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Abstract
Malaria is a global health concern responsible for thousands of deaths worldwide
annually. Concerted efforts employing various preventive and treatment strategies
have contributed a lot in controlling the disease, but we are still far from achieving
complete eradication. Antimalarial drugs have been on the forefront of malaria control
strategies, but their effectiveness is jeopardised due to increasing development of
drug resistance in parasites. Interestingly, it has been noted that certain genetic
mutations, especially those in red blood cells, confer natural resistance against malaria
in endemic populations. Screening such mutations have promising translational
potential as they may lead towards novel therapeutic targets or host-directedtherapies to overcome malaria resistance.
In this study, N-Ethyl-N-Nitrosourea (ENU) mutagenesis, has been used as a tool to
screen for novel erythrocyte variants in mouse model and assess their role in malaria
susceptibility. A recent phenotypic screen for red cell abnormality identified a novel
Casd1 gene mutation in mice that conferred a complete protective effect against P.
chabaudi and P. berghei rodent malaria parasite. Casd1 is a eukaryotic 7(9)-Oacetyltransferase that resides in the lumen of Golgi complex as a membrane integrated
protein. It functions by acetylating sialic acid residues that are subsequently decorated
on the cell surface.

VI

The mutation was characterised to be a single base substitution at the splice site of
Casd1 gene leading to skipping of the exon 14. An in silico analysis of the secondary
structure of mutant Casd1 protein predicted a loss of connecting loop between two
transmembrane helices affecting the topology of transmembrane domain.
The initial screen identified a loss of Ter119 binding to erythrocytes derived from
Casd1 mutated mice (ENU25Casd1/Casd1). Ter119 is an erythroid lineage marker that
recognises 7-9-di-O-acetyl sialic acid epitope on the erythrocyte surface. Abrogation
of Ter119 signal from the erythrocyte surface may indicate the loss of Casd1 function
in ENU25Casd1/Casd1 mice. The erythrocytes from ENU25Casd1/Casd1 mice were further
assessed for their susceptibility to invasion by malaria parasites. The relative
parasitaemia was significantly reduced in the mutant erythrocytes as compared to the
wild type, suggesting a novel role of Casd1 in merozoite invasion.
Furthermore, the parasitised erythrocytes were tracked during infection assays to
assess the role of Casd1 mutation in clearance of malaria parasites. These assays
revealed a drastic clearance of exogenous blood injected into ENU25Casd1/Casd1 mice as
compared to wildtype blood. The clearance response in ENU25Casd1/Casd1 mice was
subsequently identified to be dose dependent and non-specific to malaria infection.
Overall, these findings suggest that Casd1 plays a role in malaria susceptibility by
modulating merozoite invasion. The results also revealed a novel role of Casd1 in selfnonself recognition which results in bystander clearance of the malaria infected
foreign red blood cells in ENU25Casd1/Casd1 mice.
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1 Literature Review
1.1 Introduction
Malaria is an ancient scourge that has affected the human population for thousands of
years. The earliest evidence of malaria parasites comes from ~30 million years old
fossils of the mosquitoes preserved in amber (1). Malaria began to have a significant
impact on human survival around 10,000 years ago, coinciding with the beginning of
agriculture (2). Malarial antigens were identified in several mummified Egyptian
remains from 3200 to 1304 BC period (3). Archaeological analyses of clay tablets
retrieved from Mesopotamia refers to a deadly periodic fever indicative of malaria (4).
Malaria has also been mentioned in famous works of earlier poets and philosophers
such as Homer, Aristophanes, Aristotle, and Sophocles (5). Writings from the Vedic
period (1500 to 800 BC) refer to malaria as “the king of diseases”(6). Its victims
included from dwellers of Neolithic age to early Greeks and Chinese civilisations.
Malaria remained a huge socio-economic burden and has afflicted half of the world
population that has ever lived.

Despite of centuries long history and medical

advancements, malaria is still one of the major killers responsible for hundreds of
thousands of deaths worldwide.
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1.1.1 Global malaria burden
Malaria claimed approximately 150-300 million lives in the 20th century alone, which
turns out to be 2-5% of all deaths (7). According to the World Health Organisation
(WHO), 91 countries are endemic with malaria. Although the major sufferers of this
disease live in sub-Saharan Africa, the Amazon basin, Asia, and other tropical areas,
more than 40% of the world population reside in the regions where malaria is
commonly transmitted.
World Health Organisation reported 228 million new malaria cases and 405,000
mortalities worldwide, in the year 2018. The sub-Saharan Africa region
disproportionately incurs the highest malaria burden accounting for 93% of global
malaria cases, followed by South-East Asia (3.4%) and Eastern Mediterranean regions
(2.1%) (8).
Pregnant women, young children, immunocompromised people and people living in
poverty are the major victims of malaria. Approximately 11 million pregnancies are
exposed to malaria in high transmission areas. 16% of children born in these regions
are underweighted due to malaria during pregnancy. Children under the age of five
are most vulnerable, accounting for 67% of all malaria deaths (8).

1.1.2 Symptoms
Based on the severity of the disease, it can be categorised as “uncomplicated malaria”
with mild symptoms or “severe malaria” which can be life-threatening. The disease is
characterised by acute febrile illness with recurrent episodes of fevers and rigours
followed by diaphoresis. Other common symptoms include headache, myalgia,
anaemia, dry cough, general malaise, diarrhoea, nausea and vomiting (9). If left
untreated, the disease can complicate to severe condition and impact various organ
2

systems that can cause serious metabolic abnormalities, organ failure and death. The
complications manifested in severe malaria may include cerebral malaria (CM), severe
malaria anaemia (SMA), metabolic acidosis due to hypoglycaemia, acute respiratory
distress syndrome (ARDS) or acute renal failure. Any of these complications may rise
rapidly, leading to death within the matter of days or even hours (10).

1.1.3 Causative agent
Malaria is caused by parasites of genus Plasmodium. Six species from Plasmodium are
known to cause illness in humans, P. falciparum, P. vivax, , P. ovale spp including P. ovale
wallikeri and P. ovale curtisi, P. malariae and P.knowlesi. Co-infection with more than one
species is also likely in the regions where multiple species are in circulation (11). P.
falciparum is the deadliest parasites, frequently associated with severe malaria and
death. It is predominant in sub-Saharan Africa accounting for 99.7% of malaria cases
in the region (8). P. vivax may also circulate in Africa, but it is most prevalent in SouthEast Asia, South America, and the Eastern Mediterranean region. Outside the Africa
region, P. vivax shares ~41% share of malaria infections (8). P. ovale wallikeri and P. ovale
curtisi were previously believed to be sub-species of P. ovale, however they have
recently been acknowledged as two distinct Plasmodium species (12). Ovale malaria is
widely distributed in tropical countries. Both P. vivax and P. ovale spp have a dormant
liver stage, known as hypnozoite, which can last for months or years before
reactivating to cause malaria. P. malariae is typically not associated with severe disease,
and usually mature slowly in mosquito and human hosts causing a low-density
infection that can last for years or even a lifetime (13). P. knowlesi primarily infects
macaques, but it often causes zoonotic infections in humans in Southeast Asia.
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1.1.4 Transmission
Malaria is a vector-borne disease. The female mosquitoes of genus Anopheles transmit
the malaria parasites to humans. Around 70 different Anopheles species have been
identified as potential malaria vectors (14). The female mosquito lays eggs in the water,
which undergoes various stages of development (including larva, and pupa) before
emerging into an adult mosquito. Feeding habits of the mosquitoes vary depending
on the species. Many of the Anopheles sp. females prefer to feed on mammals or other
warm-blooded animals. Additionally, some mosquito species prefer to feed on animal
blood (zoophily), and some on human blood (anthropophily), and others feed on both
indiscriminately depending on availability. Similarly, there is a variation in peak
feeding time among different species. While some species may feed during daytime,
most of the important vector species feed at night with peak biting activity during the
early evening or early morning hours. Vector’s peak bitting time and host’s sleeping
pattern are of prime interest to epidemiologists for devising vector control strategies
to curb the malaria transmission. Furthermore, female-mosquitoes require a “resting
period” post-feeding to digest the blood meal and egg maturation. Similar to peak
biting time, the post-feeding resting site is important for deciding on vector control
interventions.

1.1.5 Life cycle
The life cycle of Plasmodium alternates between the human host and the mosquito
vector (Figure 1-1). Broadly, it can be divided into two phases, the sexual and the
asexual phase. The sexual part of the life cycle is completed in Anopheles mosquito,
which acts as a vector to transmit the disease. The asexual part is completed inside the
host and has distinct liver and blood stages (15). When an infected mosquito bites a
human host, hundreds of asexual sporozoites are injected into the bloodstream. These
4

