our in vitro system and specifically the MOIs we could reach were not high enough to 

induce the production of detectable cytokine concentrations. 

 

It is also interesting to note the relative absence of a type I IFN signature in our RNAseq 

dataset, while several lines of evidence point towards the production of type I IFN after 

Plasmodium infection and its role in restraining intrahepatic development110,111. Liehl 

and colleagues found that type I IFN production was partly dependent on MDA5-

mediated recognition of plasmodial RNA in the cytosol and signalling via its adaptor 

protein MAVS. However, the source cell compartment of the type I IFN has never been 

fully delineated110. pDCs are classically considered the source of large amounts of type I 

IFN168 and it is possible that BMDMs used in our experiments lack key components of 

the machinery necessary for the type I IFN response to sporozoites. For example, IFN 

production upon systemic treatment with CpG is exclusively carried out by pDCs even 

though other innate cell subsets express its receptor TLR7 as well; however, mechanistic 

underpinnings of this exclusivity have not been identified168. An interesting observation 

has been made in this regard by Spaulding and colleagues, who found that during blood 

stage P. yoelii infection, CD169+ macrophages physically interacted with pDCs licencing 

them for IFN production106, a phenomenon that has also been described for viral 

infections169. Moreover, Götz et al observed that IFNα production upon in vitro 
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stimulation of DCs with blood stage P. falciparum was dependent on cell-cell interaction 

between mDCs and pDCs73. A similar two-step mechanism could be at play during 

sporozoite vaccination and explain the lack of type I IFN production seen in our in vitro 

system. Another possible explanation for the absence of a type I IFN response in our 

system is that it is dependent on intrahepatic development of the parasites. Supporting 

this hypothesis is the fact that Liehl and colleagues detected type I IFNs at first at 36 h 

after infection with cytokine levels peaking at around 48 h post infection. In addition, 

their data indicates that irradiated parasites, which arrest early during intrahepatic 

development, induced less IFN I while heat killed parasites, which do not infect 

hepatocytes, induced none110. This hypothesis implies that the PAMP causing a Type I 

IFN response is either not present at the sporozoite stage or efficiently shielded from 

the host until intrahepatic development. 

 

We were able to robustly detect CD201 surface expression and CXCL2 secretion in our 

co-culture system, establishing a read-out for sporozoite-induced macrophage 

activation applicable for functional studies. It is tempting to speculate about the 

functional implications of these markers. CXCL1 and CXCL2 induce neutrophil 

recruitment early during inflammation170 and in vivo experiments have shown early 

recruitment of neutrophils to the skin after subcutaneous sporozoite injection114. 

However, it was also shown that, while neutrophils abundantly phagocytosed 

sporozoites, antibody depletion of neutrophils did not reduce protection of mice 

vaccinated with irradiated sporozoites114, indicating that they are dispensable for 

efficiently inducing adaptive immunity to sporozoites. Thus, while CXCL2 can serve as a 

surrogate marker for macrophage activation by sporozoites in functional studies, its 

impact on the induction of adaptive immunity to the parasites in vivo is likely to be small. 

 

γδT-cells have recently been shown to be necessary for optimal CD8 T-cell activation in 

response to sporozoite vaccination117, but a clear mechanistic link has not been 

identified. Interestingly, we found that CD201, an MHC I-like cell surface protein with 

lipid presentation capabilities171, was significantly upregulated on transcript and protein 

level in macrophages after sporozoite co-culture. CD201 has been found to be a ligand 

for certain  γδTCRs172,173, although whether lipid binding to and/or presentation by 

CD201 plays a role in γδTCR binding is not clear. Conceivably, CD201 could play a role in 
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activating γδT-cells early after immunization either through stress-induced expression, 

conformational changes or presentation of parasite-specific, or stress-induced host-

specific lipid moieties that are recognized by specific γδTCR clonotypes. Further studies 

investigating this hypothesis are certainly interesting, albeit challenging since CD201-/- 

mice show embryonic lethality174. A possible workaround would be using blocking 

antibodies to CD201 systemically administered before immunizing mice with 

sporozoites, although most blocking antibodies are poorly characterized and are mainly 

used to block activated protein C binding to CD201. A more informative experiment 

would be to vaccinate myeloid cell specific CD201 deficient mice, where Procr (encoding 

CD201) is flanked by recombination sites and the respective recombinase is activatable 

through a myeloid cell specific gene promotor such as Ms4a3175. 

 

TLR2 has been shown to recognize GPI anchors of Toxoplasma gondii162 and Plasmodium 

blood stages93 . In addition, a recent report found that P. yoelii sporozoite lysates were 

potent activators of TLR2 using a HEK reporter cell line127. The finding that TLR2 and 

MyD88 knockouts significantly reduced CXCL2 production supports this argument. 

However, we did not see a significant reduction in CD201 expression indicating that 

other pathways exist that mediate macrophage activation. This also explains the stark 

differences between LPS and sporozoite activated macrophages. It would certainly be 

interesting to compare transcriptomes of wild type and TLR2 or MyD88 deficient 

macrophages stimulated with sporozoites to gain insights into genes and pathways 

regulated independently from the TLR2-MyD88 pathway. It is also interesting to note 

that TLR6 and TLR1 have been shown to cooperate to varying degrees with TLR2 to 

detect Plasmodium GPI moieties93,127 and dissection of their contribution to sporozoite 

recognition could yield interesting insights. In addition, in vivo characterizing the impact 

of the TLR2-MyD88 pathway for inducing sterile immunity upon sporozoite vaccination 

should be a key avenue for future research. 

 

Pre-stimulation of macrophages with LPS led to a significant and dose-dependent 

increase in IL-1ß production with sporozoite co-culture that was not observed in the 

absence of LPS priming. Inflammasome-dependent IL-1ß release from murine 

macrophages is thought to follow a two-step process, wherein macrophages are first 

primed and then activated with inflammasome activating agents164. The priming step is 
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required to ‘licence’ the inflammasome and involves complex transcriptional and 

posttranslational mechanisms mediated by NF-κB signalling176. Therefore, it is not 

abundantly clear what relevance the LPS-primed IL-1ß release upon sporozoite 

challenge has in vivo, where macrophages are not primed prior to sporozoite encounter. 

A recent study has identified that before immunization, elevated NF-κB pathway-

related gene expression signatures in PBMCs are correlates of protection for human 

sporozoite vaccination177. It is interesting to hypothesise that a more ‘primed’ state of 

innate cells prior to immunization, leading to a more pronounced inflammasome 

activation, favours protection after sporozoite vaccination. There are several cytosolic 

inflammasomes that can be activated in response to a variety of stimuli. In particular, 

the NLRP3 inflammasome assembles in response to a large number of cellular 

perturbations and upon assembly catalyses the conversion of pro-IL1ß and GasderminD 

to their active cleaved forms leading to pyroptotic cell death and IL1ß secretion178. 

Interestingly, NLRP3 senses cell membrane perturbations caused by bacterial pore-

forming toxins that lead to a drop in intracellular potassium ion concentration55. We 

found that Nlrp3 expression was upregulated early after sporozoite encounter. It is 

therefore tempting to speculate that sporozoite traversal induced plasma membrane 

perturbations are sensed in a similar way by the NLRP3 inflammasome in LPS primed 

cells. Indeed, preliminary experiments seem to support this idea. Autophagy has been 

shown to negatively regulate inflammasome activation179. Thus, the autophagy 

signature that we detected in sporozoite-activated macrophages could conceivably be 

the reason why sporozoites cannot serve as both the priming and activating signal for 

the inflammasome. Nonetheless, immunizing Il1ß-/- mice with sporozoites and dissecting 

their immune response would likely shed some light onto the relevance of the 

inflammasome for sporozoite vaccination. 

 

Taken together, we have successfully established a system to investigate sporozoite 

innate immune responses independent of signals induced by factors present in 

mosquito salivary glands. Small-scale RNA sequencing was used to characterize, and to 

gain functional and mechanistic insights into, sporozoite-induced macrophage 

activation. Based on this, we discovered several potential mechanisms involved in the 

innate response to sporozoites that are likely important for inducing sterile immunity. 
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Several intriguing lines of research emerged from our observations that might serve to 

better understand the superiority of the sporozoite vaccine.  
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Chapter 4: Immunity to Traversal Deficient 

Sporozoites 
 

 

• Cell traversal deficient sporozoites induce suboptimal CD8 T-cell responses, 

while antibody production and isotype switching remain largely unaffected 

• Innate cells demonstrate an altered response to spect1-/- sporozoites in vitro 

• γδT-cells show reduced early activation in spect1-/- immunized mice but 

involvement in phenotype unclear 
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4.1. Introduction and Aims 

After deposition into the skin through the bite of an infected mosquito, Plasmodium 

sporozoites find their way through the dermis to the blood and from there to the liver, 

where they invade hepatocytes. Several barriers of host cell tissue have to be crossed 

by the parasites before they reach a hepatocyte to infect. Host cell traversal is an 

important means by which they achieve this and parasites with defective cell traversal 

have been shown to be less infective123. Although the phenomenon of host cell traversal 

has been known for a while, clear mechanistic insight into the process has been 

lacking124. On a molecular level, three parasite proteins are known to be essential for 

cell traversal, SPECT1, SPECT2 (also called PLP1) and CelTOS, but a clear understanding 

of their molecular function and individual contribution to the process of host cell 

traversal is incomplete124. While SPECT1 deficient P. berghei sporozoites (from here on 

referred to as spect1-/- sporozoites) cannot traverse host cells, they retain their ability to 

productively infect hepatocytes130. While the structure of P. falciparum SPECT1 has 

recently been solved180, no known domains or structural properties hint at its likely 

molecular function during cell traversal.  

 

In the previous chapter, gene set enrichment analysis revealed response to wounding 

as an overrepresented pathway both at the early and late timepoint. Early evidence 

suggested that cell traversal is associated with cell wounding during sporozoite entry 

into the cell through plasma membrane disruption165. However, recent evidence also 

points towards a role for plasma membrane disruption during egress of the parasite and 

that invasion involves the formation of a parasitophorous vacuole and no membrane 

disruption in most cases124. Irrespective of when it occurs, membrane disruption is likely 

to be sensed by macrophages and it might contribute to or modify their response to 

sporozoites. In addition, the previous chapter has revealed a macroautophagy signature 

that was distinctive for macrophages that were co-cultured with sporozoites. 

Macroautophagy has been shown to be utilised by host cells to clear cell-invading 

microbes like intracellular bacteria, fungi or parasites, a process termed xeno 

autophagy166. As such, macroautophagy is thought to play important roles in innate 

immune cells and may contribute to the effective induction of adaptive immunity to cell-

invading pathogens167. 
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While it has been long clear that cell traversal is essential for sporozoite infectivity, it 

has never been investigated how traversal activity impacts on immune responses. In the 

previous chapter, we have found two possible pathways acting in innate immune cells 

that are potentially dependent on sporozoite traversal and might contribute to innate 

cell activation. Therefore, in this chapter, utilizing sporozoites deficient for SPECT1, we 

sought to investigate how sporozoite traversal activity impacts immune responses after 

vaccination. 
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4.2. Traversal-deficient sporozoites induce defective adaptive 

responses in vivo 

 

Sterile protection after sporozoite vaccination in mice and humans is known to critically 

rely on both antibody and CD8+ T-cell mediated protection181. To characterize adaptive 

immunity induced by traversal deficient sporozoites, we vaccinated mice with either 

wild type or spect1-/- irradiated sporozoites and analysed CD8 T-cell phenotypes and 

antibody titres in peripheral blood at day 5 and 14 after vaccination (Figure 4.1a). 

 

Earlier reports have shown that an exceptionally strong CD8 T-cell response is necessary 

for protection after sporozoite vaccination in the P. berghei ANKA model182. A 

population of CD11ahigh CD8adim CD8+ T-cells has been described as a surrogate for 

antigen-specific, activated CD8+ T-cells after sporozoite vaccination182. To assess the 

ability of spect1-/- sporozoites to induce a CD8+ T-cell response, we measured 

frequencies of CD11ahigh CD8adim T-cells in blood.  Interestingly, CD11ahigh CD8adim CD8+ 

T-cell numbers were markedly reduced in mice immunized with spect1-/- sporozoites on 

day 5 and 14 after immunization (Figure 4.1b, c). To confirm this finding, we measured 

the frequency of the CD44high CD62Llow population of effector memory (TEM) CD8+ T-cells, 

which was also significantly reduced in animals vaccinated with spect1 deficient 

sporozoites (Figure 4.1d). Thus, we have discovered a severe defect in the CD8+ T-cell 

response to traversal deficient sporozoites. 

 

Antibodies against the sporozoite stage of Plasmodium parasites are necessary for 

protection and have been shown to act by a variety of means to block blood stage 

infection183. The most well researched target for protective antibody responses is the 

circumsporozoite protein (CSP)183. To assess antibody production after vaccination with 

spect1-/- sporozoites, we measured CSP-specific IgG and IgM antibodies in sera at day 5 

and 14 after vaccination (Figure 4.2). Interestingly, IgM and IgG levels were not affected 

in mice vaccinated with spect1-/- parasites (Figure 4.2a and b). However, IgG levels were 

slightly but not significantly reduced especially at the early timepoint (Figure 4.2b). As 

such, while CD8+ T-cell responses were severely affected in spect1-/- immunized mice, 

IgM and IgG antibody titres seemed to be relatively little affected.  
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4.3. Macrophage activation might be altered with traversal 

deficient sporozoites 

 

To investigate if cell traversal impacts innate immune recognition of sporozoites, in 

preliminary experiments, spect1 deficient sporozoites were co-cultured with 

macrophages. The absence of a fluorescence marker in the spect1-/- sporozoite line 

necessitated a sporozoite sorting strategy based on scatter parameters. Using the GFP 

expressing wild type strain we backgated on the GFP+ sporozoite population (Figure 

4.3a i) and identified a corresponding population on SSC-H vs FSC-A plots (Figure 4.3 ii). 

Assessing the purity of the SSC-Hhigh population revealed that it included some GFP- 

events that were likely either contaminants from the salivary glands or dead sporozoites 

(Figure 4.3a iii). It is therefore very likely that by sorting the SSC-Hhigh population, the 

actual numbers of sporozoites sorted into the wells was overestimated and some 

contaminating events were included. In addition, the percentage of events that were 

GFP- in the SSC-Hhigh gate is likely highly variable from dissection to dissection, 

introducing another source of variation. While sorting the SSC-Hhigh population for these 

experiments was the only option to initially assess the effect of SPECT1 in our in vitro 

system, it is important to carefully consider the results in the context of the possible 

sources of variation introduced by sorting the SSC-Hhigh population.  

 

CD201 expression and CXCL2 production were analysed after 24 h of co-culture as 

before. As expected, flow sorting wild type sporozoites based on the SSC-Hhigh 

population led to a reduction in CD201 expression and CXCL2 production as compared 

to sorting on the GFP+ population (Figure 4.3c), most likely due to fewer viable 

sporozoites being added to the wells. The concentration of CXCL2 in the supernatants 

was similar between macrophages stimulated with spect1-/- and wild type sporozoites 

(Figure 4.3d). However, CD201 expression seemed to be reduced in macrophages 

treated with spect1-/- sporozoites, although an overall high variability in CD201 

expression was observed and significant p values were not reached (Figure 4.3e and f). 

Nonetheless, while results from these experiments should be cautiously considered on 

the background of sorting on the SSC-Hhigh population, we have found initial evidence 

that traversal deficient sporozoites induce altered macrophage activation. 
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4.4. Splenic innate immune compartments are mostly unchanged 

in mice immunized with spect1-/- sporozoites 

 

Since we suspected divergent innate immune activation from spect1-/- sporozoites to be 

the reason for the defective CD8 T-cell activation, we next investigated early innate 

immune cell activation after sporozoite vaccination in vivo. CD8a+ cDC1s have been 

implicated to be directly involved in antigen presentation to CD8 T-cells115, and 

experiments with Batf3-/- (a transcription factor necessary for cDC1 development) mice 

have supported the idea that cDC1s are necessary for CD8 T-cell priming after sporozoite 

immunization117. To assess innate immune cell activation, we injected i.v. irradiated wild 

type or spect1-/- sporozoites and analysed splenic immune cell compartments after 24 h 

(Figure 4.4a). The gating strategy allowed for the identification of CD8a+ cDC1s, CD11b+ 

cDC2s as well as inflammatory and resident monocytes (Figure 4.4b). Unfortunately, a 

NK-cell exclusion marker was not included in the panel so an NK cell contamination in 

the CD11b+ cDC2 gate cannot be excluded and we have therefore omitted cDC2s from 

the analysis. Innate immune cell numbers did not differ in mice vaccinated with  

spect1-/- sporozoites (Figure 4.4c).  