sporozoites find their way into hepatocytes to begin the liver stage of infection. It is
widely believed that once sporozoites are injected inside the host, they migrate rapidly
to the liver. Recent findings, however, suggest that sporozoites persist longer in
human dermis and are gradually released through capillaries and lymphatic system
into the liver hepatocytes (16, 17).
After invading the hepatocyte, the parasite either become dormant “hypnozoites” (as
in relapsing malarial disease by P. vivax, P. ovale) or divide repeatedly (hepatic
schizogony) to form a schizont. The maturation time for exoerythrocytic schizogony
varies among parasite species ranging from minimum 6 days in P.falciparum to
maximum 16 days in P. malariae. A mature schizont ruptures its hepatocyte, releasing
thousands of merozoites into the blood stream (about 10,000 in P.vivax/P. ovale, and
upto 30,000 in P. falciparum) (18). These merozoites then invade the red blood cells,
initiating the blood stage of malaria infection.
Blood stage is of clinical relevance as the symptoms of the disease are manifested
during this stage. The merozoites invade the erythrocytes instantaneously and
develop from a ring-like structure to a feeding body known as trophozoites. The
trophozoite continues to divide within the erythrocyte (erythrocytic schizogony) to
form a blood schizont. The maturation time for erythrocytic schizogony again varies
among parasite species ranging from 24-72 hours. It is completed in approximately 48
hours in P. falciparum, P. vivax and P. ovale (tertian parasites), roughly 72 hours for P.
malariae (quartan parasite) and around 24 hours for P. knowlesi (18). As the schizonts
mature, it disrupts the erythrocyte membrane, releasing 6-36 merozoites are released
into the bloodstream that continue to infect increasingly more erythrocytes. During
the blood stage, some of the merozoites develop into sexually distinct gametocytes.
The duration of gametocytogenesis is variable and characteristic of each Plasmodium
species. The male and female gametocytes are referred to as micro- and macro-
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gametocytes, respectively. The mosquito ingests these gametocytes during its bloodmeal, beginning the sporogonic cycle of the parasite inside its gut.
After ingestion, a macrogametocyte is released from the erythrocyte to differentiate
into macrogamete or oocyte, while the microgametocyte divides further and
differentiates into eight flagellated microgametes, known as spermatocytes. One of
these spermatocytes fuses with the oocyte to form a zygote inside the vector’s midgut
(19). The zygote develops into a motile ookinete that penetrates the gut endothelial cell
and divides mitotically forming oocyst. The time required for maturation of oocyst
varies from 7-30 days, depending on the species of Plasmodium. The mature oocyst
ruptures releasing thousands of sporozoites inside the hemocoel of the mosquito.
These sporozoites invade the mosquito’s salivary gland to be injected into the next
human host to continue the cycle (19) (Figure 1-1).
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Figure 1-1: The life cycle of Plasmodium
The life cycle starts with a bite of an infected mosquito which injects hundreds of asexual
sporozoites into the bloodstream. These sporozoites invade liver hepatocytes where they divide
repeatedly (hepatic schizogony) and differentiate into merozoites. These merozoites then invade
the erythrocytes initiating the erythrocytic cycle. The invading parasites initially form a ring-like
structure under the microscope which grows into a feeding body known as a trophozoite. The
trophozoite continues to grow within the erythrocyte and divides repeatedly (erythrocytic
schizogony) until the erythrocyte membrane is disrupted and several merozoites are released.
These merozoites continue to infect more erythrocytes. Some of the merozoites differentiate into
male and female gametocytes. During the blood meal, the mosquito ingests these gametocytes
where the gametocytes differentiate into spermatocyte (male) and oocyte (female) and later fuse
to form zygotes in the vector’s midgut. The zygote develops into a motile ookinete that penetrates
the gut endothelial cell and divides mitotically forming an oocyst. The mature oocyst bursts
releasing thousands of sporozoites that find their way into the salivary gland. When the mosquito
bites, it injects these sporozoites into the host continuing the next cycle.
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1.1.6 Summary
Malaria is a global health concern, with around half of the world population at risk of
malaria. The disease is characterised by recurrent episodes of fever and rigours. If left
untreated it can lead to fatal complications. Malaria is a vector-borne disease caused
by an apicomplexan parasite, Plasmodium. The life cycle of Plasmodium has distinct
sexual and asexual phases that alternate between vector and host respectively. The
liver stage inside the host marks the incubation period/latent infection followed by the
erythrocytic stage when clinical symptoms of malaria are manifested.
The control strategies for malaria target different aspects of the malaria life cycle.
Various control measures have been used in past and newer strategies are being
developed in present to control the disease. However, despite centuries-long efforts,
malaria is still the major killer responsible for yearly thousands of deaths worldwide.
The next section will discuss current advances in malaria control and challenges faced
by these strategies in a way of malaria eradication.

1.2 Control strategies and their limitations
1.2.1 Vector control
Vector control is the most effective prevention in controlling the spread of malaria.
During 2000 to 2015, an estimated 663 million malaria cases were averted by vector
control interventions in sub-Saharan Africa (20). There are different strategies to limit
malaria transmission by targeting the vector. Insecticide-treated nets and indoor
residual sprays of insecticides are two core strategies in World Health Organisation’s
global malaria vector management program (21). Larval source management has also
been discussed as a supplemental strategy for vector control.
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1.2.1.1.1 Indoor Residual Sprays (IRS)
IRS involves the use of insecticide sprays inside human dwellings on the surfaces or
areas where the malaria vectors are likely to rest or hide. Historically, the use of
insecticide Dichlorodiphenyltrichloroethane (DDT) in IRS has shown to control the
incidence of malaria around the world. It has contributed to malaria elimination from
parts of Europe, Latin America, Asia and Russia and has remained a core intervention
during a global malaria eradication campaign of 1955 (22). DDT was banned by the
Environmental Protection Agency (EPA) in 1972 due to its adverse environmental
effects, which include potential risk to wildlife and human health (23). Currently four
classes of insecticides have been approved by WHO for IRS practices, Pyrethroids (e.g.
deltamethrin, -cypermethrin, bifenthrin etc) Organophosphates (e.g. malathion,
fenitrothion) Carbamates (e.g. bendiocarb, propoxur), and Neonicotinoids (e.g.
clothianidin) (8). Nevertheless, IRS has remained a major intervention in Africa by
successfully averting malaria cases during the past decade (20). The cost of insecticides
and emerging insecticide resistance in vector population are the major challenges
faced by this intervention.

1.2.1.2 Long-lasting Insecticide nets
Insecticide-treated nets (ITNs) protect by creating a physical barrier between the host
and the vector. The insecticidal material further controls the vector transmission by
exerting a lethal effect on mosquitoes that come in contact with it, providing
community protection as well (24). ITNs work most effectively against vectors living
indoors, with late-night biting habits (25).
Previously, the bed nets had to be treated with insecticide repeatedly and frequently,
which has been a major hurdle in effective implementation of ITNs. To overcome this,
long-lasting insecticide nets (LLIN) were introduced that can remain effective for up
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to three years without retreatment. Two classes of insecticides are approved to be
spread on bed nets with minimal human health risk and efficient insect killing,
pyrethroids and pyrroles.
The WHO intervention of ITN during 2000-2015 almost halved the incidence of P.
falciparum in sub-Saharan Africa (26). Lately, WHO has recommended a mass
distribution of ITNs in malaria-endemic regions to achieve universal coverage (8). The
inadequate supply of ITNs, lack of understanding among people regarding the
importance of using ITNs (27), the spread of insecticide resistance and modification of
feeding behaviour among vectors are the major challenges to this intervention (28-31).

1.2.1.3 Larval Source Management (LSM)
The larval source management targets the aquatic immature stages (i.e. eggs, larvae
and pupae) of mosquito development. This intervention includes management of
water bodies to control vector population at juvenile stage (32).
There are three different strategies for LSM. (i) Habitat modification includes
adjustment of water reservoirs to discourage the larval growth and spread of vector
(33, 34). (ii) Larvicides use chemicals (e.g. temephos (35), growth regulators (36) or
bacterial agents (e.g. endotoxin of Bacillus thuringiensis, metabolites from
Saccharopolyspora spinosa) to kill the larvae of mosquitoes (34, 37). (iii) Biological control
makes use of natural predators or parasites (mermithid nematodes, larvivorous fish,
some fungi) into water bodies to prey upon larvae (32, 38)
Due to extensive vector breeding reservoir, these strategies are not cost-effective and
require frequent applications. Also, the rates of mosquito emergence from a larval
habitat may vary and are distributed heterogeneously, which greatly affect the success
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of these interventions. (39, 40). Therefore, WHO recommends such interventions only
in the areas where breeding sites and larval habitats are “few, fixed and findable”.
The LSM has shown success at various levels in different settings, (41-51). However,
there is a lack of convincing scientific evidence evaluating its effect on malaria control.
There is a need for more understanding regarding larval biology to effectively tailor
these programs on evidence-based strategy planning (33)

1.2.2 Vaccines
Three stages of the malaria parasite have been targeted for the vaccine design: preerythrocytic, erythrocytic, and gametocyte stage:
The Pre-erythrocytic stage of malaria is marked by the sporozoite transfer through the
blood to infect the hepatocyte, which is followed by schizogony (rapid parasite
multiplication stage). The objective of the vaccine at this stage is to restrain the parasitic
invasion of the hepatocytes and subsequent parasitic proliferation (52-55). The
vaccines targeting this stage might protect by antibodies response to inhibit sporozoite
entry into hepatic cells or protect by cytotoxic T lymphocytes by clearing parasiteinfected liver cells. The licensure of RTS, S in 2015 is considered a milestone advance
in malaria research, as it is the first vaccine ever licensed for a parasitic disease (56).
RTS, S is a subunit vaccine that triggers the cytotoxic and humoral response in human
and prevents parasite from invading liver. PfSPZ is another vaccine candidate, which
includes the whole parasite (P. falciparum sporozoites), either irradiated (Sanaria®PfSPZ) or genetically attenuated (as in PfSPZ-GAP) and usually given in combination
with chemoprophylaxis (as in PfSPZ-CVac)(57).
Vaccines designed against erythrocytic-stage of the parasite target the invasion of
merozoite into the RBCs. In this regard, merozoite surface proteins such as reticulocyte
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homolog (Rh) proteins, and apical membrane antigen-1 (AMA1) have been used to
transcend opsonising immunity (58-61) The other vaccine candidates such as P.
falciparum Erythrocyte Membrane Protein-1 (PfEMP1) target the parasite antigens that
are embedded in the invaded RBC membranes (62).
Sexual parasite forms (gametocytes) are of interest to block the transmission of the
parasite. The human to mosquito transmission of the parasite is targeted by raising
immunological response against pre-fertilisation antigens (Pfs230, Pfs48, and Pfs45),
and post-fertilisation antigens (Pfs25, and Pfs28). Vaccine candidates that aim to
disrupt the transmission of malaria have been divided into two classes: (1) Vaccines
that interrupt mosquito-to-human transmission, and (2) vaccines that interrupt
human-to-mosquito transmission (63). Among transmission-blocking vaccine
candidates, only Pfs230, and Pfs25 have been subjected to clinical trials in humans (6466).
A major problem associated with these vaccine candidates is the inability to induce
optimal antibody response (65, 67). Even with the most advanced RTS, S vaccine, the
evaluated efficacy is very low (ranging between 30-50% protection), the durability is
short and requires of additional doses for maximal effect (68). There are approximately
twenty vaccines that are in clinical trials as reviewed elsewhere (69, 70). But it still
requires extensive research in this field before the development of an effective vaccine
against malaria.

1.2.3 Antimalarial drugs
The most robust and extensively studied area in malarial control is the development
of antimalarial drugs that target the blood stage of parasite infection. There are three
major categories of antimalarial drugs based on the structure and function. Quinoline
derivatives: (e.g. quinine, chloroquine, mefloquine, primaquine and lumefantrine etc),
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Antifolates: (e.g. pyrimethamine, trimethoprim, chlorproguanil, and proguanil) and
Artemisinin derivatives: (e.g. artesunate, artemether, and dihydroartemisinin)
In addition to these, there are other classes of antimalarial compounds which are used
in combination with these major classes. These include Atovaquone and several
antibiotics (e.g. tetracycline, doxycycline) that are shown to have anti-plasmodial
activity (71).