 

In chapter 3, we have established that CD201 is upregulated on macrophages after 

sporozoite encounter. In addition, we found early evidence for a reduction in CD201 

expression in response to spect1-/- sporozoites. To assess if innate immune cells express 

CD201 in vivo after sporozoite vaccination and to gauge any differences between wild 

type and spect1-/- immunized mice, we measured CD201 expression on innate immune 

cells in the spleen 24 h after vaccination (Figure 4.5a). We also assessed CD80 expression 

as a canonical marker of innate immune cell activation184. Intriguingly, cDC1s showed 

the highest expression of CD201 and a substantial population of CD80 and CD201 double 

positive cells (Figure 4.5a). Resident monocytes also showed a small fraction of cells that 

were positive for both CD80 and CD201 (Figure 4.5a), while inflammatory monocytes did 

not show substantial populations of CD80 or CD201 positive cells (Figure 4.5a). 

Quantification revealed a sizable, albeit not significant decrease of the double positive 

population in cDC1s in mice immunized with spect1-/- sporozoites, while monocyte 

populations seemed to be unaffected (Figure 4.5b).  
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Taken together, no substantial differences in both composition and activation marker 

expression of splenic innate cells were identified. However, a striking observation is that 

cDC1s were the only subset with pronounced CD201 expression, a fact that may hint at 

an important function for CD201 in cDC1s. Unfortunately, we have not assessed CD201 

expression at baseline before vaccination. It is therefore unclear whether the high levels 

of CD201 expression on cDC1s is induced by sporozoite vaccination or if it represents 

the baseline expression levels.  
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4.5. The role of γδT-cells during immunization with spect1-/- 

sporozoites 

 

We next sought to investigate if spect1-/- parasites induce a defective γδT-cell response 

which mediates the diminished CD8 T-cell activation observed in mice immunized with 

traversal deficient sporozoites.  γδT-cells have been shown to act in concert with cDC1s 

to activate CD8 T-cells after sporozoite vaccination117, but the nature and mechanism of 

this interaction remains enigmatic. γδT-cell activation was assessed in mice 24 h after 

immunization with wild type or spect1-/- sporozoites (Figure 4.6a). Splenocytes were 

gated on CD3+ γδTCR+ cells and assessed for frequencies of CD25+ CD69+ as well as 

CD49bhigh CD11ahigh T-cells 185 (Figure 4.6b). Interestingly, while frequencies of CD25 and 

CD69 double positive cells were low in both groups, mice immunized with spect1-/- 

sporozoites showed a significant decrease in double positive γδT-cells. However, 

frequencies of the CD49dhigh CD11ahigh population were not significantly different (Figure 

4.6c). Low numbers of activated γδT-cells might indicate that only a small and clonally 

restricted subset of γδT-cells are responding to sporozoite vaccination. Indeed, bulk RNA 

sequencing of PBMCs from human volunteers vaccinated with P. falciparum sporozoites 

revealed that transcripts of Vδ2 and Vγ9 genes were highly upregulated in individuals 

who were protected from a later challenge117. 

 

To further assess the contribution of γδT-cells to the spect1-/- phenotype, wild type and 

γδTCR-/- mice were immunized with either wild type or spect1-/- sporozoites and CD8 T-

cell activation was measured in peripheral blood on day 5 and 14 as before (Figure 4.7a). 

Frequencies of CD11ahigh (Figure 4.7b) and CD62Llow CD44high (Figure 4.7c) populations 

showed highly similar dynamics indicating that either population is an appropriate 

surrogate for assessing activated antigen-specific CD8 T-cells. γδTCR-/- mice immunized 

with wild type sporozoites seemed to harbour similar numbers of activated T-cells to 

wild type mice immunized with spect1-/- sporozoites at day 5 after immunization. 

However, while wild type mice at day 14 seemed to have similar or elevated numbers 

of activated CD8 T-cells, γδTCR-/- mice showed markedly reduced numbers of CD8 T-cells 

at day 14. This indicates that γδT-cells are required to maintain frequencies of activated 

CD8 T-cells. This function of γδT-cells seems to be unaffected in wild type mice 
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immunized with spect1-/- sporozoites as they were able to maintain numbers of 

activated T-cells at the day 14 timepoint.  

 

To assess how absence of γδT-cells affected early priming of CD8 T-cells, we performed 

a two-way ANOVA analysis on data collected at day 5. As expected, both the mouse 

genotype and the sporozoite genotype had significant effects on activated CD8 T-cell 

numbers (p=0.006 and p=0.0002 respectively). However, there was no significant 

interaction between the two factors (p=0.0907), indicating that the spect1-/- phenotype 

was largely independent of γδT-cells. Taken together, while we found some signs of 

reduced early activation of γδT-cells in mice immunized with spect1-/- sporozoites, 

γδTCR-/- mice did not phenocopy mice immunized with spect1-/- sporozoites. Thus, while 

we cannot exclude a contribution of γδT-cells to the spect1-/- phenotype, there are likely 

other effects at play that act independently of γδT-cells that have yet to be identified.  
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4.6. Discussion 

Starting from the initial observation made in the previous chapter that macrophage 

activation was partly driven by sporozoite traversal, we sought to characterize the 

immune response to traversal-deficient sporozoites. To this end we made use of a 

spect1-/- P. berghei line that shows an inability to traverse through host cells but is still 

capable of productively infecting hepatocytes.  

 

Intriguingly, mice vaccinated with traversal deficient sporozoites showed a severe 

reduction in activated CD8 T-cells while antibody responses remained largely unaffected 

compared to control mice that were immunized with wild type sporozoites. We used an 

integrin CD11a-based approach to gate activated CD8 T-cells that has been shown to 

robustly identify antigen-specific, activated CD8 T-cells after sporozoite vaccination182. 

To complement that data, we also assessed frequencies of CD44high CD62Llow TEM cells. 

Both surrogate gating strategies yielded highly similar results and CD8 T-cell activation 

was similarly reduced in spect1-/- immunized mice 5 and 14 days after immunization, 

showing similar kinetics to control mice. While we did not assess the degree of 

protection of spect1-/- immunized mice, it is most likely severely reduced since CD8 T-

cells have been shown to play important roles in clearing infected hepatocytes in this 

model182. As such, we identified a novel role for sporozoite cell traversal in inducing CD8 

T-cell responses that is most likely indispensable for protection upon sporozoite 

vaccination. 

 

It is interesting to note that Hafalla and colleagues observed a similar deficiency in CD8 

T-cell activation when immunizing with heat-killed P. berghei sporozoites186. In addition, 

using an adoptive transfer system with CD8 T-cells specific for the SYVPSAEQI peptide 

present in CSP, they found that heat-killed sporozoites induced CD8 T-cells that had a 

highly similar phenotype to live-attenuated sporozoite induced CD8 T-cells. It is most 

likely that heat-killed sporozoites are not able to traverse host cells. Thus, the striking 

similarity between CD8 T-cell phenotypes in heat-killed and spect1-/- sporozoite 

immunized mice might point towards traversal deficiency as the shared mechanism 

behind the two models. 
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Our discovery raises a number of interesting questions. Firstly, what cell type is 

presenting antigen to and activating CD8 T-cells in wild type immunized mice but not, or 

to a lesser degree, in spect1-/- immunized mice? It is conceivable that intrahepatic stages 

of the parasites are the source of the additional antigen presented to CD8 T-cells in wild 

type immunized mice, since spect1-/- sporozoites have been shown to reach and infect 

hepatocytes in significantly lower numbers when injected into the skin123. In this thesis, 

mice were immunized intravenously and sporozoites did not have to traverse through 

skin cells before reaching hepatocytes. Initial observations also point towards reduced 

numbers of spect1-/- sporozoites infecting hepatocytes after intravenous injection, an 

effect that likely depends on Kupffer cells that have to be traversed before hepatocytes 

are reached130. However, Obeid and colleagues have found that after intradermal P. 

yoelii sporozoite injection, sterile immunity was induced in the absence of hepatocyte 

infection118, indicating that intra-hepatic development might be less important for 

priming of adaptive immune responses than previously thought. An important limitation 

of the CD8+ T-cell surrogate gating approach is that we do not know whether the CD8+ 

T-cells are specific for sporozoite-stage antigens or antigens that are specific to 

intrahepatic development of the parasite. Future experiments could address this 

shortcoming by using the aforementioned transfer system of CD8+ T-cells that are 

specific for a peptide within CSP, which should only be present in pre-intrahepatic 

sporozoites.  

 

In exploratory experiments, we investigated innate immune cell activation by spect1-/- 

sporozoites. Pathway enrichment analysis of macrophage transcriptomes after 

sporozoite co-culture revealed both ‘response to wounding’ and ‘macroautophagy’ as 

highly enriched pathways. Both could conceivably contribute to innate cell activation 

and be dependent on cell traversal, which has been implicated in cell wounding and loss 

of plasma membrane integrity125. In our modified in vitro system, we observed a slight, 

albeit not significant reduction in CD201 expression in spect1-/- sporozoite-treated 

macrophages, but no difference in CXCL2 production. This seems to be consistent with 

our previous finding that CXCL2 production is likely mostly mediated by TLR2 and 

MyD88. TLR2 is a cell surface receptor which should therefore bind parasite PAMPs 

independent from parasite traversal activity. In contrast, CD201 expression seemed to 

be less affected in TLR2 and MyD88 deficient macrophages indicating that it might be 
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regulated by an independent sensing pathway. While the results from the modified in 

vitro system should be considered carefully, they seem to indicate that CD201 

expression is regulated by a pathway that is dependent on cell traversal activity. 

However, crucial future experiments should be conducted with traversal-deficient and 

GFP expressing sporozoites to reproduce the cleaner in vitro system based on sorting 

the GFP+ population of sporozoites. Of interest would certainly be to compare 

transcriptomes of macrophages co-cultured with wild type and spect1-/- sporozoites, as 

transcripts that would be differentially expressed between those groups are likely 

directly induced by cell traversal. 

 

In initial experiments, we also investigated immune compartments in the spleen 24 h 

after vaccination as a cause for the impaired CD8 T-cell activation. We did not find 

significant differences in either number or activation status of cDC1s, inflammatory or 

resident monocytes between wild type and spect1-/- immunized mice. However, it is 

interesting to note that cDC1s showed the highest expression levels of CD201 which 

were slightly, but not significantly reduced on cDCs from mice immunized with spect1-/- 

parasites. It is worth noting that CD201 expression might be a direct consequence of 

sporozoite encounter and might not be upregulated on bystander cells that have not 

come into contact with sporozoites. Since we are only expecting a relatively small 

number of cDC1s to have encountered a sporozoite small changes in CD201+ cDC1s 

might have biological significance. cDC1s have been repeatedly implicated to be 

essential for CD8+ T-cell responses to sporozoites and are thought to act in concert with 

γδT-cells115,117. However, our results with γδTCR-/- mice did not clearly support the idea 

that the spect1-/- CD8+ T-cell defect is dependent on γδT-cells. Interestingly, analysis of 

splenic γδT-cells at 24 h after vaccination showed a slightly lower frequency of CD25+ 

CD69+ activated γδT-cells in mice immunized with spect1-/- parasites. This finding may 

indicate that fewer γδT-cells are activated in spect1-/- vaccinated mice and that the 

mechanism is upstream of γδT-cell activation. Taken together, mapping of the spect1-/- 

to γδT-cells in vivo proved difficult and the results are inconclusive. An alternative 

approach could be to complement the in vitro co-culture of macrophages and 

sporozoites with γδT-cells to assess their proliferation in response to either wild type or 

spect1-/- sporozoites. However, as we are expecting a clonally restricted set of γδT-cells 

to be activated it could prove difficult to measure this population. 
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Chapter 5: Innate responses to Plasmodium 

blood stage 
 

• No in vitro monocyte activation by P. falciparum blood stage parasites but 

Plasmodium RNA is highly immunogenic 

• In vitro sporozoite co-culture system adopted for co-culture of macrophages 

with ex vivo sorted P. berghei blood stage parasites 

• RNAseq reveals weak type I IFN and NF-κB activation signature in mouse 

macrophages upon co-culture with P. berghei schizonts 

• Blood stage and sporozoite-induced transcriptional programs highly different 

early on but converge towards a shared program at later timepoint 
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5.1. Introduction and Aims 

 

The previous chapters have tried to decipher innate immunity to Plasmodium 

sporozoites and how they shape adaptive immune responses that are known to protect 

from blood stage infection. This chapter, in contrast, looks at how Plasmodium blood 

stage parasites interact with innate immune cells.  

 

In stark contrast to sporozoite infection and intrahepatic development, which is clinically 

silent, blood stage Plasmodium infection is characterized by recurring fevers that are 

thought to coincide with repeated immune system activation. Intraerythrocytic 

development of P. falciparum and merozoite egress from erythrocytes are highly 

synchronized2. It is thought that this simultaneous release of parasite material from the 

erythrocytes leads to potent activation of innate immune cells and the production of 

inflammatory mediators that are responsible for the characteristic periodicity of 

symptoms associated with falciparum malaria89. An outstanding question in malaria 

immunology is why this potent inflammatory response does not lead to effective 

induction of adaptive immunity.  

 

Utilizing primary human monocytes and mouse macrophages, this chapter investigates 

innate responses to blood stage Plasmodium parasites and potential PRR ligands. In 

particular, the previously introduced sporozoite co-culture system is adapted for 

stimulation with ex vivo sorted infected erythrocytes allowing for a direct comparison 

between innate responses to Plasmodium blood stage and sporozoites. 
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5.2. P. falciparum RNA but not infected red blood cells strongly 

activate primary human monocytes 

 

We first sought to characterize responses of human primary innate immune cells to P. 

falciparum infected red blood cells (PfRBCs). To this end, late-stage P. falciparum 

infected red blood cells were enriched to at least 95 % purity from ongoing blood stage 

culture using magnetic columns as described before. Then, enriched PfRBCs were co-

cultured with sort-purified primary human monocytes (Figure 5.1a). Monocytes co-

cultured with PfRBCs did not produce significant amounts of inflammatory cytokines IL-

6, TNFα and IL-1β (Figure 5.1b). Published literature reports atypical activation states of 

human innate cells in response to in vitro PfRBC stimulation characterized by low levels 

of inflammatory cytokine production but upregulation of maturation markers73. We 

therefore investigated co-stimulatory marker expression of monocytes after co-culture 

with PfRBCs. Surprisingly, we found no evidence for differential regulation of HLA-DR, 

CD86 or CD40 after monocyte co-culture with PfRBCs (Figure 5.1c).  

 

Detection of foreign RNA in innate cells leads to strong induction of pro-inflammatory 

cytokine production and a type I IFN response187. While plasmodial RNA has been shown 

to be detected by cytosolic PRRs that signal via MAVS108, reports of endosomal detection 

of Plasmodium RNA are scarce. To specifically investigate endosomal detection, we 

complexed P. falciparum RNA purified from blood stage culture with poly-L-lysine, which 

has been shown to lead to accumulation and prolonged retention of RNA in 

endosomes188. Monocytes stimulated with poly-L-lysine complexed PfRNA produced 

high levels of pro-inflammatory cytokines (Figure 5.2a). Interestingly, cytokine levels 

were strikingly similar to those induced by stimulation with RNA purified from E. coli 

(Figure 5.2a, c). In addition, monocytes strongly upregulated co-stimulatory markers 

HLA-DR, CD86 and CD40 (Figure 2b). While HLA-DR and CD40 were regulated similar 

between Plasmodium and E. coli RNA stimulated monocytes, induction of CD86 

expression was higher with Plasmodium RNA (Figure 5.2b). Conversely, endosomal-

targeted human RNA neither induced pro-inflammatory cytokine production nor co-

stimulatory molecule upregulation (Figure 5.2a, b, c).  
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5.3. P. berghei infected erythrocytes induce a weak activation 

signature in mouse macrophages 

 

Having found no activation of human monocytes in response to in vitro cultured P. 

falciparum blood stage parasites, we were next interested in in-depth characterization 

of innate responses to ex vivo blood stage parasites. To assess this, we turned back to 

our previously established in vitro system for mouse macrophages and sort-purified 

late-stage infected erythrocytes from P. berghei infected mice based on transgenic GFP 

expression (Figure 5.3a, b). Akin to the sporozoite stimulation experiments, 5 x 104 P. 

berghei infected red blood cells (PbRBCs) were added to 1 x 105 bone marrow derived 

macrophages by flow sorting directly into 96 well plates. After 4 h of co-culture, flow 

cytometry and imaging cytometry confirmed uptake of PbRBCs into macrophages 

(Figure 5.3c, d). Analogous to our sporozoite stimulation experiments, we next used 

SmartSeq2 to prepare libraries for high throughput sequencing of macrophages 

stimulated with PbRBCs and uninfected RBCs from the same mouse. Using smartSeq2 

again allowed us to assess transcriptomes of GFP+ and GFP- macrophages from the same 

well (Figure 5.4a). 

 

Surprisingly, principal component analysis revealed that macrophages stimulated with 

PbRBCs clustered closely together with macrophages that were co-cultured with 

uninfected RBCs (Figure 5.4b). Differential expression analysis revealed only one gene 

(Hmox1) significantly upregulated in PbRBC stimulated macrophages compared to 

macrophages stimulated with control RBC (Figure 5.4c). Hmox1 encodes for heme 

oxygenase-1 (HO-1), which is involved in reducing cytotoxic effects of free heme by 

catalysing its conversion into biliverdin189. Interestingly, Hmox1 deficient mice succumb 

to P. chabaudi infection which is thought to be due to the lack of oxidative stress 

protection afforded by HO-1190,191. It therefore seems likely that macrophages respond 

in a physiological way to PbRBCs in our assay. Similar to the sporozoite experiments, 

GFP+ and GFP- macrophages showed few differentially expressed genes (Figure 5.4d). 

However, plotting gene expression changes of GFP+ and GFP- macrophages against RBC 

stimulated macrophages revealed a somewhat lower correlation than observed for 
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sporozoite treatment that is likely owing to the overall smaller transcriptional response 

stimulated by blood stage parasites (Figure 5.4e). 

While PbRBCs did not induce detectable differential expression, we reasoned that small 

but consistent expression changes might be present for genes involved in certain 

pathways or processes. Gene Set Enrichment Analysis192 was developed to test for these 

small but consistent expression changes for pre-defined sets of genes. We queried for 

consistent up or downregulation of genes involved in hallmark expression signatures193 

curated on the molecular signature database (MsigDB). Intriguingly, several hallmark 

signature gene sets were significantly enriched in PbRBC treated macrophages over 

macrophages treated with uninfected RBCs (Figure 5.5a). These prominently included 

pro-inflammatory signatures like interferon alpha and interferon gamma response as 

well as TNF and IL6 signalling (Figure 5.5a). We next sought to determine which 

transcription factors were active in PbRBC treated macrophages. To this end we queried 

for enrichment of gene sets curated for shared transcription factor binding sites194. In 

accordance with upregulated hallmark gene-sets, transcription factor binding site gene 

sets enriched in PbRBC treated over uninfected RBC treated macrophages included 

interferon-sensitive response elements (ISRE) and IRF as well as NF-κB transcription 

factors (Figure 5.5b).  

 

We next sought to investigate longer term transcriptional reprogramming of blood 

stage-experienced macrophages. Again, in analogy to the sporozoite experiments, we 

stimulated macrophages for 4 h and then flow sorted them into empty wells. After 20 h 

of resting, we sequenced transcriptomes as before. Malaria blood stage experienced 

macrophages upregulated a small number of genes compared to control RBC stimulated 

macrophages including Cd36, Clec4n and Procr (Figure 5.6a). GSEA of hallmark gene sets 

revealed upregulation of pathways including ‘cholesterol homeostasis’ and ‘reactive 

oxygen species’ (Figure 5.6b). Surprisingly, both ‘interferon alpha response’ and 

‘interferon gamma response’ were significantly downregulated, after being upregulated 

at the 4 h timepoint (Figure 5.6b). 
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5.4. Sporozoite and blood stage induced innate responses are 

highly distinct 

To comprehensively compare transcriptional responses of macrophages to blood stage 

and sporozoite stage parasites over time, we calculated differentially expressed genes 

with each stimulus against their respective control condition at both timepoints 

irrespective of GFP status. In addition, we calculated differentially expressed genes 

between blood stage and sporozoite stage stimulated macrophages at both timepoints, 

also irrespective of GFP. This analysis resulted in 1603 unique genes that were 

differentially expressed (adjusted p < 0.05 and log2 fold change > 1) under either 

condition. We next used optimal leaf ordering195 implemented in the seriation package 

for R to cluster genes and samples and plotted the resulting heatmap using normalized 

gene expression (Figure 5.7). Samples clustered into 4 main clusters by treatment and 

timepoint but not according to their GFP status (Figure 5.7). Genes clustered into 3 main 

clusters: A first cluster of genes that were highly expressed with sporozoite stimulation 

at the early timepoint that included many pro-inflammatory mediators and pathway 

component genes like Il1b, Tnf, Cxcl2 and Nlrp3. Some of these genes were also 

expressed at similar levels at the late timepoint (e.g., Lgals3, Sqstm1) or at the early 

timepoint after stimulation with PbRBCs (e.g., Tnf, Ifi203). A second cluster comprised 

of genes that were highly expressed in sporozoite-stimulated macrophages at the later 

timepoint but showed low expression at the 4 h timepoint. Interestingly, some of these 

genes were also expressed to similar levels in blood stage stimulated macrophages at 

either 4 h or 24 h after stimulation (Figure 5.7). A last cluster of genes was most 

expressed in blood stage-stimulated macrophages at 4 h and to a lesser extend at 24 h 

but showed reduced expression in sporozoite-stimulated macrophages (Figure 5.7). We 

next annotated genes within the heatmap that are associated with the GO terms 

‘Macroautophagy’, ‘Response to Wounding’ and ‘PRR Signalling Pathway’ as well as 

genes that have at least one occurrence of an interferon stimulated response element 

(ISRE) in the promotor region (all retrieved from MsigDB). Genes annotated with 

‘Macroautophagy’ and ‘Response to Wounding’ GO terms overlapped highly with the 

first cluster of genes specifically upregulated early after sporozoite stimulation and to a 

lesser extend with genes in the second cluster. Very few genes in the third, blood stage 
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specific cluster were annotated to belong to either pathway (Figure 5.7). However, 

genes in the third cluster were highly enriched genes controlled by ISREs, indicating a 

prominent role for the interferon response during blood stage stimulation of 

macrophages. Interestingly, genes annotated with ‘PRR signalling pathway’ GO term 

were enriched in the first and third cluster of genes, indicating that they were highly 

expressed at early stages after both sporozoite and blood stage stimulation but to a 

lesser extent at the late timepoint (Figure 5.7).  

 

Unbiased clustering of the extracted differentially expressed genes revealed that many 

of the genes that were upregulated 24 h after stimulation with sporozoites were also 

upregulated after blood stage stimulation, especially at the later timepoint (Figure 5.7, 

gene cluster 2). To investigate the nature of this shared gene set, we plotted log2 fold 

changes of genes expressed late after sporozoite or blood stage stimulation against each 

other (Figure 5.8a). Intriguingly, this revealed a population of genes upregulated with 

both treatments. More precisely, all genes that were upregulated with blood stage 

stimulation were also upregulated with sporozoite stimulation (total 33 genes with log2 

fold change > 1 and adjusted p < 0.05 for each condition). In contrast, not all genes that 

were upregulated with sporozoite stimulation were upregulated with blood stage 

stimulation. Interestingly, the population of shared genes comprised Procr and the C-

type lectin Clec4n (Figure 5.8a). To functionally investigate the shared set of genes, we 

performed GO term ORA molecular function (Figure 5.8b) and biological process (Figure 

5.8c) annotations. Both revealed prominent roles for oxidative stress response (Figure 

5.8b, c). In addition, both analyses revealed roles for glutathione metabolism (Figure 

5.8b, c).  
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5.5. Discussion 

Endosomal detection of foreign RNA in human monocytes has been shown to enable 

strong activation of T-cells and TFH-cell differentiation that is predictive of efficient 

induction of adaptive immune responses48. We found that endosomally targeted 

Plasmodium RNA efficiently induced the production of a specific set of inflammatory 

cytokines such as IL-1β, TNFα and IL-12p40 and upregulation of co-stimulatory 

molecules in a pattern highly reminiscent of that induced by bacterial RNA. It therefore 

seems likely that similar sensing mechanisms are at play for the detection of both 

plasmodial and bacterial RNA. Indeed, PfRNA has recently been suggested as a 

stimulatory ligand for endosomal TLR8196, which is also the human receptor for bacterial 

RNA degradation products in endosomes. TLR8 activation in human monocytes has been 

suggested to result in strong induction of TFH cell activation ex vivo and to mediate 

improved responses to vaccination with live bacteria48.  

 

Given the presented evidence for endosomally targeted PfRNA to strongly activate ex 

vivo sorted human monocytes, the similarity of the activation pattern to that induced 

by bacterial RNA and evidence from other labs indicating TLR8 mediated sensing of 

PfRNA, it is puzzling that we did not find evidence for monocyte activation upon co-

culture with PfRBCs. Other PAMPs present in PfRBCs have been identified such as GPIs 

recognized by TLR293 or PfDNA recognized by TLR9105 that should be able to mediate 

strong monocyte activation in our co-culture. The absence of activation could be 

attributed to two main causes. Firstly, PfRBC PAMPs could be shielded from host PRRs, 

or host PRR downstream signalling could be suppressed by parasite factors to interfere 

with efficient induction of adaptive immune responses. Secondly, host endogenous 

pathways are activated that negatively regulate PRR signalling to prevent overarching 

inflammatory responses that lead to severe malaria. Millenia of co-evolution of 

vertebrate host immune systems with Plasmodium parasites likely resulted in highly 

complex host-parasite interactions at the interface of innate immunity and the 

parasitized red blood cell that we are just starting to understand. This co-evolution may 

have resulted in some form of balance achieved between parasite and host pathways 

that ultimately lead to endurance of very high levels of parasites in the blood without 

overarching immune pathology. 
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Interestingly, while we didn’t find evidence for TLR activation by PfRBCs in primary 

human monocytes, we detected small but consistent upregulation of genes involved in 

inflammatory responses in PbRBC stimulated mouse macrophages that were likely 

driven by NF-κB and IRFs. Both pathways are activated downstream of PRRs and point 

towards the activation of PRRs by Plasmodium blood stage. In this context it is 

particularly interesting to investigate innate immune interactions with sporozoites. Only 

very low numbers of sporozoites exist for a relatively short timeframe inside of the host 

and are therefore likely less well adapted to prevent host innate cell activation. In 

addition, given the efficacy of the sporozoite vaccine, sporozoites are likely being 

sufficiently sensed by innate immune cells leading to the efficient induction of an 

adaptive immune response. We deliberately set up our co-culture system to make a 

comparison between blood stage and sporozoites stage activated macrophages as valid 

as possible by i) adding equal numbers of sporozoites or schizonts, ii) adding both 

schizonts and sporozoites by flow sorting to pre-seeded macrophages iii) using ex vivo 

schizonts from infected mice. This unique set up allowed for the direct comparison of 

innate activation induced by the two different life cycle stages.  

 

Intriguingly, we found that very little of the early activation transcriptomic signature 

induced by the sporozoite stage overlapped with the signature induced by blood stage 

parasites. This indicates that fundamentally different sensing mechanisms are involved 

in the recognition of sporozoites and blood stage parasites leading to activation of highly 

divergent cellular programs. In chapter 3 we found that some of the of unique features 

of the sporozoite activated macrophage signature could be induced by sporozoite 

traversal or sporozoite traversal-induced wounding of host cells. In contrast to 

sporozoites, merozoites do not traverse through host cells124. In agreement with that, 

most genes associated with wounding and macroautophagy pathways were specifically 

upregulated with sporozoite treatment and not regulated by blood stage stimulation, 

thereby further indicating that this response is a unique feature of sporozoite-

stimulated macrophages and might be instrumental for the efficient induction of an 

adaptive immune response as seen after sporozoite vaccination. 

 

It is also interesting to note the presence of a type I IFN response in blood stage-

stimulated macrophages but its absence in sporozoite-stimulated macrophages. This 
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striking difference might indicate that different sensing mechanisms are at play for the 

detection of the two life cycle stages. A possible explanation for this is that sporozoites 

are able to escape from lysosomes124 and are therefore able to avoid lysosomal TLR 

sensing which induces a strong type I IFN response44. It would therefore be interesting 

to investigate macrophage activation induced by traversal deficient sporozoites in our 

co-culture system also with regard to their ability to induce a type I IFN response. 

 

Looking at the 24 h timepoint, we found overlapping expression signatures between 

sporozoite- and blood stage-stimulated macrophages. The in vivo relevance of this 

timepoint is less clear-cut than the 4 h timepoint which might realistically reflect 

macrophages that have just sensed a pathogen in vivo. Instead, the 24 h timepoint might 

represent behaviour of a macrophage that has encountered a pathogen, produced some 

cytokines and chemokines and then waits for lymphocytes or other innate cells to arrive 

without seeing another pathogen. However, the arrival of lymphocytes to sites of 

pathogen encounter takes considerably less than 20 h and macrophages are likely to be 

affected by other cytokines being produced by or direct interaction with arriving 

lymphocytes before this. In that sense, the 24 h timepoint might more accurately reflect 

some kind of trained immunity/tissue repair timepoint, where the innate cell 

encountered a pathogen but has not received any other signal and therefore tries to 

restrain inflammation and repair tissue.  

 

In addition, the later timepoint might also suffer from some form of survivor bias 

wherein only cells survive that upregulated certain pathways. This notion might then 

also explain why both blood stage- and sporozoite-activated macrophages seem to 

converge onto a shared transcriptional program. However, we did not observe this 

program in LPS treated macrophages at the 24 h timepoint (see chapter 3) indicating 

that it might be a Plasmodium specific response. It is interesting to speculate about the 

observed response to oxidative stress and glutathione metabolism signatures. 

Intraerythrocytic merozoites rely heavily on pathways to reduce oxidative stress 

induced by haem metabolism which also involve glutathione as a major antioxidant197. 

Therefore macrophages that have digested schizonts may also have to cope with the 

oxidative environment created by the merozoites and upregulate genes that rebalance 

the cellular milieu to a reducing environment198.   
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Chapter 6: Discussion 
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6.1. Main findings 

This thesis tried to take a systematic look at interactions of innate immune cells with 

Plasmodium parasites with a particular interest in how this interaction primes host cells 

to efficiently induce adaptive immune responses. The third chapter outlines a 

reductionist co-culture assay that was developed to overcome two main limitations 

imposed by the nature of the sporozoite stage. Firstly, potential contaminants and 

mosquito cells present in salivary gland extracts were excluded from the assay by flow 

sorting GFP transgenic parasites. Secondly, limitations in the quantitative availability of 

sporozoites were accounted for by implementing a small-scale high throughput bulk 

RNA sequencing protocol based on the well-established SmartSeq2133 platform which 

also allowed for high multiplexing of experimental conditions for relatively low 

additional cost. This setup allowed us to unbiasedly assess transcriptomic responses of 

primary mouse macrophages to sporozoites and revealed – for the first time – a highly 

distinct macrophage activation signature induced by sporozoite co-culture. We next 

established CXCL2 production and CD201 surface expression as highly sensitive markers 

for sporozoite activated macrophages. Further analysis revealed a dependency of the 

CXCL2 production on TLR2 and MyD88 with the former likely being activated through 

parasite GPIs. In addition, we found expression signatures that point towards a role for 

sporozoite traversal in activating macrophages.  