1.2.3.1 Quinoline derivatives
Compounds related to quinoline have been extensively used in the development of
antimalaria drugs. These drugs interfere with the haem detoxification process
mediated by Plasmodium during the intraerythrocytic stage. Quinine was the first
antimalarial drug from this class. Its antimalarial activity was discovered in 1820 by
French chemists, Joseph Pelletier and Jean Biename Caventou, who isolated it from the
bark of cinchona tree. Soon it became an effective treatment for intermittent fever
worldwide. In 1934, Hans Andersag developed chloroquine, a 4-amino quinoline
compound after a series of modification to quinine nucleus (72). Chloroquine has been
highly effective and inexpensive drug. In fact, after World War-II, chloroquine and
DDT remained primary weapons in “global malaria eradication campaign” led by
WHO until chloroquine resistance emerged and spread rendering this drug largely
ineffective against P. falciparum (8).
Chloroquine is a lysosomotropic drug, which accumulates inside the digestive vacuole
of parasite and inhibits the detoxification of haem (73, 74). Haem is produced as a toxic
waste during proteolysis of haemoglobin. Plasmodium crystallizes the haem into a nontoxic pigment called haemozoin. Chloroquine inhibits the crystallisation of haem,
hence killing the parasite with its metabolic waste (75-80). Resistant parasites
accumulate very little chloroquine as compared to chloroquine-sensitive parasites. (74,
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81, 82). The resistance to chloroquine is mediated by mutations in Pfcrt and Pfmdr1 that
encode for a chloroquine resistance transporter protein (PfCRT) and P-glycoprotein
homologue 1 (Pgh1), respectively. These are the transmembrane proteins expressed in
the membrane of the digestive vacuole. The mutant PfCRT allows the chloroquine to
leak through the membrane resulting in a net decrease of chloroquine inside the
digestive vacuole (83, 84), while mutant PfMDR1 mediates resistance by inhibiting the
transport of xenobiotics towards the digestive vacuole (85).

1.2.3.2 Antifolate Drugs
These drugs inhibit malaria parasites by targeting different steps of the folic acid
biosynthesis pathway. Mammalian cells do not synthesise folic acid, therefore, remain
unaffected, while folate synthesis is an important metabolic pathway in Plasmodial cell.
Drugs like pyrimethamine and biguanides target the parasitic enzyme dihydrofolate
reductase

(DHFR)

while

sulfonamides

target

another

enzyme

know

as

dihydropteroate synthase (DHPS). The most widely used combination, SulfadoxinePyrimethamine was introduced in 1967. However, the resistant emerged quickly in
Thailand and spread rapidly across Southeast Asia, and slowly in Africa (86). The
resistance is mediated by a point mutation in the DHFR gene which dramatically
reduces the affinity of drug towards enzyme complex. The efficacy is further reduced
by progressive mutations, rendering the drug completely ineffective in quadruple
mutants that are prevalent in America and Southeast Asia (87). Similarly, progressive
mutations in DHPS gene have imparted resistance to P. falciparum against
sulphonamide partner drugs as well.

1.2.3.3 Artemisinin
Artemisinin was discovered from Artemisia annua (also known as sweet-wormwood
or Qinghao), a plant used by Chinese herbalists for almost two millennia to cure the
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fevers. In 1967, Chinese scientists surveyed several ancient Chinese remedies and
discovered that Qinghao extracts possessed strong antimalarial activity. Subsequently,
in 1972, the pharmacologically active component was isolated from the plant and
initially denoted as “Qinghaosu” (nature of Qinghao) and then renamed as artemisinin
(88).
Artemisinin is effective against all of the known drug-resistant P. falciparum strains and
due to its hugely positive impact against malaria, Prof. Youyou Tu was awarded a
Nobel Prize in Physiology or Medicines in 2015 for its discovery (89).
Chemically, artemisinin’s are sesquiterpene lactones containing peroxide bridges,
which are pivotal for antimalarial activity. Mechanistically, free iron or haem attacks
artemisinin and modifies the peroxide bridge causing the free-radicals formation,
attacking the electrophilic-groups-carrying macromolecules, and leading to the death
of the parasite (90). Additionally, RBCs that are already under oxidative stress due to
invasion of the Plasmodium, turn out to be susceptible to artemisinin treatment even at
nanomolar concentrations (91, 92).
The resistance to artemisinin was first reported in 2008 from Western Cambodia (93).
Recently in 2018, artemisinin resistance was reported in more than 30 individuals from
Southeast Asia (94). The exact mechanism of artemisinin resistance is unclear, but the
mutations in kelch 13 demonstrate strong correlation with artemisinin resistance (95).
Kelch 13 propeller protein, along with associated proteins, constitute the endocytic
vesicles that are required by parasites for acquisition of hemoglobin from the host.
Recent research shows that Kelch13 mutation mediates artemisinin resistance by
inhibiting the endocytosis of hemoglobin which is required for artemisinin activation
(95).
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1.2.4 Summary
Various preventive strategies and curative treatments are available to control malaria.
Interventions like Insecticide-treated bednets, Indoor residual spraying of insecticides,
and environmental measures to control vector population have contributed greatly to
limiting the spread of disease (96, 97). However, the vector control alone cannot ensure
complete eradication due to high probability of resurgence even in low transmission
area (98). Vaccines targeting different stages of parasites are also being developed, but
they are limited by their suboptimal efficacy and short durability (99). Due to the
limitations associated with these preventive strategies, there is a heavy reliance on
antimalarial drugs to cure the debilitating episodes of disease. Although very efficient,
antimalarial drugs are also subject to limitations. Rise of drug resistance in the malaria
parasite is a major challenge and threat faced by these interventions. An important
lesson is to be learned from chloroquine which remained highly effective and robust
drug until the 1960s when the chloroquine resistance was spread all over the world.
Now chloroquine is increasingly impotent against P. falciparum infections (100, 101).
Although, in some populations, the chloroquine sensitive strains are reappearing due
to decrease in use of chloroquine overtime and resulting release of drug selection
pressure. However, overuse of chloroquine can again drive the selection in favour of
resistant strains.
Currently, the artemisinin-based combination therapy is recommended by WHO as
the first-line treatment of malaria (8). However, it is just a matter of time before
genetically resistant strains emerge and spread. Recent reports of artemisinin-resistant
parasites in Southeast Asia have spurred the concern for the development of new
drugs before the artemisinin loses its effectiveness (102). Several lead compounds are
being tested for their plasmodicidal activity with novel mechanisms of drug action.
But the emergence of drug resistance is inevitable, and parasites will eventually evolve
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the mechanisms to circumvent the action of novel antimalarial drug. Therefore, it has
become crucial to explore alternative therapeutic approaches that can address the
problem of drug resistance and provide long-lasting protection.
Harnessing the natural host defences to stop the pathogenesis of the disease is
promising in this regard. Natural resistance against malaria has existed in endemic
populations for thousands of years. Certain genetic mutations have been positively
selected in these populations, as they conferred protection against malaria. Targeting
such host genetic factors for therapeutic intervention has the potential to address the
problem of drug resistance. As opposed to parasite-oriented drug targets, the hostoriented strategies can have a long-lasting effect because the genetic changes in host
are rather slow as compared to rapidly evolving parasites. Likewise, the resistance
against “host-oriented” targets will develop much slowly as they are required by the
parasite but not under the direct control of it. Therefore, it is important to understand
the host-parasite interactions and mechanism of host-mediated resistance to design
better and long-lasting therapeutics. The following section highlights the cellular and
molecular aspects of host-parasite interaction during the blood-stage of P. falciparum
infection.
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1.3 Host-parasite interactions during malaria
1.3.1 Role of erythrocytes in malaria
Erythrocytes occupy a special place in malarial biology as these are the primary shelter
sites for the Plasmodium during clinical disease. The intracellular environment of
erythrocyte and molecules on its surface are crucial for the parasite as they modulate
various host-parasite interactions and molecular pathogenesis of malaria. Mature
erythrocytes are biconcave disc-shaped cells without a nucleus or any cellular
organelle. The erythrocyte membrane is a highly complex structure that can be divided
into three components (Figure 1-2):

Glycocalyx
The outer surface of an erythrocyte is surrounded by glycocalyx, a layer of
oligosaccharides projecting from glycolipids and glycoproteins of the membrane.
These oligosaccharide chains are capped with diverse forms of sialic acids at their
terminal ends which are involved in various the epitopic interactions at erythrocyte
surface. The diverse combinations of surface oligosaccharides along with a range of
terminal sialic acids, impart an antigenic signature to the cell's glycocalyx. Due to its
antigenic properties, the glycocalyx plays an important role in cell-to-cell recognition
and host-parasite interactions.
Cell membrane
The erythrocyte membrane is a lipid bilayer having many integral and peripheral
proteins. These proteins have various structural and physiological roles and are
important for maintaining the cell’s homeostasis. In addition to this, the proteins in the
erythrocyte membrane act as receptors (adhesins) and provide binding sites for
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merozoite ligands. For example, erythrocytic Glycophorins are the known receptors
for erythrocyte binding antigens (EBA) family ligands of P. falciparum. Many
erythrocyte membrane proteins have been studied for their role in parasite’s invasion
(103) and are discussed in detail later.