 

The fourth chapter therefore investigated immune responses to traversal deficient 

sporozoites. In vivo, vaccination with spect1-/- sporozoites, which are deficient for host 

cell traversal, led to significantly reduced numbers of activated CD8+ T-cells, while 

antibody titres seemed to be unaffected compared to mice immunized with wild type 

sporozoites. Lacking a GPF transgenic and traversal deficient parasite strain, we next 

investigated macrophage activation in a slightly modified in vitro system which revealed 

a trend towards lower CD201 induction by traversal deficient sporozoites while CXCL2 

levels were unaffected. However, our data is currently insufficient to link the in vivo 

phenotype to our in vitro observations. In addition, mapping the CD8+ T-cell phenotype 

to γδ T-cells, which play important but undefined roles in CD8+ T-cell activation after 

sporozoite immunization117, proved difficult and we don’t know at this point whether γδ 

T-cells play a role in the observed phenotype. 
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Lastly, chapter 5 sought to characterize innate cell activation induced by blood stage 

parasites. While we confirm recent findings196 and show that Plasmodium RNA is highly 

stimulatory when targeted to endosomes of primary human monocytes, we did not 

observe classical activation induced by co-culture with live P. falciparum blood stage 

parasites. Adapting the sporozoite co-culture system for ex vivo sorted P. berghei 

schizonts, we next generated a set of transcriptomes representative of blood stage 

activated macrophages. Direct comparison of sporozoite and blood stage parasite 

induced transcriptional programs revealed striking differences. In particular, blood stage 

parasites induced a type I IFN response that was largely absent in sporozoite-stimulated 

macrophages while the latter specifically induced genes involved in wounding response 

and macroautophagy pathways. 
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6.2. Innate immune sensing of Plasmodium parasites 

One of the main interests underlying the design of this study was to identify sensing 

mechanisms in innate cells that mediate the detection of Plasmodium parasites. In this 

regard, the main finding of this thesis was that sporozoite traversal activity likely 

activates innate immune cells and that this traversal activity plays a role during 

vaccination in vivo. This finding intuitively explains earlier observations that vaccination 

with heat-killed sporozoites induces less potent CD8+ T-cell responses186 and that 

parasite irradiation doses have to be carefully fine-tuned as to not compromise 

viability199,200. These observations implicated parasite viability as a critical factor for 

vaccine efficacy and resulted in the development of cryo-preservation methods to allow 

logistic handling of dissected sporozoites as part of the PfSPZ vaccine181. This cryo-

preservation is also one of the main logistic hurdles faced by the sporozoite vaccine as 

it has to be stored in liquid nitrogen181. However, a clear mechanistic link between 

sporozoite viability and vaccine efficacy has so far remained enigmatic. This work 

provides first evidence that this link might in part be constituted by sporozoite traversal 

activity which immunologically activates traversed cells. Further research will be 

focussed on a mechanistic understanding of how traversing sporozoites are sensed on a 

molecular level. 

 

This work also revealed a role for TLR2 in the detection of sporozoites. TLR2 is well-

described to be able to recognize Plasmodium GPIs90,93 and it is therefore not surprising 

that TLR2 or MyD88 deficient macrophages showed reduced production of CXCL2 upon 

co-culture with sporozoites. TLR2 mediated sensing could also explain why antibody 

responses were not compromised in mice vaccinated with traversal deficient 

sporozoites. Further experiments delineating the in vivo contributions of TLR2 to 

sporozoite vaccination responses will certainly be interesting in this regard. 

 

Lastly, this thesis identified Plasmodium RNA as a highly stimulatory ligand able to 

induce both pro-inflammatory cytokine production and co-stimulatory marker 

expression on primary human monocytes when targeted to endosomes. This finding has 

recently been reported in the literature and attributed to TLR8 mediated sensing in 

human cells196, while rodent cells have been shown to recognize endosomal 
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Plasmodium RNA through TLR7108. Ongoing research tries to elucidate why this 

prominent inflammatory response is not induced by co-culture with blood stage 

parasites.   
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6.3. Consequences of Plasmodium induced innate activation  

The second major aim of this thesis was to interrogate downstream consequences of 

parasite induced innate cell activation and how these may or may not lead to efficient 

induction of adaptive immunity. Upon co-culture with sporozoites we identified CD201 

expression to be significantly upregulated on the transcript and protein level in mouse 

macrophages. Interestingly, CD201 possesses lipid presenting capabilities171, has been 

shown to bind to certain γδTCRs173 and was recently identified to mediate mast cell 

activation of γδT-cells172. It could therefore very well be the missing link that explains 

the vital role of γδT-cells during sporozoite vaccination. Such a mechanism, especially if 

it involves the presentation of certain parasite lipids by CD201, would be of particular 

interest. Unfortunately, identifying ligands for γδTCRs has proved notoriously 

difficult201,202.  

 

Conceivably, such a lipid – if identified – in could be included in a vaccine formulation 

with the aim to induce γδT-cell activation and thus boosting vaccine responses. At the 

interface between innate and adaptive immunity, γδT-cells possess some very 

interesting capabilities but have mostly been studied for their effector functions during 

infection203 or for their cytotoxic capabilities against cancer cells204. However, their role 

in the instruction of adaptive immunity has only recently been fully appreciated. A likely 

effector function of γδT-cells could be through the production of IFNγ. Interestingly, 

Mordmüller and colleagues205 found that stimulation of human PBMCs with the cryo-

preserved vaccine-sporozoites (PfSPZ) induced IFNγ production in γδT-cells even when 

PBMCs were collected from trial participants before vaccination. In addition, several 

lines of research have emerged over the last years that position γδT-cells as prolific cross 

presenting cells that can induce strong CD8+ T-cell responses206,207. In this regard, they 

are of particular interest to target for pre-erythrocytic malaria vaccines which profit 

heavily from strong CD8+ T-cell responses targeting intrahepatic stages182. Further 

research into the relevance of CD201 at the interface of innate cells and γδT-cells is 

therefore of high interest and might reveal additional mechanisms that can be exploited 

for adjuvant design.  
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A central open question in malaria immunology is why no sterile protection develops 

against blood stage infection. While this is certainly the result of many intricate 

adaptations of the parasite to its host, for example the switching of antigens on the 

infected erythrocyte surface208, or sequestration to avoid destruction in the spleen2, an 

additional cause might be the manipulation of innate sensing pathways resulting in 

dysregulated induction of adaptive immune responses80,82,83,89,109. By comparing innate 

responses of sporozoites and blood stage parasites in the same experimental system, 

we were able, for the first time to our knowledge, to directly interrogate differences in 

innate activation by these two life cycle stages. The most striking observation was the 

differences in gene expression changes at 4 h post stimulation, where sporozoite 

treatment induced differential regulation of hundreds of genes, while blood stage 

treatment resulted in only one differentially expressed gene. Directly contrasting 

sporozoite and blood stage-induced transcriptional reprogramming revealed that 

fundamentally different expression programs were activated by the two life cycle 

stages. It is tempting to speculate that sporozoites are less well adapted to avoiding 

innate recognition, since only few sporozoites are injected into the dermis by a mosquito 

bite and they only exist for a few hours before reaching hepatocytes. Therefore, further 

delineating how sporozoite and blood stage differentially activate downstream effector 

functions in innate cells might allow interesting and biologically meaningful discoveries. 
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Appendix 
The code used to analyse RNA sequencing data and to generate the data figures with R 

is presented below.  

R script for differential expression analysis at 4 h timepoint 

###################################################################### 
# 
#         Script for differential expression analysis of RNAseq data  
#         generated with stimulated macrophages and sequenced after  
#         smartseq2 library prep. 75b paired end reads. 
#         Aligned with kallisto using 30 inferential replicates 
#         4h timepoint 
#         Kai.g.pohl@gmail.com 
# 
###################################################################### 
 
# package installation: do it just once 
 
install.packages("BiocManager", repos = "http://cran.us.r-
project.org") 
install.packages("tidyverse") 
install.packages("pheatmap") 
install.packages("vegan") 
install.packages("ape") 
install.packages("rgl") 
BiocManager::install("biomaRt") 
BiocManager::install("tximport") 
BiocManager::install("tximeta") 
BiocManager::install("rhdf5") 
BiocManager::install('EnhancedVolcano') 
BiocManager::install('apeglm') 
BiocManager::install('AnnotationDbi') 
BiocManager::install('ashr') 
BiocManager::install('Glimma') 
BiocManager::install('org.Mm.eg.db') 
BiocManager::install('DESeq2') 
 
 
 
 
 
#load dependencies: 
 
library(remotes) 
library(tximport) 
library(tximeta) 
library(tidyverse) 
library(DESeq2) 
library(apeglm) 
library(vegan) 
library(rgl) 
library(ape) 
library(BiocParallel) 
library(pheatmap) 
library(viridis) 
library(RColorBrewer) 
library(wesanderson) 
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library(EnhancedVolcano) 
library(devtools) 
 
 
#---------------------------- 
# first import data from Kallisto quantification using tximeta package 
#---------------------------- 
 
# Point to files and names of samples and connect with experimental 
# conditions stored in the s2c.. file 
# Kallisto quantification files are stored in /results 
 
coldata <- read.csv("s2c_4h_tximeta.csv") 
files <- file.path("results", coldata$names, "abundance.h5") 
coldata$files <- files   
coldata$names <- as.character(coldata$names) 
 
# make tx2gene data frame that links transcript IDs to gene IDs: 
mart <- biomaRt::useMart(biomart = "ENSEMBL_MART_ENSEMBL", 
                         dataset = "mmusculus_gene_ensembl", 
                         host = 'ensembl.org') 
 
t2g <- biomaRt::getBM(attributes = c("ensembl_transcript_id", 
                                     "mgi_symbol"), mart = mart) 
 
t2g <- dplyr::rename(t2g, target_id = ensembl_transcript_id, 
                     ens_gene = mgi_symbol) 
 
# build summarized experiment object:  
se <- tximeta(coldata, type = "kallisto", txOut=FALSE, tx2gene = t2g, 
ignoreTxVersion=TRUE, cleanDuplicateTxps=TRUE) 
 
#---------------------------- 
# Data analysis with Deseq2 
#---------------------------- 
 
# make DESeq object and specify design formula: 
# note that the treatment factor contains macrophage treatments 
# but also the GFP+ and GFP- populations from the sporozoite and iRBC 
treated 
# macrophages 
# the exp factor contains information about the biological replicate 
# of the experiment and is included to model variation induced by the 
biological 
# relicates 
 
dds <- DESeqDataSet(se, design = ~ treatment + exp) 
 
# register CPU cores: 
register(MulticoreParam(4)) 
 
# fit deseq model using all four cores: 
dds <-  DESeq(dds, parallel=TRUE) 
 
# Variance stabilizeing transformation of the data for PCA analysis 
# and outlier identification: 
vst <- varianceStabilizingTransformation(dds) 
 
# plot a correlation heatmap to idetify outliers: 
pheatmap(cor(assay(vst))) 
 
# --> Three conditions from experiment #KPA29 cluster very far apart 
from  
# everything else and will be excluded from further analysis 
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# However, main findings from this analysis can be replicated without 
# removing the outliers 
 
# exclude outliers: KPA29_M2_LPS, KPA29_M2_iRBChi, KPA29_M2_SPZlo and 
generate  
# new deseq2 object 
dds.or <- dds[,-c(1,3,7)] 
 
# exclude genes with low counts to gain some computing speed: 
dds <- estimateSizeFactors(dds) 
idx <- rowSums(counts(dds, normalized=TRUE) >= 30 ) >= 6 
dds.or <- dds.or[idx] 
 
# reestimate parameters: 
dds.or <-  DESeq(dds.or, parallel=TRUE) 
 
# Variance stabilizeing transformation of the data for PCA analysis 
vst <- varianceStabilizingTransformation(dds.or) 
 
# deseq2 inbuilt PCA: 
plotPCA(vst, "treatment") 
 
# exclude iRBC/RBC conditions from PCA plot: 
vst.SPZ <- vst[, vst$treatment %in% c("LPS", "untr", "PBS", "SPZhi", 
"SPZlo", "iRBChi", "iRBClo")] 
vst.SPZ$treatment <- droplevels(vst.SPZ$treatment) 
 
# replot pretty PCA: 
levels(vst.SPZ$treatment) 
vst.SPZ$treatment <- factor(vst.SPZ$treatment, levels = c("untr", 
"PBS", "SPZlo", "SPZhi", "LPS")) 
 
PCA <- plotPCA(vst.SPZ, "treatment", ntop=1000, returnData=TRUE) 
ggplot(PCA, aes(x=PC1, y=PC2, colour=treatment))+ 
  geom_point(size=4, shape=19, alpha=1/1.2)+ 
  scale_colour_brewer(palette="Dark2")+ 
  coord_fixed(ratio=1.5)+ 
  #scale_colour_manual(values=wes_palette("Rushmore1", n=5, 
type="discrete"))+ 
  theme(panel.background = 
element_blank(),panel.border=element_rect(fill=NA), 
        
axis.text.x=element_text(colour="black"),axis.text.y=element_text(colo
ur="black"), 
        
axis.ticks=element_line(colour="black"),plot.margin=unit(c(1,1,1,1),"l
ine")) 
 
#----------------------------------- 
# Compute differentially expressed genes  
#----------------------------------- 
 
# generate results tables with specified contrasts and shrunken lfc 
values: 
# SPZ GFP high vs untreated: 
PBS_untr <- lfcShrink(dds.or, contrast=c("treatment", "PBS", "untr"), 
type="normal", alpha=0.005) 
PBS_untr_df <- as.data.frame(subset(SPZhi_untr, padj <0.05 & 
abs(log2FoldChange) >0.5)) 
 
 
# SPZ GFP high vs untreated: 
SPZhi_untr <- lfcShrink(dds.or, contrast=c("treatment", "SPZhi", 
"untr"), type="normal", alpha=0.005) 
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SPZhi_untr_df <- as.data.frame(subset(SPZhi_untr, padj <0.05 & 
abs(log2FoldChange) >0.5)) 
Up_SPZhi_untr <- subset(SPZhi_untr_df, log2FoldChange >0) 
Down_SPZhi_untr <- subset(SPZhi_untr_df, log2FoldChange <0) 
write.csv(Up_SPZhi_untr, 
          file="Up_SPZhi_untr.csv") 
write.csv(Down_SPZhi_untr, 
          file="Down_SPZhi_untr.csv") 
 
# SPZ GFP low vs untreated:  
SPZlo_untr <- lfcShrink(dds.or, contrast=c("treatment", "SPZlo", 
"untr"), type="normal", alpha=0.005) 
SPZlo_untr_df <- as.data.frame(subset(SPZlo_untr, padj <0.05 & 
abs(log2FoldChange) >0.5)) 
Up_SPZlo_untr <- subset(SPZlo_untr_df, log2FoldChange >0) 
Down_SPZlo_untr <- subset(SPZlo_untr_df, log2FoldChange <0) 
write.csv(Up_SPZlo_untr , 
          file="Up_SPZlo_untr.csv") 
write.csv(Down_SPZlo_untr , 
          file="Down_SPZlo_untr.csv") 
# Export for dotplot: 
SPZlo_untr_df <- as.data.frame(SPZlo_untr) 
write.csv(SPZlo_untr_df , 
          file="SPZlo_untr_df.csv") 
 
# LPS vs untreated:  
LPS_untr <- lfcShrink(dds.or, contrast=c("treatment", "LPS", "untr"), 
type="normal", alpha=0.005) 
LPS_untr_df <- subset(LPS_untr, padj <0.05 & abs(log2FoldChange) >0.5) 
LPS_untr_df <- as.data.frame(LPS_untr_df) 
Up_LPS_untr <- subset(LPS_untr_df, log2FoldChange >0) 
Down_LPS_untr <- subset(LPS_untr_df, log2FoldChange <0) 
write.csv(Up_LPS_untr , 
          file="Up_LPS_untr.csv") 
write.csv(Down_LPS_untr, 
          file="Down_LPS_untr.csv") 
 
# Export for dotplot: 
LPS_untr_df <- as.data.frame(LPS_untr) 
write.csv(LPS_untr_df, file="LPS_untr_df.csv") 
 
# SPZ GFP hi vs LPS:  
SPZhi_LPS <- lfcShrink(dds.or, contrast=c("treatment", "SPZhi", 
"LPS"), type="normal", alpha=0.005) 
SPZhi_LPS_df <- as.data.frame(subset(SPZhi_LPS, padj <0.05 & 
abs(log2FoldChange) >0.5)) 
Up_SPZhi_LPS <- subset(SPZhi_LPS_df, log2FoldChange >0) 
Down_SPZhi_LPS <- subset(SPZhi_LPS_df, log2FoldChange <0) 
 
# SPZ GFP low vs LPS:  
SPZlo_LPS <- lfcShrink(dds.or, contrast=c("treatment", "SPZlo", 
"LPS"), type="normal", alpha=0.005) 
SPZlo_LPS_df <- as.data.frame(subset(SPZlo_LPS, padj <0.05 & 
abs(log2FoldChange) >0.5)) 
Up_SPZlo_LPS <- subset(SPZlo_LPS_df, log2FoldChange >0) 
Down_SPZlo_LPS <- subset(SPZlo_LPS_df, log2FoldChange <0) 
 
# SPZ GFP high vs SPZ GFP low: 
SPZhi_SPZlo <- lfcShrink(dds.or, contrast=c("treatment", "SPZhi", 
"SPZlo"), type="normal", alpha=0.005) 
SPZhi_SPZlo_df <- as.data.frame(subset(SPZhi_SPZlo, padj <0.05 & 
abs(log2FoldChange) >0.5)) 
Up_SPZhi_SPZlo <- subset(SPZhi_SPZlo_df, log2FoldChange >0) 
Down_SPZhi_SPZlo <- subset(SPZhi_SPZlo_df, log2FoldChange <0) 
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# Export for GSEA: 
SPZhi_SPZlo_df <- as.data.frame(SPZhi_SPZlo) 
write.csv(SPZhi_SPZlo_df, file="SPZhi_SPZlo_df.csv") 
 
 
# Untr vs PBS: 
Untr_PBS <- lfcShrink(dds.or, contrast=c("treatment", "PBS", "untr"), 
type="normal", alpha=0.005) 
Untr_PBS_df <- as.data.frame(subset(SPZhi_SPZlo, padj <0.05 & 
abs(log2FoldChange) >0.5)) 
 
 
# Plot Volcano plots: 
# Exchange DEseq2 results object as required: 
EnhancedVolcano(iRBClo_RBC, 
                lab = rownames(iRBChi_iRBClo), 
                x = 'log2FoldChange', 
                y = 'padj', 
                pCutoff=0.05, 
                FCcutoff=1, 
                cutoffLineType="blank", 
                col=c('black', 'black', 'black', 'red3'), 
                colAlpha=0.8, 
                gridlines.major = FALSE, 
                gridlines.minor = FALSE, 
                #selectLab = c(''), 
                #selectLab = c('Tnfa','Il1rn', 'Cxcl2', 'Socs3', 
'Hbegf', 'Junb', 'IL10', 'Lilr4b', 'Atf4', 
                 #          'Clec4e', 'Procr', 'Cxcl1', 'Bhlhe40', 
'Mdm2', 'CD40', 'Nos2'), 
                legendVisible=FALSE, 
                border='full', 
                transcriptPointSize=1.5, 
                axisLabSize=20, 
                #xlim=c(-8,8), 
                ylim=c(-0.1,3) 
) 
 
#------------------------------------ 
# Extract genes contributing to variance from PCA and plot heatmap: 
#------------------------------------ 
 
# Check features that contribute to classification: 
PCA_out_r <- as.data.frame(PCA$rotation) 
PCA_out_r$feature <- row.names(PCA_out_r) 
 
# check the top genes for each PCA and put into excel, then import for 
plotting: 
PCA_top <- read.csv("PCA_top.csv", header = FALSE) 
PCA_top <- as.data.frame(PCA_top) 
PCA_top <- as.character(PCA_top$V1) 
 
vsd.SPZ <- assay(vst.SPZ) 
vsd.SPZ.PCA <- vsd.SPZ[PCA_top,] 
 
# Plot as heatmap: 
 
pheatmap(vsd.SPZ.PCA, scale="row", color=inferno(100), border_color = 
NA, 
         cellwidth=15, cellheight = 7, cutree_cols=3, 
treeheight_row=20,  
         clustering_method="ward.D2" ,treeheight_col=20, 
fontsize_row=8, clustering_distance_cols = "euclidean") 
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# ------------------------------------------------------- 
# Blood stage data analysis  
# ------------------------------------------------------- 
 
# Exclude SPZ samples: 
 
vst.iRBC <- vst[, vst$treatment %in% c("LPS", "RBC", "iRBChi", 
"iRBClo")] 
vst.iRBC$treatment <- droplevels(vst.iRBC$treatment) 
 
# plot pretty PCA 
 
# replot pretty PCA: 
levels(vst.iRBC$treatment) 
vst.iRBC$treatment <- factor(vst.iRBC$treatment, levels = c("RBC", 
"iRBClo", "iRBChi", "LPS")) 
 
PCA <- plotPCA(vst.iRBC, "treatment", ntop=1000, returnData=TRUE) 
ggplot(PCA, aes(x=PC1, y=PC2, colour=treatment))+ 
#shape=vst.iRBC$exp))+ 
  geom_point(size=5, alpha=1/1.2)+ 
  scale_colour_brewer(palette="Dark2")+ 
  #scale_colour_manual(values=wes_palette("Rushmore1", n=5, 
type="discrete"))+ 
  theme(panel.background = 
element_blank(),panel.border=element_rect(fill=NA), 
        
axis.text.x=element_text(colour="black"),axis.text.y=element_text(colo
ur="black"), 
        
axis.ticks=element_line(colour="black"),plot.margin=unit(c(1,1,1,1),"l
ine")) 
 
# iRBC GFP high vs RBC:  
iRBChi_RBC <- lfcShrink(dds.or, contrast=c("treatment", "iRBChi", 
"RBC"), type="normal", alpha=0.005) 
iRBChi_RBC_df <- as.data.frame(iRBChi_RBC) 
write.csv(iRBChi_RBC_df , 
          file="iRBChi_RBC_df.csv") 
iRBChi_RBC_df <- as.data.frame(subset(iRBChi_RBC, padj <0.05 & 
abs(log2FoldChange) >0.5)) 
 
# iRBC GFP high vs GFP low 
iRBChi_iRBClo <- lfcShrink(dds.or, contrast=c("treatment", "iRBChi", 
"iRBClo"), type="normal", alpha=0.005) 
iRBChi_iRBClo_df <- as.data.frame(iRBChi_RBC) 
write.csv(iRBChi_iRBClo_df , 
          file="iRBChi_iRBClo_df.csv") 
iRBChi_iRBClo_df <- as.data.frame(subset(iRBChi_iRBClo, padj <0.05 & 
abs(log2FoldChange) >0.5)) 
 
# iRBC GFP low vs RBC 
iRBClo_RBC <- lfcShrink(dds.or, contrast=c("treatment", "iRBClo", 
"RBC"), type="normal", alpha=0.005) 
iRBClo_RBC_df <- as.data.frame(iRBClo_RBC) 
write.csv(iRBClo_RBC_df , 
          file="iRBClo_RBC_df.csv") 
iRBChi_iRBClo_df <- as.data.frame(subset(iRBChi_iRBClo, padj <0.05 & 
abs(log2FoldChange) >0.5)) 
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R script for differential expression analysis at 24 h timepoint 

###################################################################### 
# 
# 
#         Script analyzing RNAseq data generated with stimulated MOs 
#         Sequenced after smartseq2 lib prep 75b paired end 
#         Aligned with kallisto using 30 inferential replicates 
#                         24h timepoint 
#                       Kai.g.pohl@gmail.com 
# 
###################################################################### 
# package installation: do it just once 
 
 
install.packages("tidyverse") 
install.packages("pheatmap") 
install.packages("vegan") 
install.packages("ape") 
install.packages("rgl") 
install.packages("Matrix.utils") 
BiocManager::install("tximport") 
BiocManager::install("tximeta") 
BiocManager::install("rhdf5") 
BiocManager::install('EnhancedVolcano') 
BiocManager::install('apeglm') 
BiocManager::install('AnnotationDbi') 
BiocManager::install('ashr') 
BiocManager::install('Glimma') 
BiocManager::install('org.Mm.eg.db') 
BiocManager::install('viridis') 
 
 
 
#load dependencies: 
 
library(remotes) 
library(tximport) 
library(tximeta) 
library(tidyverse) 
library(DESeq2) 
library(apeglm) 
library(Glimma) 
library(vegan) 
library(rgl) 
library(ape) 
library(BiocParallel) 
library(pheatmap) 
library(viridis) 
library(RColorBrewer) 
library(wesanderson) 
library(EnhancedVolcano) 
 
 
#---------------------------- 
# first import data from Kallisto quantification using tximeta package 
#---------------------------- 
 
# Point to files and names of samples and connect with experimental 
# conditions stored in the s2c.. file 
# Kallisto quantification files are stored in /results 
 
coldata <- read.csv("s2c_24h_taximeta.csv") 
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files <- file.path("results", coldata$names, "abundance.h5") 
coldata$files <- files 
coldata$names <- as.character(coldata$names) 
 
# make tx2gene data frame that links transcript IDs to gene IDs: 
mart <- biomaRt::useMart(biomart = "ENSEMBL_MART_ENSEMBL", 
                         dataset = "mmusculus_gene_ensembl", 
                         host = 'ensembl.org') 
 
t2g <- biomaRt::getBM(attributes = c("ensembl_transcript_id", 
                                     "mgi_symbol"), mart = mart) 
 
t2g <- dplyr::rename(t2g, target_id = ensembl_transcript_id, 
                     ens_gene = mgi_symbol) 
 
# build summarized experiment object:  
se24h <- tximeta(coldata, type = "kallisto", txOut=FALSE, tx2gene = 
t2g, ignoreTxVersion=TRUE, cleanDuplicateTxps=TRUE) 
 
 
#---------------------------- 
# Data analysis with Deseq2 
#---------------------------- 
 
# make DESeq object and specify design formula: 
# note that the treatment factor contains macrophage treatments 
# but also the GFP+ and GFP- populations from the sporozoite and iRBC 
treated 
# macrophages 
# the exp factor contains information about the biological replicate 
# of the experiment and is included to model variation induced by the 
biological 
# relicates 
 
 
dds24h <- DESeqDataSet(se24h, design = ~ treatment + exp) 
 
# exclude genes with low counts to gain some computing speed: 
 
dds24h <- estimateSizeFactors(dds24h) 
idx <- rowSums(counts(dds24h, normalized=TRUE) >=30) >=6 
dds24h <- dds24h[idx,] 
 
#fit model using all four cores: 
 
register(MulticoreParam(4)) 
 
dds24h <-  DESeq(dds24h, parallel=TRUE) 
 
# Variance stabilizeing transformation of the data for PCA analysis 
# and outlier identification: 
vst <- varianceStabilizingTransformation(dds24h) 
 
# plot a correlation heatmap to idetify outliers: 
pheatmap(cor(assay(vst))) 
 
# --> One replicate from KPA34 clusters outside of the others and is  
# removed from downstream analyses. 
# However, main findings from this analysis can be replicated without 
# removing the outliers 
 
# exclude outliers: KPA34_M1_iRBChi 
dds24h.or <- dds24h[,-c(13)] 
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#reestimate parameters: 
 
dds24h.or <-  DESeq(dds24h.or, parallel=TRUE) 
 
# Variance stabilizeing transformation of the data for PCA analysis 
vst <- varianceStabilizingTransformation(dds24h.or) 
 
# deseq2 inbuilt PCA: 
plotPCA(vst, "treatment") 
 
# exclude iRBC/RBC conditions from PCA plot: 
vst.SPZ <- vst[, vst$treatment %in% c("LPS", "untr", "PBS", "SPZhi", 
"SPZlo")] 
vst.SPZ$treatment <- droplevels(vst.SPZ$treatment) 
 
# replot pretty PCA: 
levels(vst.SPZ$treatment) 
vst.SPZ$treatment <- factor(vst.SPZ$treatment, levels = c("untr", 
"PBS", "SPZlo", "SPZhi", "LPS")) 
 
PCA <- plotPCA(vst.SPZ, "treatment", ntop=1000, returnData=TRUE) 
ggplot(PCA, aes(x=PC1, y=PC2, colour=treatment))+ 
  geom_point(size=5, shape=19, alpha=1/1.2)+ 
  scale_colour_brewer(palette="Dark2")+ 
  #scale_colour_manual(values=wes_palette("Rushmore1", n=5, 
type="discrete"))+ 
  theme(panel.background = 
element_blank(),panel.border=element_rect(fill=NA), 
        
axis.text.x=element_text(colour="black"),axis.text.y=element_text(colo
ur="black"), 
        
axis.ticks=element_line(colour="black"),plot.margin=unit(c(1,1,1,1),"l
ine")) 
 
#----------------------------------- 
# Compute differentially expressed genes  
#----------------------------------- 
 
# generate results tables with specified contrasts and shrunken lfc 
values: 
# SPZ GFP high vs untreated: 
SPZhi_untr <- lfcShrink(dds24h.or, contrast=c("treatment", "SPZhi", 
"untr"), type="normal", alpha=0.005) 
SPZhi_untr_df <- as.data.frame(subset(SPZhi_untr, padj <0.05 & 
abs(log2FoldChange) >0.5)) 
Up_SPZhi_untr <- subset(SPZhi_untr_df, log2FoldChange >0) 
Down_SPZhi_untr <- subset(SPZhi_untr_df, log2FoldChange <0) 
write.csv(Up_SPZhi_untr, 
          file="Up_SPZhi_untr.csv") 
write.csv(Down_SPZhi_untr, 
          file="Down_SPZhi_untr.csv") 
SPZhi_untr_df_24h <- as.data.frame(SPZhi_untr) 
write.csv(SPZhi_untr_df_24h, 
          file="SPZhi_untr_df_24h.csv") 
 
genes <- as.character(rownames(Up_SPZhi_untr)) 
genes.EIds <- mapIds(org.Mm.eg.db, genes, "ENTREZID", "SYMBOL") 
write.csv(genes.EIds, file="Up_SPZhi_untr_24h_ENTREZID.csv") 
 
 
# SPZ GFP low vs untreated:  
SPZlo_untr <- lfcShrink(dds24h.or, contrast=c("treatment", "SPZlo", 
"untr"), type="normal", alpha=0.005) 
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SPZlo_untr_df <- as.data.frame(subset(SPZlo_untr, padj <0.05 & 
abs(log2FoldChange) >0.5)) 
Up_SPZlo_untr <- subset(SPZlo_untr_df, log2FoldChange >0) 
Down_SPZlo_untr <- subset(SPZlo_untr_df, log2FoldChange <0) 
write.csv(Up_SPZlo_untr , 
          file="Up_SPZlo_untr.csv") 
write.csv(Down_SPZlo_untr , 
          file="Down_SPZlo_untr.csv") 
SPZlo_untr_df_24h <- as.data.frame(SPZlo_untr) 
write.csv(SPZlo_untr_df_24h, 
          file="SPZlo_untr_df_24h.csv") 
 
# LPS vs untreated: 
# Ich hab dich lieb, Lisa <3  
LPS_untr <- lfcShrink(dds24h.or, contrast=c("treatment", "LPS", 
"untr"), type="normal", alpha=0.005) 
LPS_untr_df <- subset(LPS_untr, padj <0.05 & abs(log2FoldChange) >0.5) 
LPS_untr_df <- as.data.frame(LPS_untr_df) 
Up_LPS_untr <- subset(LPS_untr_df, log2FoldChange >0) 
Down_LPS_untr <- subset(LPS_untr_df, log2FoldChange <0) 
write.csv(Up_LPS_untr , 
          file="Up_LPS_untr.csv") 
write.csv(Down_LPS_untr, 
          file="Down_LPS_untr.csv") 
 
# SPZ GFP hi vs LPS:  
SPZhi_LPS <- lfcShrink(dds24h.or, contrast=c("treatment", "SPZhi", 
"LPS"), type="normal", alpha=0.005) 
SPZhi_LPS_df <- as.data.frame(subset(SPZhi_LPS, padj <0.05 & 
abs(log2FoldChange) >0.5)) 
Up_SPZhi_LPS <- subset(SPZhi_LPS_df, log2FoldChange >0) 
Down_SPZhi_LPS <- subset(SPZhi_LPS_df, log2FoldChange <0) 
 
# SPZ GFP low vs LPS:  
SPZlo_LPS <- lfcShrink(dds24h.or, contrast=c("treatment", "SPZlo", 
"LPS"), type="normal", alpha=0.005) 
SPZlo_LPS_df <- as.data.frame(subset(SPZlo_LPS, padj <0.05 & 
abs(log2FoldChange) >0.5)) 
Up_SPZlo_LPS <- subset(SPZlo_LPS_df, log2FoldChange >0) 
Down_SPZlo_LPS <- subset(SPZlo_LPS_df, log2FoldChange <0) 
 
# SPZ GFP high vs SPZ GFP low: 
SPZhi_SPZlo <- lfcShrink(dds24h.or, contrast=c("treatment", "SPZhi", 
"SPZlo"), type="normal", alpha=0.005) 
SPZhi_SPZlo_df <- as.data.frame(subset(SPZhi_SPZlo, padj <0.05 & 
abs(log2FoldChange) >0.5)) 
Up_SPZhi_SPZlo <- subset(SPZhi_SPZlo_df, log2FoldChange >0) 
Down_SPZhi_SPZlo <- subset(SPZhi_SPZlo_df, log2FoldChange <0) 
 