Cytoskeleton
Underlying the erythrocyte membrane is a 2-dimensional network of spectrin-actin
based cytoskeleton that provides mechanical stability and remarkable flexibility to the
cell (Figure 1-2). The cytoskeleton is tethered to the membrane via two macromolecular
complexes, the Ankyrin complex and 4.1R complex (also known as Junctional
complex), named on the proteins that directly interact the cytoskeleton.
Transmembrane proteins in Ankyrin complex include Band 3, GPA, Rh, and RhAG
complex proteins that are linked to Ankyrin via protein 4.2. The transmembrane
protein in 4.1R complex includes GPC, XK, Duffy, Rh, and Kell. Other peripheral
proteins in this complex are p55 (forms ternary complex with GPC and 4.1R), Adducin
(dimeric Band 3 binds to 4.1R via adducin) and Dematin (binds actin, and spectrin in
cytoskeleton to GLUT1 of the membrane (104, 105). These complex interactions in both
horizontal (Ankyrin and 4.1R complex) and vertical directions (Spectrin tetramer,
protein 4.1) maintain the structural integrity of membrane which is critical for
parasite’s invasion and survival (106). For instance, during invasion and post-invasion
of P. falciparum, the erythrocyte cytoskeleton undergoes enormous modifications and
parasite-mediated remodelling to facilitate its entry and survival within the cell (107).
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Figure 1-2: Architecture of erythrocyte membrane
Erythrocyte membrane is composed of lipid bilayer containing integral and peripheral membrane
protein. It is externally coated with a layer of carbohydrates known as glycocalyx. Underlying
the membrane is a hexagonal meshwork of actin-spectrin based cytoskeleton. Spectrin forms the
arms of the hexagons while actin is present at the corners forming the core of macromolecular
assembly known as 4.1R complex (also known as Junctional complex). Protein 4.1 strengthens
the interaction between actin and spectrin. p55, adducin, and dematin have a role in tethering the
junctional complex to membrane proteins. Glycophorin C (GYPC), Glucose transporter-1
(GLUT1), Anion exchanger (Band3), Duffy associated chemokine receptor (DARC) and protein
carrying Kell and Kx antigens, constitute the integral membrane proteins associated with this
complex. Ankyrin provides another point for cytoskeleton and membrane. It contains Ankyrin that
binds to spectrin and band 3 membrane protein. Protein 4.2 strengthens this interaction. The
integral membrane proteins of this complex are Glycophorin A (GYPA), Glycophorin B (GYPB)
anion exchanger (Band3), CD47, and members of Rh family proteins (Rh and RhAg).
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1.3.1.1 Merozoite Invasion
Merozoite invasion into erythrocyte is a complex multistep process in which various
parasite and erythrocyte membrane proteins are involved (Figure 1-3). The molecular
mechanism of merozoite invasion has been well-studied for P. falciparum, which has
been described in the sections below:
1.3.1.1.1 Attachment
The initial contact between parasite and RBC is random and of low affinity mediated
by a class of merozoite surface proteins (108). MSP-1 is the most well-characterised
protein in primary interaction and has shown to bind directly to Band 3 protein on
RBC membrane (109) however molecular nature of this interaction still needs to be
established. There is increasing evidence suggesting the association of MSP-6 and 7 to
MSP-1 into a multimeric protein complex (110, 111). Other candidates with adhesion
site for RBC are MSPDBL-1 and MSPDBL-2, are likely involved in complex formation
(112).
1.3.1.1.2 Reorientation
After the attachment, the parasite reorients itself with its apical end abutting the
erythrocyte surface where irreversible secondary interactions occur between the RBC
membrane and merozoite (113). The adhesins for secondary interactions are present in
micronemes (EBL family proteins) and the anterior “necks” of rhoptries (RBL family
proteins) (114). The increased calcium level in merozoites releases these binding
ligands near the time of the invasion. Three EBL Erythrocyte binding like (EBL) family
adhesins have well-defined receptors on RBC membrane and mediate sialic aciddependent parasite invasion. These are PfEBA-175, PfEBL-1, and PfEBA-140 that bind
to Glycophorin A, Glycophorin B and Glycophorin C respectively on RBC membrane
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(115-117). Glycophorins are heavily glycosylated and sialylated membrane proteins.
The members of Reticulocyte binding like (RBL) family adhesins mediate sialic acid
independent parasite invasion. The P. falciparum reticulocyte binding homologue 4
(PfRh4) recognizes complement receptor CR1 on erythrocyte while PfRh5 binds to
CD147 (Basigin) during apical interaction (118, 119).
The apical interactions mark a depression in erythrocyte surface called invasion pit
through which the active invasion proceeds.
1.3.1.1.3 Tight Junction formation
Once apical interaction has occurred, the invading merozoite establishes a tight
junction involving the release of additional proteins (invasins) from the micronemes
and rhoptry organelles. Distinct subgroups of proteins are released at different times
before and during the invasion process. The rhoptry neck secretes its contents first,
translocating RON-4 (rhoptry neck protein 4), with other members of the RON
complex, to the cytosolic side of the erythrocyte plasma. This complex, through RON2 then provides the anchor for AMA-1 (apical membrane antigen-1) already on the
parasite surface (released via micronemal discharge at egress) (120) The meeting of
AMA-1 and the RON complex defines the molecular seal of the tight junction, which
then channels the rhoptry bulb contents into the erythrocyte (121).
1.3.1.1.4 Ingress
The tight junction formation commits the cell to active invasion, which is marked by three
important cellular events, internalisation, surface shedding and parasitophorous vacuole
formation.

(i) Internalisation: Concurrent with the release of rhoptry, the formation of tight
junction triggers signals for actin polymerisation to initiate motility of merozoite
into the cell. Phosphorylation of AMA-1 by cAMP-regulated protein kinase- A,
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appears to be involved in these signalling events (122). The linkage between the
junction and the internal parasite motor that drives invasion is not direct. The
functional

link

is

probably

provided

by

Micronemal

proteins

of

a

thrombospondin-related anonymous protein family (TRAP), including merozoite
TRAP (MTRAP) and Plasmodium thrombospondin-related apical merozoite
protein (PTRAMP) (123, 124).
(ii) Surface shedding: With the rearward progression of tight junction, merozoite surface
undergoes proteolytic processing that results in shedding of this outer fibrillar coat
(125).
(iii) Parasitophorous vacuole formation: Penetrative force provided by the parasite’s actinmyosin motor propels the merozoite into the space generated by the release of
rhoptries. The secretions of rhoptries provide proteins and lipids required for the
formation of parasitophorous vacuole and its membrane which isolates the
parasite from RBC’s cytosol and provides a favourable environment within
vacuole to reside inside the red blood cells (121).
1.3.1.1.5 Resealing
As the merozoite moves into the red blood cell, the newly formed membrane of
parasitophorous vacuole and the membrane of erythrocyte fuse together to complete
the invasion process (121).
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Figure 1-3: Merozoite Invasion
The invasion of merozoite into erythrocyte is a multistep process. The initially the merozoite
loosely attach to the erythrocyte, followed by the reorientation where firm binding between host
receptor and parasite ligands occur. After the reorientation, the merozoite forms tight junction
committing the cell to invasion. The moving junction is established on erythrocyte membrane
driven by parasite’s actin-myosin motor with which it internalises inside the membrane. The
merozoite sheds its outer coat as it enters the cell. The invasion is marked by resealing of
erythrocyte membrane and formation of parasitophorous vacuole inside the RBCs

1.3.1.2 Intraerythrocytic growth
1.3.1.2.1 Nutrient uptake
Once inside the erythrocyte, the parasite grows and replicate within the
parasitophorous vacuole. The parasite largely feeds on host haemoglobin, which is the
major source of amino acids required for its growth. The proteases involved in
haemoglobin degradation include members of falcipains (Cystine-proteases) and
plasmepsins (aspartic-protease) (126). The undigested haem moiety is polymerised
into an inert substance known as haemozoin, that accumulates inside the digestive
vacuole (127).
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Apart from erythrocytic haemoglobin, the parasite also acquires nutrients from the
extracellular environment through new permeation pathway (NPP). NPP serves as a
channel for nutrient uptake and exchange of excretory waste product (128). Also, it
facilitates the passive diffusion of monovalent cations, conditioning the ionic
environment inside the cell (129-132).
1.3.1.2.2 Protein export
Within a few minutes of invasion, the parasite begins to secrete dense granules,
initiating the protein export into the erythrocyte. More than 400 proteins are exported
to the cytoplasm where they may interact with the cytoskeleton or directly express on
erythrocyte surface (133). These proteins often have a pentameric export motif known
as Plasmodium export element, (PEXEL) (134) or vacuolar targeting signal, VTS (133).
The parasitic aspartate protease, Plasmepsin V, cleaves the PEXEL motif (135-139) and
feeds it into PTEX translocon (P. falciparum translocon of exported proteins), which is
a molecular machinery that controls the transport of PEXEL-positive and PEXELnegative export proteins (PNEPS) to the targeted location in the host cell (140,
141). The protein trafficking occurs through a tubulovesicular network emerging from
the parasitophorous vacuole and distributed throughout the cell (142). After 2 to 4
hours post-invasion, disc-like vesicle begins to appear at the periphery of erythrocyte
that often appears tethered to erythrocyte cytoskeleton (143, 144). These vesicles are
known as Maurer’s cleft. Maurer’s clefts are of importance as they are involved in
sorting and transportation of important virulence factors and parasite proteins that are
expressed on the erythrocyte membrane. The notable examples are P. falciparum
erythrocyte membrane protein 1 (PfEMP1), repetitive interspersed families of
polypeptides (RIFINs) (145-151) Subtelomeric variant open reading frame (STEVOR)
(152-156), Knob associated histidine-rich protein (KAHRP) (157, 158), membraneassociated histidine-rich protein (MAHRP1) (159) ring exported protein-1 and 2 (REX1

25

REX2) (160, 161),

P. falciparum skeleton binding protein (PfSBP1) (162-166), P.

falciparum Maurer’s cleft -2 transmembrane protein (PfMC-2TM) (154, 167) and FIKK
kinase (168-170).
1.3.1.2.3 Erythrocyte remodelling
During the intraerythrocytic maturation, the host cell undergoes dramatic remodelling
to accommodate parasites growth requirements. Parasite proteins exported to
erythrocyte markedly change the structural and morphological architecture of
erythrocyte membrane (171). The cells become more spherical, less deformable, and
develop thousands of small protrusions over the surface known as “knobs”. These
knobs are a characteristic feature of infected erythrocyte and play an important role in
the pathogenesis of severe malaria.
Knobs begin to appear approximately 16 hours post-invasion (172-174). Two types of
proteins constitute a functional knob. (i) Cytoadehrent proteins that are expressed on
the surface of the knob and affect the adhesion properties of a red blood cell. A notable
example is PfEMP1, a major virulence factor implicated in severe malaria. PfEMP1
interacts with adhesion receptors on endothelial cells leading to sequestration of iRBCs
(175, 176). (ii) Structural proteins that are present under the erythrocyte membrane and
provide a structural foundation to the knobs. These include KAHRP, PfEMP2,
PfEMP3, etc (177, 178). KAHRP is the major knob protein that self-aggregates (179) and
interact with host’s cytoskeletal proteins (actin, protein 4.1 and spectrin) as well as
parasites PfEMP1, to anchor it to the cytoskeleton (180)
The remarkable deformability of RBCs is due to the network of the cytoskeleton that
provides flexibility and strength to the cell. Soon after the invasion, the
phosphorylation of Band3 has been observed (181). Band3 is an integral protein of
membrane complexes. Phosphorylation of Band3 weakens the interaction between
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cytoskeleton and erythrocyte membrane, making the cell rigid. Moreover, some
parasite proteins also get integrated into the erythrocyte membrane further increasing
its rigidity (175). For example, RESA (Ring-infected erythrocyte surface antigen) an
early parasite protein interacting with -Spectrin during early invasion (182).