# Export for GSEA: 
SPZhi_SPZlo_df_24h <- as.data.frame(SPZhi_SPZlo) 
write.csv(SPZhi_SPZlo_df_24h, file="SPZhi_SPZlo_df_24h.csv") 
 
 
# Untr vs PBS: 
Untr_PBS <- lfcShrink(dds24h.or, contrast=c("treatment", "PBS", 
"untr"), type="normal", alpha=0.005) 
Untr_PBS_df <- as.data.frame(subset(SPZhi_SPZlo, padj <0.05 & 
abs(log2FoldChange) >0.5)) 
 
 
# Plot Volcano plots: 
# Exchange DEseq2 results object as required: 
EnhancedVolcano(iRBChi_RBC_24h, 
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                lab = rownames(iRBChi_RBC_24h), 
                x = 'log2FoldChange', 
                y = 'padj', 
                pCutoff=0.05, 
                FCcutoff=1.5, 
                cutoffLineType="blank", 
                col=c('black', 'black', 'black', 'red3'), 
                colAlpha=0.8, 
                gridlines.major = FALSE, 
                gridlines.minor = FALSE, 
                selectLab = c(''), 
                #selectLab = c('Tnfa','Il1rn', 'Cxcl2', 'Socs3', 
'Hbegf', 'Junb', 'IL10', 'Lilr4b', 'Atf4', 
                 #         'Clec4e', 'Procr', 'Cxcl1', 'Bhlhe40', 
'Mdm2', 'CD40', 'Nos2'), 
                legendVisible=FALSE, 
                border='full', 
                transcriptPointSize=1.5, 
                axisLabSize=20, 
                #xlim=c(-4,4), 
                ylim=c(-0.1,7) 
) 
 
 
 
###################################################################### 
####### plot individual genes 
################################################## 
 
ddplot <- plotCounts(dds24h.or, "Cd274", intgroup="treatment", 
normalized = TRUE, 
                     transform = TRUE, returnData = TRUE, 
                     replaced = FALSE) 
ggplot(ddplot, aes(x=treatment, y=count, color=dds24h.or$treatment))+ 
  scale_y_log10()+ 
  geom_dotplot(binaxis="y", stackdir="center") 
 
 
# ------------------------------------------------------- 
# Blood stage data analysis  
# ------------------------------------------------------- 
 
# Exclude SPZ samples: 
 
vst.iRBC <- vst[, vst$treatment %in% c("LPS", "RBC", "iRBChi", 
"iRBClo")] 
vst.iRBC$treatment <- droplevels(vst.iRBC$treatment) 
 
# plot pretty PCA 
 
# replot pretty PCA: 
levels(vst.iRBC$treatment) 
vst.iRBC$treatment <- factor(vst.iRBC$treatment, levels = c("RBC", 
"iRBClo", "iRBChi", "LPS")) 
 
PCA <- plotPCA(vst.iRBC, "treatment", ntop=1000, returnData=TRUE) 
ggplot(PCA, aes(x=PC1, y=PC2, colour=treatment))+ 
#shape=vst.iRBC$exp))+ 
  geom_point(size=5, alpha=1/1.2)+ 
  scale_colour_brewer(palette="Dark2")+ 
  #scale_colour_manual(values=wes_palette("Rushmore1", n=5, 
type="discrete"))+ 
  theme(panel.background = 
element_blank(),panel.border=element_rect(fill=NA), 
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axis.text.x=element_text(colour="black"),axis.text.y=element_text(colo
ur="black"), 
        
axis.ticks=element_line(colour="black"),plot.margin=unit(c(1,1,1,1),"l
ine")) 
 
# iRBC GFP high vs RBC:  
iRBChi_RBC_24h <- lfcShrink(dds24h.or, contrast=c("treatment", 
"iRBChi", "RBC"), type="normal", alpha=0.005) 
iRBChi_RBC_df_24h <- as.data.frame(iRBChi_RBC_24h) 
write.csv(iRBChi_RBC_df_24h , 
          file="iRBChi_RBC_df_24h.csv") 
iRBChi_RBC_df_24h <- as.data.frame(subset(iRBChi_RBC_24h, padj <0.05 & 
abs(log2FoldChange) >0.5)) 
 
# iRBC GFP high vs GFP low 
iRBChi_iRBClo_24h <- lfcShrink(dds24h.or, contrast=c("treatment", 
"iRBChi", "iRBClo"), type="normal", alpha=0.005) 
iRBChi_iRBClo_df_24h <- as.data.frame(iRBChi_RBC_24h) 
write.csv(iRBChi_iRBClo_df_24h , 
          file="iRBChi_iRBClo_df.csv") 
iRBChi_iRBClo_df_24h <- as.data.frame(subset(iRBChi_iRBClo_24h, padj 
<0.05 & abs(log2FoldChange) >0.5)) 
 
# iRBC GFP low vs RBC 
iRBClo_RBC_24h <- lfcShrink(dds24h.or, contrast=c("treatment", 
"iRBClo", "RBC"), type="normal", alpha=0.005) 
iRBClo_RBC_df_24h <- as.data.frame(iRBClo_RBC_24h) 
write.csv(iRBClo_RBC_df_24h , 
          file="iRBClo_RBC_df_24h.csv") 
iRBClo_RBC_df_24h <- as.data.frame(subset(iRBClo_RBC_24h, padj <0.05 & 
abs(log2FoldChange) >0.5)) 
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R script to generate dotplots for log2FC values 

# Script to plot dotplots: 
 
library(viridis) 
library(ggplot2) 
 
#----------------------------------- 
# Comparison of SPZ and iRBC treated MOs: 
#----------------------------------- 
 
data <- read.csv(file = "SPZhi_and_iRBChi.csv", header = TRUE) 
 
plot <- ggplot(data=data, aes(x=fc.iRBC, y=fc.SPZ, colour=mean.p))+ 
              geom_point(size=2.5)+ 
              #xlim(-8,8)+ 
              #ylim(-8,8)+ 
              scale_colour_viridis(option="viridis", direction=-1)+ 
              theme(panel.background = 
element_blank(),panel.border=element_rect(fill=NA), 
              
axis.text.x=element_text(colour="black"),axis.text.y=element_text(colo
ur="black"), 
              
axis.ticks=element_line(colour="black"),plot.margin=unit(c(1,1,1,1),"l
ine")) 
 
plot 
 
# ------------------------------------------------- 
# Dotplot of SPZ treated macrophages at 4 and 24 h: 
#-------------------------------------------------- 
 
# read in files with genes and log2 expression values generated from 
Deseq2 
 
SPZhi_untr <- read.csv(file = "SPZhi_untr_df.csv", header = TRUE) 
SPZhi_untr_24h <- read.csv(file = "SPZhi_untr_df_24h.csv", header = 
TRUE) 
 
# Merge the two data frames together, excluding genes that are not 
present in both lists: 
 
SPZhi4h_24h <- merge(SPZhi_untr, SPZhi_untr_24h, by="X") 
write.csv(SPZhi4h_24h, 
          file="SPZhi4h_24h.csv") 
 
# Plot log2 fc values for both timepoints: 
 
plot2 <- ggplot(data=SPZhi4h_24h, aes(x=log2FoldChange.x, 
y=log2FoldChange.y, colour=(padj.x+padj.y)/2))+ 
  geom_point(size=2.5)+ 
  #xlim(-8,8)+ 
  #ylim(-8,8)+ 
  scale_colour_viridis(option="viridis", direction=-1)+ 
  theme(panel.background = 
element_blank(),panel.border=element_rect(fill=NA), 
        
axis.text.x=element_text(colour="black"),axis.text.y=element_text(colo
ur="black"), 
        
axis.ticks=element_line(colour="black"),plot.margin=unit(c(1,1,1,1),"l
ine")) 
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plot2 
 
# Extract genes upregulated early but downregulated late: 
 
up_4h_down_24h <- subset(SPZhi4h_24h, log2FoldChange.x > 0 & padj.x < 
0.05) 
up_4h_down_24h <- subset(up_4h_down_24h, log2FoldChange.y < 0 & padj.y 
< 0.05) 
 
# export for downstream analysis: 
 
write.csv(up_4h_down_24h, 
          file="up_4h_down_24h.csv") 
 
# Extract genes upregulated early and late: 
 
up_4h_up_24h <- subset(SPZhi4h_24h, log2FoldChange.x > 0 & padj.x < 
0.05) 
up_4h_up_24h <- subset(up_4h_up_24h, log2FoldChange.y > 0 & padj.y < 
0.05) 
 
# export for downstream analysis: 
 
write.csv(up_4h_up_24h, 
          file="up_4h_up_24h.csv") 
 
#----------------------------------- 
# Comparison of SPZ and iRBC treated MOs at 24h: 
#----------------------------------- 
 
iRBChi_untr_24h <- read.csv(file = "iRBChi_RBC_df_24h.csv", header = 
TRUE) 
SPZhi_untr_24h <- read.csv(file = "SPZhi_untr_df_24h.csv", header = 
TRUE) 
 
# Merge the two data frames together, excluding genes that are not 
present in both lists: 
 
iRBChi_SPZhi_24h <- merge(iRBChi_untr_24h, SPZhi_untr_24h, by="X") 
write.csv(iRBChi_SPZhi_24h, 
          file="iRBChi_SPZhi_24h.csv") 
 
# Plot log2 fc values for both populations: 
svg("combined.svg") 
plot2 <- ggplot(data=iRBChi_SPZhi_24h, aes(x=log2FoldChange.x, 
y=log2FoldChange.y, colour=(padj.x+padj.y)/2))+ 
  geom_point(alpha=0.8, size=1)+ 
  #geom_smooth(colour='red')+ 
  #xlim(-8,8)+ 
  #ylim(-8,8)+ 
  scale_colour_viridis(option="viridis", direction=-1)+ 
  theme(panel.background = 
element_blank(),panel.border=element_rect(fill=NA), 
        
axis.text.x=element_text(colour="black"),axis.text.y=element_text(colo
ur="black"), 
        
axis.ticks=element_line(colour="black"),plot.margin=unit(c(1,1,1,1),"l
ine")) 
plot2 
dev.off() 
 
# Extract genes upregulated early but downregulated late: 
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up_iRBChi_24h <- subset(iRBChi_SPZhi_24h, log2FoldChange.x > 0 & 
padj.x < 0.05) 
up_iRBChi_SPZhi_24h <- subset(up_iRBChi_24h, log2FoldChange.y > 0 & 
padj.y < 0.05) 
 
# export for downstream analysis: 
 
write.csv(up_iRBChi_SPZhi_24h, 
          file="up_iRBChi_SPZhi_24h.csv") 
 
 
 
#-------------------------------------------------- 
# Dotplot of SPZ treated macrophages GFPhigh and GFP low at 4h: 
# read in files with genes and log2 expression values generated from 
Deseq2 
 
SPZhi_untr <- read.csv(file = "SPZhi_untr_df.csv", header = TRUE) 
SPZlo_untr <- read.csv(file = "SPZlo_untr_df.csv", header = TRUE) 
 
# Merge the two data frames together, excluding genes that are not 
present in both lists: 
 
SPZhi_SPZlo_4h <- merge(SPZhi_untr, SPZlo_untr, by="X") 
write.csv(SPZhi_SPZlo_4h, 
          file="SPZhi_SPZlo_4h.csv") 
 
# Plot log2 fc values for both populations: 
 
plot2 <- ggplot(data=SPZhi_SPZlo_4h, aes(x=log2FoldChange.x, 
y=log2FoldChange.y))+ 
  geom_point(alpha=0.8, size=3)+ 
  geom_smooth(colour='red')+ 
  #xlim(-8,8)+ 
  #ylim(-8,8)+ 
  #scale_colour_viridis(option="viridis", direction=-1)+ 
  theme(panel.background = 
element_blank(),panel.border=element_rect(fill=NA), 
        
axis.text.x=element_text(colour="black"),axis.text.y=element_text(colo
ur="black"), 
        
axis.ticks=element_line(colour="black"),plot.margin=unit(c(1,1,1,1),"l
ine")) 
plot2 
 
#-------------------------------------------------- 
# Dotplot of SPZ treated macrophages GFPhigh and GFP low at 24 h: 
# read in files with genes and log2 expression values generated from 
Deseq2 
 
SPZhi_untr_24h <- read.csv(file = "SPZhi_untr_df_24h.csv", header = 
TRUE) 
SPZlo_untr_24h <- read.csv(file = "SPZlo_untr_df_24h.csv", header = 
TRUE) 
 
# Merge the two data frames together, excluding genes that are not 
present in both lists: 
 
SPZhi_SPZlo_24h <- merge(SPZhi_untr_24h, SPZlo_untr_24h, by="X") 
write.csv(SPZhi_SPZlo_24h, 
          file="SPZhi_SPZlo_24h.csv") 
 
# Plot log2 fc values for both populations: 
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plot2 <- ggplot(data=SPZhi_SPZlo_24h, aes(x=log2FoldChange.x, 
y=log2FoldChange.y))+ 
  geom_point(alpha=0.8, size=3)+ 
  geom_smooth(colour='red')+ 
  #xlim(-8,8)+ 
  #ylim(-8,8)+ 
  #scale_colour_viridis(option="viridis", direction=-1)+ 
  theme(panel.background = 
element_blank(),panel.border=element_rect(fill=NA), 
        
axis.text.x=element_text(colour="black"),axis.text.y=element_text(colo
ur="black"), 
        
axis.ticks=element_line(colour="black"),plot.margin=unit(c(1,1,1,1),"l
ine")) 
plot2 
 
#-------------------------------------------------- 
# Dotplot of SPZ treated and LPS treated macrophages 
# read in files with genes and log2 expression values generated from 
Deseq2 
 
SPZhi_untr <- read.csv(file = "SPZhi_untr_df.csv", header = TRUE) 
LPS_untr <- read.csv(file = "LPS_untr_df.csv", header = TRUE) 
 
# Merge the two data frames together, excluding genes that are not 
present in both lists: 
 
SPZhi_LPS_4h <- merge(SPZhi_untr, LPS_untr, by="X") 
write.csv(SPZhi_LPS_4h, 
          file="SPZhi_LPS_4h.csv") 
 
# Plot log2 fc values for both populations: 
 
plot4 <- ggplot(data=SPZhi_LPS_4h, aes(x=log2FoldChange.x, 
y=log2FoldChange.y, colour=(padj.x+padj.y)/2))+ 
  geom_point(alpha=0.8, size=3)+ 
  #geom_smooth(colour='red')+ 
  xlim(-6,9)+ 
  ylim(-6,9)+ 
  scale_colour_viridis(option="viridis", direction=-1)+ 
  theme(panel.background = 
element_blank(),panel.border=element_rect(fill=NA), 
        
axis.text.x=element_text(colour="black"),axis.text.y=element_text(colo
ur="black"), 
        
axis.ticks=element_line(colour="black"),plot.margin=unit(c(1,1,1,1),"l
ine")) 
plot4 
 
 
#-------------------------------------------------- 
# Dotplot of iRBC treated macrophages GFP+ and GFP- populations 
# read in files with genes and log2 expression values generated from 
Deseq2 
 
iRBChi_RBC <- read.csv(file = "iRBChi_RBC_df.csv", header = TRUE) 
iRBClo_RBC <- read.csv(file = "iRBClo_RBC_df.csv", header = TRUE) 
 
# Merge the two data frames together, excluding genes that are not 
present in both lists: 
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iRBChi_iRBClo_4h <- merge(iRBChi_RBC, iRBClo_RBC, by="X") 
write.csv(iRBChi_iRBClo_4h, 
          file="iRBChi_iRBClo_4h.csv") 
 
# Plot log2 fc values for both populations: 
 
plot4 <- ggplot(data=iRBChi_iRBClo_4h, aes(x=log2FoldChange.x, 
y=log2FoldChange.y))+ 
  geom_point(alpha=0.8, size=3)+ 
  geom_density_2d()+ 
  #geom_smooth(colour='red')+ 
  #xlim(-6,9)+ 
  #ylim(-6,9)+ 
  #scale_colour_viridis(option="viridis", direction=-1)+ 
  theme(panel.background = 
element_blank(),panel.border=element_rect(fill=NA), 
        
axis.text.x=element_text(colour="black"),axis.text.y=element_text(colo
ur="black"), 
        
axis.ticks=element_line(colour="black"),plot.margin=unit(c(1,1,1,1),"l
ine")) 
plot4 
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R script for overrepresentation analysis 

# Script for Pathway ORA analysis of differentially regulated genes 
# Kai.g.pohl@gmail.com 
 
 
BiocManager::install("DOSE") 
BiocManager::install("enrichplot") 
BiocManager::install("ReactomePA") 
BiocManager::install("clusterProfiler") 
BiocManager::install("GOSemSim") 
 
 
library(DOSE) 
library(enrichplot) 
library(ReactomePA) 
library(clusterProfiler) 
library(org.Mm.eg.db) 
library(GOSemSim) 
 
#-------------------------------- 
# load gene list of interest from previous analysis 
#-------------------------------- 
# gene lists are saved as .csv files with only one column specifying 
the genes 
list <- read.csv(file = "Up_SPZhi.csv", header = FALSE) 
list <- as.data.frame(list) 
list <- as.character(list$V1) 
 
# Assign Entrezid to gene symbols: 
list.EIds <- mapIds(org.Mm.eg.db, list, "ENTREZID", "SYMBOL") 
 
 
# Pathway enrichment analysis: 
x <- enrichPathway(gene=list.EIds, 
                   organism="mouse", 
                   pvalueCutoff = 0.05,  
                   readable=TRUE) 
# dotplot of pathway enrichment: 
dotplot(x, showCategory=10) + ggtitle("Up in SPZ but not LPS") 
 
# GO-term enrichment analysis 
ego <- enrichGO(gene=list.EIds, 
         OrgDb         = org.Mm.eg.db, 
         keyType       = 'ENTREZID', 
         ont = "BP" ) 
 
dotplot(ego, showCategory=20) 
ego.simple <- simplify(ego) 
dotplot(ego.simple, showCategory=20) 
 
 
#----------------------------------------- 
# Analysis of genes regulated across time: 
#----------------------------------------- 
 
#------------ up at 4 hours and down at 24 h: ------------- 
 
up_4h_down_24h <- read.csv(file = "up_4h_down_24h.csv", header = TRUE) 
 
up_4h_down_24h_c <- as.character(up_4h_down_24h$X) 
 
# Assign Entrezid to gene symbols: 
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up_4h_down_24h_e.id <- mapIds(org.Mm.eg.db, up_4h_down_24h_c , 
"ENTREZID", "SYMBOL") 
 
 
# Pathway enrichment analysis: 
up_4h_down_24h_path <- enrichPathway(gene=up_4h_down_24h_e.id, 
                   organism="mouse", 
                   pvalueCutoff = 0.1,  
                   readable=TRUE) 
# dotplot of pathway enrichment: 
dotplot(up_4h_down_24h_path, showCategory=10) 
 
# GO-term enrichment analysis 
up_4h_down_24h_GO <- enrichGO(gene=up_4h_down_24h_e.id, 
                OrgDb         = org.Mm.eg.db, 
                keyType       = 'ENTREZID', 
                ont = "BP" ) 
 
dotplot(up_4h_down_24h_GO, showCategory=20) 
up_4h_down_24h_GO.s <- simplify(up_4h_down_24h_GO, cutoff=0.5) 
dotplot(up_4h_down_24h_GO.s, showCategory=6) 
 
#--------------- up at 4 h and at 24 h: ------------------------ 
 
 
up_4h_up_24h <- read.csv(file = "up_4h_up_24h.csv", header = TRUE) 
 
up_4h_up_24h_c <- as.character(up_4h_up_24h$X) 
 
# Assign Entrezid to gene symbols: 
up_4h_up_24h_e.id <- mapIds(org.Mm.eg.db, up_4h_up_24h_c , "ENTREZID", 
"SYMBOL") 
 
 
# Pathway enrichment analysis: 
up_4h_up_24h_path <- enrichPathway(gene=up_4h_up_24h_e.id, 
                                     organism="mouse", 
                                     pvalueCutoff = 0.1,  
                                     readable=TRUE) 
# dotplot of pathway enrichment: 
dotplot(up_4h_up_24h_path, showCategory=8) 
 
# GO-term enrichment analysis 
up_4h_up_24h_GO <- enrichGO(gene=up_4h_up_24h_e.id, 
                              OrgDb         = org.Mm.eg.db, 
                              keyType       = 'ENTREZID', 
                              ont = "BP" ) 
 
dotplot(up_4h_up_24h_GO, showCategory=20) 
up_4h_up_24h_GO.s <- simplify(up_4h_up_24h_GO, cutoff=0.4) 
dotplot(up_4h_up_24h_GO.s, showCategory=6) 
barplot(up_4h_up_24h_GO.s, showCategory=6, x='Count', 
colour='GeneRatio') 
 
# -------------------------------------------- 
# Up in SPZ and iRBC treated macrophages at 24h 
# -------------------------------------------- 
 
 
up_iRBChi_SPZhi_24h <- read.csv(file = "up_iRBChi_SPZhi_24h.csv", 
header = TRUE) 
 
up_iRBChi_SPZhi_24h <- as.character(up_iRBChi_SPZhi_24h$X) 
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# Assign Entrezid to gene symbols: 
up_iRBChi_SPZhi_24h_e.id <- mapIds(org.Mm.eg.db, up_iRBChi_SPZhi_24h , 
"ENTREZID", "SYMBOL") 
 
 
# Pathway enrichment analysis: 
up_iRBChi_SPZhi_24h_path <- 
enrichPathway(gene=up_iRBChi_SPZhi_24h_e.id, 
                                     organism="mouse", 
                                     pvalueCutoff = 0.1,  
                                     readable=TRUE) 
# dotplot of pathway enrichment: 
dotplot(up_iRBChi_SPZhi_24h_path, showCategory=10) 
 
# GO-term enrichment analysis 
up_iRBChi_SPZhi_24h_GO <- enrichGO(gene=up_iRBChi_SPZhi_24h_e.id, 
                              OrgDb         = org.Mm.eg.db, 
                              keyType       = 'ENTREZID', 
                              ont = "MF" ) 
 
dotplot(up_iRBChi_SPZhi_24h_GO, showCategory=20) 
up_iRBChi_SPZhi_24h_GO.s <- simplify(up_iRBChi_SPZhi_24h_GO, 
cutoff=0.5) 
dotplot(up_iRBChi_SPZhi_24h_GO.s, showCategory=6) 
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R script for gene set enrichment analysis 

# Script for GSEA 
# kai.g.pohl@gmail.com 
 
BiocManager::install('msigdbr') 
BiocManager::install('GSEABase') 
 
 
library(DOSE) 
library(enrichplot) 
library(ReactomePA) 
library(clusterProfiler) 
library(org.Mm.eg.db) 
library(GOSemSim) 
library(msigdbr) 
library(enrichplot) 
library(GSEABase) 
 
 
 
SPZhi_untr <- read.csv(file = "SPZhi_untr_df_24h.csv", header = TRUE) 
 
# Prepare a sorted named numeric vector with Entrez ids and log2 fc 
values: 
 
## feature 1: numeric vector 
geneList <- SPZhi_untr[,3] 
genes <- as.character(SPZhi_untr[,1]) 
genes.EIds <- mapIds(org.Mm.eg.db, genes, "ENTREZID", "SYMBOL") 
genes.EIds <- unname(genes.EIds) 
 
## feature 2: named vector 
names(geneList) <- genes.EIds 
write.csv(names(geneList), file="background_4h.csv") 
names(geneList) 
 
## feature 3: decreasing order 
geneList <- sort(geneList, decreasing = TRUE) 
 
head(geneList) 
str(geneList) 
 
## use msigdbr to import gene lists of interest: 
# retrieve mouse gene sets: 
m_t2g <- msigdbr(species = "Mus musculus", category = "C3", 
subcategory="TFT:TFT_Legacy") %>%  
  dplyr::select(gs_name, entrez_gene) 
head(m_t2g) 
 
em <- GSEA(geneList, TERM2GENE = m_t2g, by='fgsea',  
           pvalueCutoff = 1, pAdjustMethod = "BH", 
           nPerm=10000) 
ridgeplot(em) 
dotplot(em) 
 
 
# Import self-converted human autophagy gene-sets: 
 
AutophagyGS <- read.gmt(gmtfile='SelectiveAutophagy.gmt') 
em <- GSEA(geneList, TERM2GENE = AutophagyGS, by='fgsea', 
           pvalueCutoff = 1, pAdjustMethod = "BH", 
           nPerm=10000) 
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gseaplot2(em, geneSetID = 1) 
dotplot(em) 
ridgeplot(em) 
em 
######------------------------------------ 
###### Blood stage data: 
######------------------------------------ 
 
 
iRBChi <- read.csv(file = "iRBChi_RBC_df_24h.csv", header = TRUE) 
 
# Prepare a sorted named numeric vector with Entrez ids and log2 fc 
values: 
 
## feature 1: numeric vector 
iRBChi.geneList <- iRBChi[,3] 
genes <- as.character(iRBChi[,1]) 
genes.EIds <- mapIds(org.Mm.eg.db, genes, "ENTREZID", "SYMBOL") 
genes.EIds <- unname(genes.EIds) 
head(genes.EIds) 
## feature 2: named vector 
names(iRBChi.geneList) <- genes.EIds 
 
## feature 3: decreasing order 
iRBChi.geneList <- sort(iRBChi.geneList, decreasing = TRUE) 
head(iRBChi.geneList) 
## use msigdbr to import gene lists of interest: 
# retrieve mouse gene sets: 
m_t2g <- msigdbr(species = "Mus musculus", category = "H") %>%  
  dplyr::select(gs_name, entrez_gene) 
 
Gsea.iRBC <- GSEA(iRBChi.geneList, TERM2GENE = m_t2g, by='fgsea',  
                  pvalueCutoff = 0.1, pAdjustMethod = "BH", 
                  nPerm=10000) 
dotplot(Gsea.iRBC, showCategory=8) 
ridgeplot(Gsea.iRBC, showCategory = 8, fill="p.adjust", 
core_enrichment = TRUE) 
p.adjust.methods 
 
 
#-------------------------------- 
# SPZHhi vs SPZlo analysis 
#------------------------------- 
 
SPZhilo <- read.csv(file = "SPZhi_SPZlo_df_24h.csv", header = TRUE) 
 
# Prepare a sorted named numeric vector with Entrez ids and log2 fc 
values: 
 
## feature 1: numeric vector 
SPZhilo.geneList <- SPZhilo[,3] 
genes <- as.character(SPZhilo[,1]) 
genes.EIds <- mapIds(org.Mm.eg.db, genes, "ENTREZID", "SYMBOL") 
genes.EIds <- unname(genes.EIds) 
## feature 2: named vector 
names(SPZhilo.geneList) <- genes.EIds 
 
## feature 3: decreasing order 
SPZhilo.geneList <- sort(SPZhilo.geneList, decreasing = TRUE) 
head(SPZhilo.geneList) 
## use msigdbr to import gene lists of interest: 
# retrieve mouse gene sets: 
m_t2g <- msigdbr(species = "Mus musculus", category = "C5", 
subcategory ="GO:MF") %>%  
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  dplyr::select(gs_name, entrez_gene) 
 
Gsea.SPZhilo <- GSEA(SPZhilo.geneList, TERM2GENE = m_t2g, by='fgsea',  
                  pvalueCutoff = 0.5, pAdjustMethod = "BH", 
                  nPerm=10000) 
dotplot(Gsea.SPZhilo, showCategory=8) 
ridgeplot(Gsea.SPZhilo, showCategory = 8, fill="p.adjust", 
core_enrichment = TRUE) 
p.adjust.methods 
gseaplot(Gsea.SPZhilo, geneSetID = 2) 
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R script to generate complex heatmap 

###################################################################### 
# 
#         Script to generate a complex heatmap from differentially 
#         expressed genes of macrophages treated with either blood 
#         stage or sporozoite stage malaria parasites for 4 and 24 h 
#                       Kai.g.pohl@gmail.com 
# 
###################################################################### 
 
install_github("jokergoo/ComplexHeatmap") 
install_github("jokergoo/InteractiveComplexHeatmap") 
 
 
#load dependencies: 
 
library(remotes) 
library(tximport) 
library(tximeta) 
library(rhdf5) 
library(DESeq2) 
library(BiocParallel) 
library(pheatmap) 
library(shiny) 
library(apeglm) 
library(vegan) 
library(rgl) 
library(ape) 
library(devtools) 
library(plotly) 
library(ggplot2) 
library(EnhancedVolcano) 
library(devtools) 
library(ComplexHeatmap) 
library(InteractiveComplexHeatmap) 
library(circlize) 
library(msigdbr) 
library(graph2vector) 
 
#first import data from Kallisto quantification using tximeta package 
 
#Point to files and names of samples 
coldata <- read.csv("s2c_notime_tximeta.csv") 
files <- file.path("results", coldata$names, "abundance.h5") 
coldata$files <- files 
coldata$names <- as.character(coldata$names) 
 
# make tx2gene data frame that links transcript IDs to gene IDs: 
mart <- biomaRt::useMart(biomart = "ENSEMBL_MART_ENSEMBL", 
                         dataset = "mmusculus_gene_ensembl", 
                         host = 'ensembl.org') 
 
t2g <- biomaRt::getBM(attributes = c("ensembl_transcript_id", 
                                     "mgi_symbol"), mart = mart) 
 
t2g <- dplyr::rename(t2g, target_id = ensembl_transcript_id, 
                     ens_gene = mgi_symbol) 
 
# build summarized experiment object:  
se <- tximeta(coldata, type = "kallisto", txOut=FALSE, tx2gene = t2g, 
ignoreTxVersion=TRUE, cleanDuplicateTxps=TRUE) 
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# make DESeq object and specify design formula: 
 
dds <- DESeqDataSet(se, design = ~ treatment2 + exp) 
 
# exclude genes with low counts to gain some computing speed: 
dds <- estimateSizeFactors(dds) 
idx <- rowSums(counts(dds, normalized=TRUE) >= 30 ) >= 6 
dds <- dds[idx] 
 
# exlude outliers: 
 
#fit model using all four cores: 
 
register(MulticoreParam(4)) 
 
dds <-  DESeq(dds, parallel=TRUE) 
 
# Variance stabilizeing transformation of the data for PCA analysis 
# and outlier identification: 
vst <- varianceStabilizingTransformation(dds) 
 
# plot a correlation heatmap to idetify outliers: 
pheatmap(cor(assay(vst))) 
 
 
# exclude outliers: KPA29_M2_LPS, KPA29_M2_iRBChi, KPA29_M2_SPZlo, 
KPA34_M1_iRBChi and generate  
# new deseq2 object 
dds$names 
dds.or <- dds[,-c(1,3,7,45,33,39)] 
 
# reestimate parameters: 
dds.or <-  DESeq(dds.or, parallel=TRUE) 
 
# Variance stabilizeing transformation of the data for PCA analysis 
vst <- varianceStabilizingTransformation(dds.or) 
 
# deseq2 inbuilt PCA: 
plotPCA(vst, "treatment2") 
 
 
#----------------------------------- 
# Compute differentially expressed genes  
#----------------------------------- 
 
# generate results tables with specified contrasts and shrunken lfc 
values: 
# SPZ vs untreated: 
SPZ_untr <- lfcShrink(dds.or, contrast=c("treatment2", "SPZ", "untr"), 
type="ashr", alpha=0.005) 
SPZ_untr_notime_df <- as.data.frame(subset(SPZ_untr, padj <0.005 & 
abs(log2FoldChange) >0.5)) 
 
# iRBC vs RBC: 
iRBC_RBC <- lfcShrink(dds.or, contrast=c("treatment2", "iRBC", "RBC"), 
type="ashr", alpha=0.005) 
iRBC_RBC_notime_df <- as.data.frame(subset(iRBC_RBC, padj <0.005 & 
abs(log2FoldChange) >0.5)) 
 
# iRBC vs SPZ: 
 
iRBC_SPZ <- lfcShrink(dds.or, contrast=c("treatment2", "iRBC", "SPZ"), 
type="ashr", alpha=0.005) 
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iRBC_SPZ_notime_df <- as.data.frame(subset(iRBC_SPZ, padj <0.005 & 
abs(log2FoldChange) >0.5)) 
 
genes <- as.character(rownames(SPZ_untr_notime_df)) 
genes <- append(genes, rownames(iRBC_RBC_notime_df)) 
genes <- append(genes, rownames(iRBC_SPZ_notime_df)) 
genes <- unique(genes) 
 