1.3.1.3 Egress
The egress of P falciparum merozoites is marked by the sudden swelling of the RBC,
which is shortly followed by the opening of parasitophorous, and RBC membrane.
Previous works related to the role of osmotic stress, protease inhibitors and
amphiphiles in parasitic egress strongly suggest that the parasitic release is a pressuredriven phenomenon (183, 184). Several studies showed that parasites demonstrate free
movement inside the RBC, which still contain an intact membrane (185). The free
movement of parasites inside the cell indicates the opening of the parasitophorous
vesicular membrane (186). The exact origin of the osmotic pressure and sudden
swelling of RBCs is not known, but showed a correlation between inhibition of RNA
degradation and premature release merozoites from RBCs (187). In addition, parasites
are known to release active proteases, which are essential for the parasitic release from
the cells and might cause an increase in cellular osmolarity (188).
The merozoite egress event is the product of elastic instability of the infected
erythrocyte membrane. The entire process takes place in 3 steps: (i) erythrocytic
swelling, (ii) pore opening and ejecting few merozoites, and (iii) curling-and-buckling
of the erythrocytic membrane pushing the parasites forward. The last step is of
significant importance because it ensures the effective separation of merozoites from
the infected cell membrane (185).
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1.3.2 Role of spleen in malaria
The spleen is a major lymphoid organ involved in generating an immune response
against malaria infection. It consists of several microanatomical zones that are
specialised to perform various functions like blood filtration, iron recycling, selective
destruction of infected red blood cells and induction of adaptive immune response
(189-191).
The powerful filtering capacity of the spleen is due to small trabecular structures. The
blood enters into the spleen through a central artery, which empties blood into
filtration beds of cords for the microcirculation. Splenic tissues are organised in three
distinct zones. (i) white pulp/lymphoid tissue, (ii) red pulp/reticular meshwork, and
(iii) marginal zone/interface between white and red pulp (Figure 1-4).

Figure 1-4: Structure of Spleen
Spleen has a small trabecular structure comprising: (i) white pulp/lymphoid tissue, (ii) red
pulp/reticular meshwork, and (iii) marginal zone/interface between white and red pulp. The blood
enters into the spleen through a central artery, which empties blood into filtration beds of cords
for the microcirculation. T-cells form a sheath around the arterioles while B cells proliferate and
mature at germinal centres.
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White Pulp
White pulp surrounds the arterial branches and carries the majority of immune
effector cells. It has been subdivided into two zones: (i) inner T-cell zone the allows
interlocking between resident T-lymphocytes and dendritic cells (ii) and the outer Bcell zone where antigen-recognizing B-cells undergo clonal expansion, and isotype
switching of immunoglobulins by interacting with DC, follicular DCs, and helper T
lymphocytes (192).

Marginal Zone
The white pulp is surrounded by a rim-like marginal zone, which allows the transit of
blood cells to this region. Structurally, it is packed with various populations of
macrophages that are strategically placed to uptake any particulate material and
bacteria from the blood. “Marginal metallophilic macrophages” make marginal zone
border with white pulp zone, and “marginal zone macrophages” are situated adjacent
to the red pup zone (193). Other than macrophages, B-cells that function independent
of T-lymphocytes and antigen-presenting cells such as DCs also localize in this zone
(189, 190). Additionally, Marginal zone also houses a tubular network that ensures the
supply of immune mediators such as antigens, cytokines, and chemokines to the white
pulp (194-196). The function of the marginal zone is to act as a fine filter and cause the
clearance of small particulate material, viruses and bacteria in the blood.

Red Pulp
Red pulp makes about 70-80% volume of a spleen. It consists of distinct cords and
sinuses emerging into a microcirculatory function unique to this zone (197). Highly
active macrophages and reticular cells reside in the splenic cords, which are
characterised by a lack of endothelial lining and open spaces (198). Various cells,
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including haematopoietic cells, circulatory monocytes, activated lymphocytes,
granulocytes, and erythrocytes supplied by arterioles bath these spaces, which make
immune surveillance possible in this zone (199). The reticular meshwork of red pulp
ensures the essential destruction of aberrant or senescent RBCs and parasitised RBCs.
The role of spleen in malaria is so optimal and powerful that some researchers believe
that splenic structure itself might have been evolved under selection pressure due to
malaria (200). In response to infection, spleen enlarges several folds or may even
rupture. Splenomegaly is so common in malaria infection that it has been used as a
marker for the estimation of malaria transmission (201). During infection, the spleen
undergoes extensive remodelling, characterised by loss of marginal zone, expansion
of white pulp, diffuse hypercellularity of red pulp and increased vasculature (202)
(203). The splenic sinusoids inflate due to excessive cell division in splenic Kupffer
cells (204). The barrier cells are activated, and a blood-spleen barrier is formed, which
alter the splenic blood circulation (200). Spleen actively engages in the clearance of
Plasmodium parasite using not only its immune effector cells but also by mechanically
trapping the invading parasite.

1.3.2.1 Mechanical Trapping
The structure of the spleen generates unique blood circulation patterns that allow
efficient filtration and immune clearance. Splenic artery supplies the blood via hilus
which quickly branch into trabecular arteries while entering into the parenchyma.
Subsequently, further sub-branching into arterioles occurs before entering into red
pulp (205). Two types of blood circulations have been identified: closed (fast) and open
(slow) (206).
“Closed circulation” account for 80-90% of splenic blood flow. It allows the “fast
circulation” of the blood by enabling it to bypass the reticular meshwork of the red
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pulp while remaining in the marginal zone. The rest of the blood (10%) oozes from the
marginal zone into red pulp’s cordal “open system” and will cause the “slow
circulation” (192, 207). Open circulation exposes blood to macrophages in the marginal
zone and at the border of red pulp to detect any particulate blood-borne material (200).
Both types of blood flow contribute to overall clearing function of the spleen.
During infection, changed rheological characteristics of erythrocytes is a major factor
contributing to the splenic trapping of parasitised RBCs and subsequent removal (203).
Red Pulp zone of spleens acts as quality control of erythrocytes by gauging the
deformability of the cells. It makes an intricate mechanism of inter-endothelial slits of
venous sinuses that collect the normal red blood cells (highly deformable) from the
cords and allow to pass through, while infected or senescent erythrocytes exhibiting
low deformability are trapped and cleared by phagocytosis (105). In addition to
phagocytosis, the erythrocytic squeezing through the sinuses sheds erythrocytic
materials such as hemozoin, oxidizers, nuclear remnants and malarial parasites that
maintain the survival of erythrocytes, a splenic process called “pitting” (208). In this
manner, the red pulp environment contributes to the essential function of blood
filtration, removal of dysfunctional erythrocytes, and maintenance of both innate and
adaptive arms of the immune response.

1.3.2.2 Immune response
Resident macrophages in the red pulp constitute the first line of defence against bloodstage malaria by clearing the parasitised RBCs (209). The innate immune system
components, macrophages and dendritic cells, located in the marginal zone efficiently
obstruct and remove the parasitised RBCs (210, 211). Additionally, marginal zones are
also the areas where dendritic cells phagocytose the parasite and subsequently migrate
to T-cell areas in the spleen, which require DCs for activation. As the erythrocyte
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ruptures during parasitic egress, it also releases parasitic waste in the form of
hemozoin and cellular microvesicles. These may act as pathogen-associated molecular
patterns (PAMPs) or death associated molecular patterns (DAMPs) that are sensed by
pattern recognition receptors (PRRs) on dendritic cells. Dendritic cells activated by the
PRRs demonstrate increased phagocytosis, induction of the antigen-processing
machinery, and upregulation of co-stimulatory molecules such as CD40, CD80, CD86,
and MHC class II. In P. chabaudi adami AS rodent models, the expression of costimulatory molecules increased during blood-stage of the infection (212-214), which
suggests that PRR-DC interaction has happened. Several of the PRR sensors have been
implicated in the activation of DCs. For instance, Toll-like receptor 2 can activate DCs
by recognizing GPI molecules on the merozoite surface during P. falciparum infection
(215, 216). Similarly, Toll-like receptor 9 can sense P. falciparum DNA intracellularly,
and AT-rich sensor can detect P. falciparum DNA in the cytoplasm (217, 218).

1.3.2.3 Cytoadherence as evasion strategy from splenic clearance
As a result of parasite-mediated host-cell remodelling, the iRBCs become less
deformable, and thus more prone to splenic clearance. To avoid this, the parasite
exports its cytoadherence-associated proteins to be expressed on the surface of host
erythrocyte at a knobbed protrusion of red cell membrane. These cytoadherence
proteins adhere to other host cells and endothelial lining to escape from splenic
filtration. The infected erythrocyte can adhere to other infected erythrocytes
(autoagglutination), uninfected erythrocytes (rosetting) and lining of deep endothelial
beds (sequestration) (219).
Apart from immune evasion, cytoadherence is also a virulence trait that can lead to
the progression of severe malaria. Increased cytoadherence of infected RBCs obstructs
microvasculature and inflammation to vital organ systems including the brain.
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Parasitic sequestration is often associated with severe complications like cerebral
malaria, metabolic disturbances, acute renal failure etc (220, 221). In pregnant women,
the obstruction in blood supply to the villous chamber of the placenta may lead to a
severe condition known as placental malaria (222).
Several P. falciparum ligands have been identified that are involved in the
cytoadhesion, the most studied protein is PfEMP1 encoded by highly polymorphic Var
gene family with ~60 members (223, 224). On the other hand, several host receptors
have been identified that recognize these parasite ligands to mediate cytoadhesion.
These molecules include CD36, thrombospondin, immunoglobulin superfamily cell
adhesion molecules (vascular cell adhesion molecule, inter adhesion molecule 1,
neural cell adhesion molecule, platelet endothelial cell adhesion molecule) and
selectins (E -selectin, P-selectin), integrins, glycosaminoglycans (chondroitin sulphate
A, heparin sulphate) (225-230).

1.3.3 Mechanisms of host-mediated resistance
It is evident that the Plasmodium parasites are heavily dependent on host erythrocyte
microenvironment for its growth and survival. Any change in erythrocytes can prove
detrimental to Plasmodium as it can impair crucial host-parasite interactions vital for
its cell function or immune evasion. Interestingly, it has been noted that certain
erythrocyte abnormalities, despite being detrimental, are maintained in endemic
populations, as they confer natural protection against malaria. This was first observed
by Haldane, who attributed the high frequency -thalassaemia allele in Africans, to
the positive selection pressure of malaria (231). Since then, many host genetic variants
have been studied for their role in malaria resistance. The mechanisms of hostmediated resistance are complex and not completely known. But these factors are
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thought to confer protection by inhibiting major aspect of parasite virulence, and are
often characterised in four broader categories (Figure 1-5):

Invasion impairment
As the parasite enters the bloodstream, it invades the host erythrocytes
instantaneously to avoid hosts immune system. The process of invasion is an intricate
mechanism involving molecular partners from both parasite and host cells. Since the
membrane protein and antigenic markers act as a receptor for the parasite to develop
the necessary interaction during the invasion, any mutation afforded by the host that
can impair this interface confers protection against malaria. Defects in membrane
proteins and various blood group polymorphisms have been variously reported to be
involved in malaria resistance and are discussed in detail later.