 
# plot complex heatmap: 
 
vst.int <- vst[, vst$treatment2 %in% c("SPZ", "iRBC")] 
vst.int <- vst.int[genes,] 
vsd <- assay(vst.int) 
vsd.z <- scale(vsd) 
 
col_fun = colorRamp2(c(5, 10, 15), c("green", "white", "red")) 
 
Heatmap(vsd, border="black",  
        rect_gp = gpar(col = "white", lwd = 0.05), 
        row_dend_reorder = TRUE, column_dend_reorder = TRUE) 
 
htShiny() 
InteractiveComplexHeatmapOutput() 
 
pheatmap(vsd, scale="row", color=inferno(100), border_color = NA, 
         cellwidth=15, cellheight = .5, cutree_cols=2, 
treeheight_row=20,  
         clustering_method="ward.D2" ,treeheight_col=20, 
fontsize_row=8, clustering_distance_cols = "euclidean") 
 
 
#---------------------------------------------------------- 
 
 
dds.4h <- dds.or[, dds.or$time %in% c("4h")] 
dds.4h$treatment2 <- droplevels(dds.4h$treatment2) 
dds.4h$exp <- droplevels(dds.4h$exp) 
dds.4h <-  DESeq(dds.4h, parallel=TRUE) 
 
dds.24h <- dds.or[, dds.or$time %in% c("24h")] 
dds.24h$treatment2 <- droplevels(dds.24h$treatment2) 
dds.24h$exp <- droplevels(dds.24h$exp) 
dds.24h <-  DESeq(dds.24h, parallel=TRUE) 
 
 
# generate results tables with specified contrasts and shrunken lfc 
values: 
# SPZ vs untreated: 
 
SPZ_untr_4h <- lfcShrink(dds.4h, contrast=c("treatment2", "SPZ", 
"untr"), type="normal", alpha=0.005) 
SPZ_untr_4h_df <- as.data.frame(subset(SPZ_untr_4h, padj <0.05 & 
log2FoldChange > 1)) 
 
# iRBC vs RBC: 
iRBC_RBC_4h <- lfcShrink(dds.4h, contrast=c("treatment2", "iRBC", 
"RBC"), type="normal", alpha=0.005) 
iRBC_RBC_4h_df <- as.data.frame(subset(iRBC_RBC_4h, padj <0.05 & 
log2FoldChange > 1)) 
 
# iRBC vs SPZ: 
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iRBC_SPZ_4h <- lfcShrink(dds.4h, contrast=c("treatment2", "iRBC", 
"SPZ"), type="normal", alpha=0.005) 
iRBC_SPZ_4h_df <- as.data.frame(subset(iRBC_SPZ_4h, padj <0.05 & 
log2FoldChange > 1)) 
 
genes_4h <- as.character(rownames(SPZ_untr_4h_df)) 
genes_4h <- append(genes_4h, rownames(iRBC_RBC_4h_df)) 
genes_4h <- append(genes_4h, rownames(iRBC_SPZ_4h_df)) 
 
 
# for 24h: 
# SPZ vs untreated: 
 
SPZ_untr_24h <- lfcShrink(dds.24h, contrast=c("treatment2", "SPZ", 
"untr"), type="normal", alpha=0.005) 
SPZ_untr_24h_df <- as.data.frame(subset(SPZ_untr_24h, padj <0.05 & 
log2FoldChange > 1)) 
 
# iRBC vs RBC: 
iRBC_RBC_24h <- lfcShrink(dds.24h, contrast=c("treatment2", "iRBC", 
"RBC"), type="normal", alpha=0.005) 
iRBC_RBC_24h_df <- as.data.frame(subset(iRBC_RBC_24h, padj <0.05 & 
log2FoldChange > 1)) 
 
# iRBC vs SPZ: 
 
iRBC_SPZ_24h <- lfcShrink(dds.24h, contrast=c("treatment2", "iRBC", 
"SPZ"), type="normal", alpha=0.005) 
iRBC_SPZ_24h_df <- as.data.frame(subset(iRBC_SPZ_24h, padj <0.05 & 
log2FoldChange > 1)) 
 
genes_24h <- as.character(rownames(SPZ_untr_24h_df)) 
genes_24h <- append(genes_24h, rownames(iRBC_RBC_24h_df)) 
genes_24h <- append(genes_24h, rownames(iRBC_SPZ_24h_df)) 
 
genes_total <- append(genes_4h, genes_24h) 
genes_total <- unique(genes_total) 
 
# plot complex heatmap: 
 
vst.int <- vst[, vst$treatment2 %in% c("SPZ", "iRBC")] 
vst.int <- vst.int[genes_total,] 
vsd <- assay(vst.int) 
 
# ------- scale expression per row (z score): 
vsd.z <- t(scale(t(vsd), center=TRUE, scale=TRUE)) 
 
 
# seriation package: 
 
BiocManager::install('seriation') 
library(seriation) 
 
# Seriate distance matrix: 
 
o1 = seriate(dist(vsd.z), method = "OLO") 
o2 = seriate(dist(t(vsd.z)), method = "OLO") 
 
# order columns alredy in matrix: 
vsd.z.ord <- vsd.z[,get_order(o2)] 
 
split <- as.factor(c(rep("iRBC 4h", 7), rep("iRBC 24h", 4), rep("SPZ 
24h", 7), rep("SPZ 4h", 7))) 
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split <- factor(split, levels = c("SPZ 4h","SPZ 24h", "iRBC 4h", "iRBC 
24h")) 
 
#------- define color function: --------------- 
 
col_fun = colorRamp2(c(-1.5, 0, 1.5), c("blue", "white", "red")) 
 
 
# ------- define genes to label: --------------- 
# Macroautophagy: 
 
m_t2g <- msigdbr(species = "Mus musculus", category = "C5", 
subcategory="GO:BP") 
macroautophagy <- m_t2g %>% dplyr::select(gene_symbol, 
gs_exact_source) 
macroautophagy <- unique(subset(macroautophagy, gs_exact_source %in% 
'GO:0016236')) 
macroautophagy <- as.character(macroautophagy$gene_symbol) 
macroautophagy <- rownames(vsd.z.ord) %in% macroautophagy 
 
# Wounding 
m_t2g <- msigdbr(species = "Mus musculus", category = "C5", 
subcategory="GO:BP") 
wounding <- m_t2g %>% dplyr::select(gene_symbol, gs_exact_source) 
wounding <- unique(subset(wounding, gs_exact_source %in% 
'GO:0009611')) 
wounding <- as.character(wounding$gene_symbol) 
wounding <- rownames(vsd.z.ord) %in% wounding 
 
# Type I IFN response: 
m_t2g <- msigdbr(species = "Mus musculus", category = "C2", 
subcategory="REACTOME") 
IFN_genes <- m_t2g %>% dplyr::select(gene_symbol, gs_name) 
IFN_genes <- unique(subset(IFN_genes, gs_name %in% 
'REACTOME_INTERFERON_SIGNALING')) 
IFN_genes <- as.character(IFN_genes$gene_symbol) 
IFN_genes <- rownames(vsd.z.ord) %in% IFN_genes 
 
# Selective autophagy: 
m_t2g <- msigdbr(species = "Mus musculus", category = "C2", 
subcategory="REACTOME") 
Auto <- m_t2g %>% dplyr::select(gene_symbol, gs_name) 
Auto <- unique(subset(Auto, gs_name %in% 
'REACTOME_SELECTIVE_AUTOPHAGY')) 
Auto <- as.character(Auto$gene_symbol) 
Auto <- rownames(vsd.z.ord) %in% Auto 
 
# BP Macro autophagy: 
 
m_t2g <- msigdbr(species = "Mus musculus", category = "C5", 
subcategory="GO:BP") 
BPmacro <- m_t2g %>% dplyr::select(gene_symbol, gs_exact_source) 
BPmacro <- unique(subset(BPmacro, gs_exact_source %in% 'GO:0016236')) 
BPmacro <- as.character(BPmacro$gene_symbol) 
BPmacro <- rownames(vsd.z.ord) %in% BPmacro 
 
# ISRE: 
 
m_t2g <- msigdbr(species = "Mus musculus", category = "C3", 
subcategory="TFT:TFT_Legacy") 
ISRE <- m_t2g %>% dplyr::select(gene_symbol, gs_name) 
ISRE <- unique(subset(ISRE, gs_name %in% 'ISRE_01')) 
ISRE <- as.character(ISRE$gene_symbol) 
ISRE <- rownames(vsd.z.ord) %in% ISRE 
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# PRR signaling 
 
m_t2g <- msigdbr(species = "Mus musculus", category = "C5", 
subcategory="GO:BP") 
PRR <- m_t2g %>% dplyr::select(gene_symbol, gs_exact_source) 
PRR <- unique(subset(PRR, gs_exact_source %in% 'GO:0002221')) 
PRR <- as.character(PRR$gene_symbol) 
PRR <- rownames(vsd.z.ord) %in% PRR 
 
 
genes_imp <- c("Procr", "Tnfsf14", "Clec4n", "Sqstm1", "Cxcl2",  
               "Tnf", "Mdm2", "Klf4", "Hmox2", "Cxcl1", "Il1b",  
               "Ifi205", "Lgals3", "Dusp4", "Clec12a", "Cd180",  
               "Mrc1", "Nlrp3", "Ptgr1", "Ifi203", "Ifi211", 
               "Itgal", "Il18bp") 
genes_imp <- rownames(vsd.z.ord) %in% genes_imp 
 
genes_sig_SPZ <- as.character(rownames(SPZ_untr_4h_df)) 
genes_sig_SPZ <- append(genes_sig_SPZ, rownames(SPZ_untr_24h_df)) 
genes_sig_SPZ <- unique(genes_sig_SPZ) 
genes_sig_SPZ <- rownames(vsd.z.ord) %in% genes_sig_SPZ 
 
genes_sig_iRBC <- as.character(rownames(iRBC_RBC_4h_df)) 
genes_sig_iRBC <- append(genes_sig_iRBC, rownames(iRBC_RBC_24h_df)) 
genes_sig_iRBC <- unique(genes_sig_iRBC) 
genes_sig_iRBC <- rownames(vsd.z.ord) %in% genes_sig_iRBC 
 
 
# generate annotations: 
vst.int <- vst.int[,get_order(o2)] 
column_ha = HeatmapAnnotation(time = vst.int$time, 
                              GFP=vst.int$GFP, 
                              border=TRUE, 
                              simple_anno_size_adjust = TRUE, 
                              simple_anno_size = unit(0.3, "cm"), 
                              show_annotation_name = FALSE) 
svg("heatmap.svg") 
Heatmap(vsd.z.ord, cluster_rows = as.dendrogram(o1[[1]]), 
        col = col_fun, 
        cluster_columns = FALSE, 
        rect_gp = gpar(col = "white", lwd = 0.005), 
        row_split = 3, 
        #column_split = c(rep(c("A"), 7), rep(c("B"), 7), rep(c("C"), 
4), rep(c("D"), 7)), 
        column_split = split, 
        cluster_column_slices = FALSE, 
        show_column_names = FALSE, 
        show_row_names = FALSE, 
        show_row_dend = FALSE, 
        bottom_annotation = column_ha)+ 
  Heatmap(genes_sig_SPZ + 0, name = "Sig SPZ genes", col = c("0" = 
"white", "1" = "black"),  
          show_heatmap_legend = FALSE, width = unit(3, "mm"))+ 
  Heatmap(BPmacro + 0, name = "GO BP: Macroautophagy", col = c("0" = 
"white", "1" = "black"),  
          show_heatmap_legend = FALSE, width = unit(3, "mm")) + 
  Heatmap(wounding + 0, name = "GO BP: Response to wounding", col = 
c("0" = "white", "1" = "red"),  
          show_heatmap_legend = FALSE, width = unit(3, "mm")) + 
  Heatmap(ISRE + 0, name = "ISRE Controlled", col = c("0" = "white", 
"1" = "blue"),  
        show_heatmap_legend = FALSE, width = unit(3, "mm"))+ 
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  Heatmap(PRR + 0, name = "GO BP: PRR signaling", col = c("0" = 
"white", "1" = "black"),  
          show_heatmap_legend = FALSE, width = unit(3, "mm"))+ 
  rowAnnotation(link = anno_mark(at = which(genes_imp), 
                                 labels = 
rownames(vsd.z.ord)[genes_imp],  
                                 labels_gp = gpar(fontsize = 6), 
padding = unit(1, "mm"))) 
 
 
dev.off() 
htShiny() 
 
Heatmap(vsd.cor) 
vsd.cor <- cor(t(vsd.z.ord)) 
 

  



 31 

 


	Acknowledgements
	Abstract
	Zusammenfassung
	Table of Content
	Chapter 1: Introduction
	1.1. Malaria
	1.1.1. The pathogen
	1.1.2. The disease
	1.1.3. Vaccination against malaria

	1.2. The innate immune system
	1.2.1. The two arms of the immune system
	1.2.2. Pattern recognition receptors

	1.3. Innate immunity to malaria
	1.3.1. Innate immunity to blood stage infection
	1.3.2. Host sensors of Plasmodium blood stage PAMPs
	1.3.3. Innate immunity to pre-erythrocytic stages

	1.4.  Aims and rationale

	Chapter 2: Materials and Methods
	2.1. Reagents, buffers and media
	2.2. Parasites
	2.2.1. P. berghei
	2.2.1.1. Insectary
	2.2.1.2. Sporozoite preparation
	2.2.1.3. Blood stage parasites
	2.2.1.4. FACS sorting parasites

	2.2.2. P. falciparum
	2.2.2.1. Blood stage culture
	2.2.2.2. Giemsa staining
	2.2.2.3. Magnetic purification of late-stage parasites


	2.3. Mouse experiments
	2.3.1.1. Immunization experiments
	2.3.2. Preparation of single cell suspension from spleen
	2.3.3. Collection of sera
	2.3.4. Bone marrow derived macrophages

	2.4. Experiments with primary human cells
	2.4.1. Flow sorting human monocytes

	2.5. In vitro stimulation experiments
	2.5.1. Stimuli

	2.6. Flow cytometry
	2.6.1. Imaging Cytometry

	2.7. ELISA
	2.7.1. Cytokine ELISA
	2.7.2. Antibody ELISA

	2.8. RNA Sequencing
	2.8.1. SmartSeq2 optimization for bulk macrophages
	2.8.2. Cell sorting and lysis
	2.8.3. Reverse transcription and PCR
	2.8.4. cDNA quality control
	2.8.5. Tagmentation
	2.8.6. Sequencing
	2.8.7. Sequencing data analysis


	Chapter 3: Innate Immune Responses to Plasmodium Sporozoites
	3.1. Introduction and Aims
	3.2. An in vitro System to investigate innate immune activation by Malaria sporozoites
	3.3. Small-scale RNA sequencing reveals a distinct expression pattern of sporozoite-activated macrophages
	3.4. The sporozoite-induced macrophage transcriptional response features a NF-(B driven gene expression signature
	3.5. Sporozoites induce long lasting and heterogenous transcriptional changes in macrophages
	3.6. Sporozoite encounter leads to expression of CD201 and production of CXCL2 which is partly dependent on TLR2 and MyD88
	3.7. Discussion

	Chapter 4: Immunity to Traversal Deficient Sporozoites
	4.1. Introduction and Aims
	4.2. Traversal-deficient sporozoites induce defective adaptive responses in vivo
	4.3. Macrophage activation might be altered with traversal deficient sporozoites
	4.4. Splenic innate immune compartments are mostly unchanged in mice immunized with spect1-/- sporozoites
	4.5. The role of ((T-cells during immunization with spect1-/- sporozoites
	4.6. Discussion

	Chapter 5: Innate responses to Plasmodium blood stage
	5.1. Introduction and Aims
	5.2. P. falciparum RNA but not infected red blood cells strongly activate primary human monocytes
	5.3. P. berghei infected erythrocytes induce a weak activation signature in mouse macrophages
	5.4. Sporozoite and blood stage induced innate responses are highly distinct
	5.5. Discussion

	Chapter 6: Discussion
	6.1. Main findings
	6.2. Innate immune sensing of Plasmodium parasites
	6.3. Consequences of Plasmodium induced innate activation

	References
	Appendix
	R script for differential expression analysis at 4 h timepoint
	R script for differential expression analysis at 24 h timepoint
	R script to generate dotplots for log2FC values
	R script for overrepresentation analysis
	R script for gene set enrichment analysis
	R script to generate complex heatmap