Intra-erythrocytic growth inhibition
Once inside the cell, parasites grow within the parasitophorous vacuole and multiply
until it fills the RBCs releasing thousands of merozoites in a bloodstream. Inside the
erythrocytes, the parasite acquires nutrients from the host and initiate the process of
erythrocyte remodelling to make the environment favourable for its growth. Also, the
parasite begins to export proteins in the host cell which are important to carry out
various metabolic functions and may also act as virulence factors on the erythrocyte
surface. Different red cell variants have been shown to impair the erythrocytic growth
of parasite by impairing it protein transport, red cell remodelling or by decreasing the
parasite survival due to increased oxidative stress within the erythrocytes.

Reduced Cytoadherence
Cytoadherence is an important pathophysiological feature of severe malaria. The
infected erythrocytes are more prone to splenic clearance due to being less deformable.
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To avoid this, parasite exports adhesion proteins on the surface of iRBCs, which are
recognised by host receptors on other host cells and endothelial lining. Endothelial
sequestration not only helps evade the iRBCs from immune-mediated clearance but
may also contribute to severe pathology like cerebral malaria. Any host modification
that can impair cytoadherence of parasites and subsequent endothelial sequestration
hence confers protection against severe malaria.

Increased immune-mediated clearance
The immune response to malaria is proinflammatory. During infection, the spleen is
the major immune organ involved in the generation of the immune response. The
spleen accomplishes these tasks by modulating the immune response to increase the
recognition and clearance of infected erythrocytes, and also by providing the
mechanical framework, which filters the blood and selectively destroys the infected
erythrocytes from circulation. All of the RBC related or immune-related
polymorphisms that eventually increase immune recognition and clearance of infected
erythrocytes, provide a selective advantage to the host against malarial infection.
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Figure 1-5: Mechanisms of host-mediated malaria resistance
A) Invasion impairment. Genetic variations in erythrocytic invasion receptor can affect the entry
of parasite e.g. Duffy mutation has been known to provide resistance by blocking the invasion of
P. vivax. B) Reduced cytoadherence: Reduction in cytoadherence due to genetic variations in
host adhesion molecules on erythrocytes or various endothelial receptors, have shown to confer
protection by decreasing progression of severe pathology and increased splenic clearance. C)
Intraerythrocytic growth defects: Genetic red cell abnormalities affecting the cell’s
microenvironment can interfere with processes vital to parasite e.g. high oxidative stress in sickle
cells has shown to affect the parasite survival within the RBCs and increase RBC senescence.
Aggregation of band 3, due to oxidative stress affects the knob formation in infected RBCs
reducing their ability to sequester in endothelial vasculature. D) Increased immune detection.
During merozoite egress, pathogen-associated molecular patterns (PAMPs) and death associated
molecular patterns (DAMPs) are released including hemozoin, microvesicles and GPI coated
parasites. These PAMPs/DAMPs are recognised by pattern recognition receptors (PRRs) on
Dendritic cells, leading to secretion of IL-12 and expression of MHCII. This stimulates NK cells
and CD4 T cells to secrete IFN and TNF which in turn activate macrophages leading to
increased phagocytosis. Infected erythrocyte also begins to express senescent markers (exposed
phosphoserine, reduced CD47 and aggregated Band3) that activate the macrophages and signal
complement cascade that ultimate lead to immune detection and phagocytosis.
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1.3.4 Summary
Host-parasite interactions are key to modern medicine and drug development. Due to
the emerging spread of artemisinin resistance in the malarial parasite, it has become
critical to develop novel drug regimens, before the existing drugs lose their
effectiveness. As noted previously, the Plasmodium is heavily dependent on host
microenvironment to carry out its vital cell functions. This provides an attractive
opportunity for alternative drug interventions that are less prone to parasitic
resistance.
Current malaria research is predominantly dedicated to finding factors that are vital
to the parasite survival and can be targeted for potential drugs. Such approaches are
more specific in their action. But these parasite-oriented strategies cannot evade the
problem of drug resistance due to rapidly evolving microbial genomes. On the other
hand, genetic changes in the host, that are protective against malaria, are promising in
having a long-lasting effect as these host factors are crucial for the parasite to survive
but not directly under the control of the parasite. Therefore, parasitic resistance against
these host factors is slow to develop. A deeper understanding of host-parasite
interactions can help identify druggable targets in the host for therapeutic purpose.
Such interventions may adjuvant the current therapeutics or lead towards hostdirected therapies (232).
Genetic

studies

in

endemic

populations

have

identified

several

genetic

polymorphisms that are commonly associated with malaria resistance. These
signatures of positive selection serve important clues about host factors necessary for
interaction with parasite and mechanism of host resistance to malaria in humans. The
following section reviews the major host genetic factors identified in endemic
populations, that have shown to be protective against malaria.
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1.4 Host genetic factors in malaria resistance
Every year approximately half a million people die of malaria while the total number
of malaria cases exceeds 200 million. Not all the people infected with malaria will
develop severe disease. Host genetic factors play an important role in determining the
risk of this progression. The heritability studies have attributed 25% of the risk of
developing severe disease, to host genetic factors. (233). In fact, malaria has been a
strong evolutionary force in shaping the human genome. Genetic diseases
characterised by RBC defects are commonly present in the endemic population as they
give a selective advantage to the host by protecting against malaria (234).
The heritable component of malaria susceptibility was initially evidenced from
pedigree-based segregation analysis (235, 236), pedigree-based variance analysis (237,
238), twin studies (239), familial aggregation (240) and studies based on genetic
variation amongst populations in endemic areas. (241).
For almost two decades, gene mapping for malaria susceptibility was performed by
approaches like family-based linkage studies and candidate gene-based association
studies (242). However, those approaches were laborious and inefficient to detect loci
with modest effect. With the advances in sequencing technologies, it became possible
to study the gene associations across the entire human genome. Genome-wide
association studies for malaria susceptibility exploit these techniques to discover the
common variants associated with susceptibility to malaria infection (243). GWAS has
been successfully employed to replicate the well-known polymorphisms and to
uncover novel variants associated with malaria resistance. According to GWAS
catalogue (https://www.ebi.ac.uk/gwas/), 53 such associations have been established
so far, but only a few of them could be replicated. Most of the well-known
polymorphisms are associated with red blood cells. Erythrocyte variants have
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variously shown to be protective against malaria (244). This section reviews the
common red blood cell polymorphisms associated with susceptibility to malaria
infection in humans that have also been summarised in a table given below (Table 11).
Table 1-1: Human genetic polymorphisms associated with malaria susceptibility
Protective
Gene mutation
Phenotype
Polymorphism
Haemoglobinopathies
HBB
Uncomplicated Malaria
HbS (rs334)
E6V
Severe Malaria
HBB
Uncomplicated Malaria
HbC (rs33930165)
E6K
Severe Malaria
HBB
Parasitemia
HbE (rs33950507)
E26K
Severe Malaria
HBA
Severe Malaria
-thalassaemia
multiple mutations
Severe Malaria Anemia
HBB
Severe Malaria
-thalassaemia
multiple mutations
Red Cell Enzyme Deficiencies
G6PD
Cerebral Malaria
G6PD deficiency
multiple mutations
Severe Malaria Anemia
PKLR
Parasitemia
PK deficiency
multiple mutations
Phagocytosis
Red Cell Membrane Defects and Blood Groups
SAO
SLC4A1
Severe Malaria
(rs769664228)
c.1199_1225del27
Cerebral Malaria
ABO-O
ABO (c.261delG)
Severe Malaria
(rs8176719)
DARC
ACKR1
Vivax Malaria
(rs2814778)
Promoter mutation
Falciparum Malaria
Helgeson Phenotype
CR1
Severe Malaria
(rs2274567)
multiple mutations
Knops -Sl2
CR1
Cerebral Malaria
(rs17047661)
R1601G
Knops - McCb
CR1
Severe Malaria
(rs17047660)
K1590E
Cerebral Malaria
GYPA, B and E
Severe Malaria
Glycophorins
Multiple mutations
Parasitemia
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Reference
(245)
(245)
(246-248)
(249)
(250, 251)

(252, 253)
(254, 255)

(256, 257)
(258-261)
(262)
(263, 264)
(265)
(266, 267)
(268-270)

1.4.1 Haemoglobinopathies
Haemoglobin disorders are undoubtedly the best-characterised polymorphisms
associated with malaria susceptibility. These polymorphisms are studied under two
broad categories of disorder characterised either by abnormal haemoglobin structure
(HbS, HbC and HbE) or reduced levels of haemoglobin subunits (alpha and betathalassemia)

1.4.1.1 Structural variants
Haemoglobin has a complex quaternary structure stabilised by the interaction between
two alpha () and two beta () globins surrounding the haem moiety (271) The genes
responsible for -globin (HBA) and -globin (HBB) are clustered on the human
chromosomes 16 (16p13.3) and 11 (11p15.4) respectively. Genetic mutations that can
alter any of its components can affect the structure and function of normal
haemoglobin.
Sickle cell anaemia is probably the best example of balanced polymorphism in human
populations. The Sickle cell trait (HbS trait) is caused by a non-synonymous variant
(rs334) in the HBB gene that substitutes the Glutamic acid for Valine at position 6 on
-chain (272). The RBCs with the rs334 variant display a deformed morphology
(sickled) which lead to the serious clinical condition known as sickle cell anaemia.
Despite the high mortality rate (50-90%) associated with the homozygous state (273),
the minor allele frequency of sickle cell variant exceeds 15% in malaria-endemic areas
(274). Different studies have attributed this high minor allelic frequency to the strong
selective pressure due to malaria, and strong evidence has been accumulated over time
suggesting the protective role of sickle cell trait in malaria susceptibility (251, 275-277).
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Taylor and colleagues performed a meta-analysis of published data and found that the
heterozygous trait affords 30% or more protection in uncomplicated (incidence rate
ratio = 0.69) and as much as 90% or even greater in case of severe and complicated
malaria (odds ratio= 0.09) (249). Recent genome-wide association studies have further
confirmed the strong association of rs334 SNP in malaria susceptibility with
heterozygotes being at reduced risk of developing severe malaria (odds ratio = 0.14, P =
1.6 × 10−225) (245).
Another mutation in the HBB gene results in clinically benign condition, known as
Haemoglobin C trait (HbC). It also results from a single nucleotide variant
(rs33930165) at codon 6 of the HBB gene but unlike HbS, it results in a glutamic acid to
lysine substitution. The HbC polymorphisms are restricted to West and North-West
Africa, with allele frequency reaching up to 15% in some parts of Burkina Fasso (278).
The meta-analysis study has demonstrated a protective effect of HbC trait, at least for
severe malaria, where it has shown to be 70% protective in the homozygous state (odds
ratio = 0.27) and at least 17% protective in the heterozygous state (odds ratio = 0.83)
(249). Further evidence from GWAS has also demonstrated that each copy of HbC
allele reduced the risk of severe malaria by 29% (odds ratio= 0.71, P = 6.9 × 10−9) (245).
Yet another trait, HbE, also arises due to a single nucleotide variant (rs33950507) in the
HBB gene leading to glutamic acid to lysine substitution at position 26 of the protein.
It is also a benign condition, mostly prevalent in Southeast Asia and India where the
allele frequency may reach up to 60% (246). RBCs for both homozygous and
heterozygous individuals have shown to reduce the invasion and growth of P.
falciparum in in vitro cultures (247, 248) however further studies are needed to establish
the protective role of HbE allele for malaria in endemic areas.
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Mechanism of protection
Although protective, the mechanism of protection by Hb variants is not completely
understood yet. Recent in vitro studies demonstrated the decreased expression of
PfEMP1 on erythrocytes with HbS or HbC variants. It was noted that these
erythrocytes display reduced cytoadherence towards multiple endothelial receptors
tested, suggesting decreased endothelial sequestration as a plausible method of
protection (279) (280).
Further, the cryoelectron tomography performed by Cyrklaff and colleagues
demonstrated the impaired Maurer’s cleft mediated parasitic transportation in
infected erythrocyte containing HbC variant either in homozygous or heterozygous
states (281). This phenomenon may also substantiate the reduced expression of
PfEMP1. High oxidative stress and host miRNA have also been proposed to impair
parasite growth (282, 283). An elevated level of haemichromes further leads to Band3
aggregation and RBC senescence (284). Increased immune recognition due to RBC
senescence together with a decreased ability of endothelial sequestration result in an
efficient clearing of infected RBCs from the circulation

1.4.1.2 2. Thalassemia’s
Thalassemia is a clinical condition characterised by the decreased level of globin
production, either -globin (-thalassemia) or -globin (-thalassemia), that combine
to form mature haemoglobin molecule (285). Its selection pressure has been so strong
that it is regarded as the most common human polymorphism identified so far (286,
287).
-thalassaemia is characterised by loss of one or more a-globin allele, due to a range
of mutations in the HBA gene. The prevalence may reach up to 10-20% in sub-Saharan
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Africa and the Middle East and even higher in some parts of Southeast Asia (246). The
protective effect of -thalassemia on severe malaria was estimated to be 37% in
homozygous and 17% in heterozygous individuals with an odds ratio of 0.63 and 0.83
respectively, while no significant effect was seen for uncomplicated cases (249).
-thalassaemia refers to a range of genetic defects in the HBB gene leading to reduced
expression of -globin. It includes -thalassaemia minor (decrease in expression of one
-globin allele) and -thalassaemia major (decrease in expression of both alleles) (288).
-thalassaemia is mostly prevalent in the Mediterranean and some parts of subSaharan Africa, with the frequency ranging from 1-20% (289). There is strong genetic
evidence that -thalassaemia in under positive selection from malaria, however
detailed epidemiological studies investigating the magnitude of its protective effect
are largely lacking (249). Major evidence came from studies conducted by Willcox and
colleagues in Northern Liberia, which reported ~50% protection against malaria based
on single case-control study (250) and reduced parasite densities associated with
patients with -thalassaemia as evidenced by longitudinal surveys (251). Although
several hypotheses are suggesting possible mechanisms of protection afforded by
alpha thalassemia, conclusive evidence is still lacking (244).

1.4.2 Enzymopathies
1.4.2.1 G6PD deficiency
Glucose-6-phosphate dehydrogenase (G6PD) is a cytosolic enzyme expressed
constitutively in all cell types. It is involved in the pentose-phosphate pathway that
supplies cells with reducing equivalents (NADPH) which are later used in different
metabolic pathways, as well as for protection from oxidative stress (290). Clinically,
the G6PD deficiency may cause acute haemolytic anaemia on exposure to oxidants or
some antimalarial drugs (291). It is an X-linked disease, relatively common in males,
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but heterozygous females are also at risk. The gene encoding the G6PD enzyme maps
at the long arm of X-chromosome (Xq28). Around 200 genetic mutations have been
identified that affect the enzyme activity to various degrees, leading to a
heterogeneous spectrum of disease (292, 293).
Global distribution of G6PD deficiency correlates with malaria, with the highest
prevalence in sub-Saharan Africa and the Arabian Peninsula where it may reach up to
30% (294). Howes and colleagues, in a meta-analysis, estimated the allele frequency
for G6PD deficiency to be 8.0% in malaria-endemic countries, and 5.3% within malariaeliminating countries (294). Due to its distribution, it has been long hypothesised that
the G6PD deficiency might have arisen due to the selection pressure of malaria (293).
Various haplotype analyses and sequence studies support this hypothesis (2, 295-297).
However, unlike other host factors, the role of G6PD deficiency in malaria
susceptibility is complicated.

Mechanism of protection:
The protective role of G6PD has been suggested vastly by circumstantial evidence but
the precise nature of protection remains a topic of debate. In vitro studies have
demonstrated a slower growth rate of P. falciparum in enzyme deficient cells probably
due to the accumulation of oxidants that are otherwise metabolised by this enzyme
(298-300).
The long-held belief that heterozygous females are at a selective advantage, is
supported by many recent studies (301-304), however, other studies are suggesting
that the protective effect is confined to hemizygous males (305), yet some other studies
have reported no significant association between G6PD deficiency and malaria
susceptibility at all (306, 307). There are multiple reasons for these discrepancies,
including diversity of multi-allelic variants, genetic complexity associated with X44

linked locus, and epidemiological heterogeneity of clinical phenotype. Considering the
reasons, an analysis form multi-centre case-control study (245) was performed to
address the controversies around the role of G6PD variants in malaria. On a whole,
G6PD deficiency was shown to be associated with decreased risk of cerebral malaria,
but increased risk of severe malaria anaemia. Based on this it was suggested that there
exists an evolutionary trade-off between different clinical outcomes of malaria
infection that has driven the current G6PD polymorphism and its variability in the
human population (252, 253).

1.4.2.2 Pyruvate Kinase deficiency
Pyruvate kinase (PK) is a glycolytic enzyme that catalyses the conversion of phosphoenol-pyruvate to pyruvate, along with the generation of ATP. Deficiency of this
enzyme leads to congenital non-spherocytic haemolytic anaemia. The clinical
manifestation of the disease is heterogeneous, ranging from mild jaundice to lifethreatening, severe haemolytic anaemia. (308). The erythrocytic PK enzyme is under
the control of the PKLR gene, located on chromosome 1q21 (309). Around 250
mutations have been reported in human PKLR gene that are known to cause disease
(310). Together with G6PD, it is the most common cause of non-spherocytic haemolytic
anaemia in humans.
The role of PK deficiency in malaria has established fairly recently with very few
reports suggesting its protective role. It was initially reported in mice for its resistance
to P. chabaudi infection. The sequence analysis of locus associated with resistance
identified the loss of function mutation in Pklr gene (311). It was hypothesised that PK
deficiency may have a similar protective role against malaria in humans. To test this
Ayi and colleagues performed ex vivo studies on blood from a patient with PK
deficiency. It was demonstrated that the growth of P. falciparum was significantly
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reduced in PK deficient erythrocytes and also the infected erythrocytes displayed
enhanced clearance by phagocytes (254). Sequence studies performed in Sub-Saharan
Africa suggested that the PK deficiency might be under selective pressure due to
malaria (312, 313). Recent clinical studies in Thailand have also characterised a PKLR
variant (R41Q) with high allelic frequency (4.7%), that has shown to confers protection
against P. falciparum infection suggesting the role of PKLR variants in affecting the
intensity and frequency of malaria episodes in endemic countries (255).
This evidence suggests the definite role of PK deficiency in malaria, however further
studies are needed to establish the extent and mechanism of protection.

1.4.3 Hereditary membrane defects
Hereditary defects in erythrocyte membrane are common in the endemic population.
These defects are mainly due to mutations in cytoskeletal proteins and associated
membrane complexes that result in reduced membrane integrity and abnormal
morphology. A normal erythrocyte membrane is strengthened by underlying
cytoskeleton via two types of interactions. The “vertical interactions” at
macromolecular membrane complexes that tether the cell membrane to the
cytoskeleton, and “horizontal interactions” crosslinking the two-dimensional
meshwork of Actin-Spectrin based cytoskeleton extended below the membrane.
Several types of membrane disorders are identified based on their morphological
phenotype, including Hereditary Spherocytosis, Hereditary Elliptocytosis, and
Southeast Asian Ovalocytosis (106). Distribution of these disorders often correlates
with malaria endemicity. For instance, hereditary elliptocytosis is 30 times more
prevalent in African populations as compared to Caucasians, leading to the
speculation that these polymorphisms might have risen due to evolutionary pressure
of malaria (314, 315).
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1.4.3.1 South-East Asian Ovalocytosis
South-East Asian Ovalocytosis (SAO) is characterised by abnormal morphology and
decreased deformability of RBCs. Several genetic lesions have been identified however
the most common cause of SAO is 27 bp deletion in SLC4A1, gene encoding RBC
membrane protein, Band3. SLC4A1:c.1199_1225del27 polymorphism (rs769664228) is
lethal in the homozygous state (316), yet the heterozygous allele frequency reaches
35% in malaria-endemic regions of Papua New Guinea (317). This is another example
of balanced polymorphism in which diseased allele is maintained in the population
due to the survival advantage afforded by heterozygotes as seen in sickle cell anaemia.
In vitro studies have shown reduced parasitic invasion of P. falciparum in SAO red cell
culture. (256). SLC4A127 is shown to be protective not only against P. falciparum but
also against, P. vivax and P. malariae (318-320).

Mechanism of protection
In vitro studies of SAO have shown reduced parasite growth, however, the mechanism
of this resistance is not known (321-323). Mechanical inhibition of merozoite invasion
is one plausible mechanism, but certainly, there could be other mechanisms involved
in influencing the disease pathogenesis (324, 325).

1.4.4 Blood groups
Blood group antigens and membrane proteins play a deterministic role in malaria
pathogenesis as these factors are critical for interactions at erythrocyte surface and may
provide potential binding sites for invading parasite. Polymorphisms in their genes
are often associated with malaria resistance. Some of the well-characterised blood
group polymorphisms are listed here.
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1.4.4.1 ABO blood group
The A and B antigens are the trisaccharide structures present on various
glycoconjugates at erythrocyte surface. The expression of these antigens is under the
control of ABO locus on chromosome 9 (9q34.1-q34.2). It has three allelic forms that
give rise to four blood group phenotypes (A, B, AB, and O). Allele A and B encode for
functional glycosyltransferase that synthesises the respective oligosaccharide on the
acceptor H antigen present on the surface of the RBC membrane. A single base deletion
at position 261 (c.261delG, rs8176719) renders the allele O produce inactive enzyme
resulting in O blood phenotype (326). Several polymorphisms have been described for
these alleles (327). Although the blood groups are globally distributed, the O blood
type is the most common blood phenotype around the globe with prevalence ~ 40%
among different populations (328).
The ABO blood group has long been suspected to be associated with malaria
susceptibility however the conclusive evidence of its role in malaria susceptibility is
still missing and various studies contradict to each other’s findings (329, 330). Earlier
evidence pointed towards protective role of blood group O on severe malaria (261),
and opposite effect for blood group A (331, 332), but most of these studies could not
address the problem of potential confounding due to other well-characterised
polymorphisms commonly present in the malaria-endemic population. Recently some
convincing studies have been conducted that strongly support the preliminary
evidence and protective role of blood group O in severe and complicated
malaria. (333-336). The multi-centre GWAS have also reported strong protective
correlation associated with rs8176719 (odds ratio of 1.26 -1.484). It was suggested that
non-O blood group pose ~ 1.2- fold increased risk of developing severe malaria as
compared to O blood type (258-260).
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Mechanism of protection
The O blood group offers protection by reducing the rosette formation by parasitised
cells. Rosetting is an important mechanism in the pathology of severe malaria wherein
the infected RBCs form clusters with uninfected RBCs and obstructs the blood flow in
vessels. Previous reports have shown that infected RBCs from the O blood group form
much smaller rosettes as compared to other blood types (337, 338). Also, the frequency
of rosette formation in infected RBCs from clinical isolates of O- blood group is
significantly lower than other blood types (339). Both ex vivo and in vitro experiments
have shown that the frequency and extent of rosette formation is much lower in
subjects from the O blood group than ones having other blood types. (333, 337, 338,
340).

1.4.4.2 DARC:
Duffy is also known as ACKR1, DARC or CD234 is a chemokine receptor on various
cell types including erythrocytes. Genetic studies of this blood group have helped
unleash important molecular aspects of P. vivax biology. The Duffy antigen is encoded
by FY locus on chromosome 1 at position q22-q23. It has two predominant alleles, FYA
and FYB, which are codominant to each other encoding the antigens Fya and Fyb,
respectively. The silencing mutation in either FY (FYAES and FYBES) allele results in
respective null phenotype. The silencing occurs mainly due to a single nucleotide
polymorphism (rs2814778) in the promoter region of FY that disrupts binding of
erythroid-specific transcription factor GATA-1, leading to the selective loss of DARC
expression from erythrocytes only (341). The interaction of these alleles produces four
major phenotypes, Fy(a+b+), Fy(a+b-) Fy(a-b+) and Fy(a-b-) (342). Relative frequency
of these phenotypes differs among various populations and is remarkably associated
with susceptibility to P. vivax. For instance, the risk of developing P. vivax malaria is
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30-80% lower in individual with Fy(a+,b-) phenotype as compared to Fy(a-,b+),
whereas Fy(a-,b-) individuals are completely refractory to developing blood-stage
disease (343). Phylogenetic studies suggest FYB be the ancestral gene, and the
protective alleles FYA and FYBES have arisen fairly recently in evolutionary time, due
to the selection pressure from P. vivax (344).

Mechanism of protection
P. vivax requires DARC for irreversible binding to host cell through 140 kb host
binding ligand known as P. vivax DARC binding protein (PvDBP) present on
merozoite micronemes (345, 346). The deficiency of DARC affects the recognition and
binding of PvDBP to Duffy negative erythrocytes subsequently inhibiting the of P.
vivax invasion into the erythrocytes that renders Duffy negative individuals protected
from vivax malaria. Due to its important role in merozoite invasion, PvDBP has been
variously targeted as a vaccine candidate. Two viral vectored vaccine candidates have
recently completed a phase-1 clinical trial in the UK (347).
It is important to note that there are several recent reports of P. vivax infections in
Duffy-negative individuals from East Africa (348-350) and also from regions of
Central, and West Africa where Duffy negative trait is at near fixation (351-353). There
are various hypotheses to explain the Duffy independent invasion of P.vivax including
amplification of Pvdbp gene (354-356), diversification of new invasion ligands
(PvRBPs) in P. vivax (357, 358), and/or involvement of alternate receptors in humans
(e.g. TfR1 binding to PvRBP2b) that facilitate the invasion of P.vivax in Duffy negative
individuals (359). Nevertheless, the exact mechanism of Duffy-independent invasion
is still not clear. Complete understanding of this mechanism is important for the
success of current vaccine interventions against P. vivax.
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Although protective against P. vivax, the role of Duffy negativity, however, has
opposite effects in P. falciparum infections based on recent studies regarding platelet
function in malaria. In response to infection, platelets release a protective chemokine
PF4 (platelet factor 4) that binds to infected erythrocyte through DARC. Once
internalised the PF4 exert a lethal effect on the parasite, with 90% killing within 24
hours. Since the Duffy negative individuals lack the receptor for PF4, they are not
protected by platelet mediated killing of the parasite, which is also reflected by the
higher incidence of P. falciparum in Africans (262). Clinical studies relating the FY
genotype to the severity of disease in P. falciparum infection are not available.

1.4.4.3 Knops blood group and CR1 polymorphisms
Knops antigens are carried by erythrocyte membrane glycoprotein named
complement receptor 1 (CR1, CD35). CR1 has an important role in parasite invasion
and rosetting. PfRH4, a merozoite binding ligand, recognizes CR1 as a receptor to
mediates sialic acid independent invasion (118). CR1 also has a binding site for
PfEMP1, parasite protein expressed on infected RBCs, which is implicated in resetting
(360). The role of CR1 in malaria susceptibility was first studied by Rowe and
colleagues, who found that Plasmodium-infected knops null RBCs (Helgeson
phenotype), showed significantly reduced rosetting as compared to control RBCs
(339). Also, the Helgeson phenotype was reported in high frequency in malariaendemic regions of Papua New Guinea (361), suggesting that these polymorphisms
might be under positive selection due to malaria. This led to an investigation into the
prevalence of CR1 variants associated with malaria epidemiology.
Helgeson phenotype occurs due to reduced expression of CR1 (<150 molecules/cell) on
erythrocyte surface as compared to normal (~1200 molecules/cell). The CR1 density is
determined by two alleles, CR1-H (high expression) and CR1-L (low expression).
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Several polymorphisms are linked to high and low expression alleles, the most
common being single nucleotide polymorphism in intron 27 (rs11118133, A>T) and
exon 22 (rs2274567, A>G) of CR1 gene (362). CR1 deficiency is highly prevalent in
South East Asia and PNG, where the frequency of low expression allele may reach up
to 0.47-0.58 (363). The incidence is even high in malaria-endemic regions where 80% of
individuals in Papua New Guinea are typed CR1 deficient (364). Additionally, these
individuals tend to have greater protection from severe disease suggesting the origin
of low expression polymorphism to be driven by malaria selection pressure (263). In
haplotype analysis, the low expression allele has shown to confer two to three-fold
protection against severe malaria (264). Panda et al. performed meta-analysis from
studies conducted in India, Thailand and PNG and found exon 22 polymorphism
correlates with protection against severe malaria in both homozygous (odds ratio =
0.56) and heterozygous (odd ratio = 0.41) forms (264). Although the copy number
variations are widely distributed in Caucasians, these polymorphisms are absent in
Africans (365, 366).
Africans, however, display rich genetic diversity in CR1 antigenic polymorphisms.
The antigenic variations are due to the type of KN antigen present on the CR1, that
give rise to different blood groups including, Swain Langley (Sl), McCoy (Mc) and
York (Yk) blood groups systems. There are nine KN antigens, of which six occur as
antithetical

pairs

Kna/Knb

(rs41274768);

McCa/McCb

(rs17047660)

and

Sl1/Sl2(rs17047661); and three are independent Yka (rs3737002), Sl3 (rs4844609), and
KCAM (rs6691117) (367). It was observed that the Sl2 and McCb are present in very
high frequencies among Africans (368). Also, there is strong evidence that Sl2 is under
natural selection in endemic regions (369). Nevertheless, the epidemiological studies
to understand the effect of these antigens in malaria infection remained inconclusive
due to conflicting results. A case-control study in Western Kenya found significant
protection associated with Sl2 in cerebral malaria (265), while a study in the Gambia
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found no such effect. Instead, they found a significant association of McCb in reducing
88% risk of severe malaria (266). Other case-control studies and genome-wide
association studies have found no significant association for both Sl2 and McCb, and
protection from severe malaria (259, 307, 344, 370, 371).
Opi et al. suggested that complex genetic interaction between different variants might
be the reason for these discrepancies. Adjusting for these confounders, they found
opposing associations between Sl2 and McCb (267). Sl2 polymorphism was shown to be
associated with reduced odds of cerebral malaria (adjusted odds ratio 0.67), while
McCb was associated with increased odds (adjusted odds ratio 1-1.9). In their
haplotype analysis, they found an additive protective association with Sl2/McCa
(adjusted odds ratio=0.85). They also showed that the Sl2 polymorphism is protective
only in children who lack other protective mutation like -thalassemia. The McCb, on
the other hand, was shown to be associated in conferring protection for other
childhood diseases and non-malarial infections which could be the possible reason for
its high frequency.

1.4.4.4 MNS/Gerbich/Dantu blood groups and the role of Glycophorins
Glycophorins are major sialo-glycoproteins of erythrocyte membrane that carry
determinants for several blood group systems. In addition to this, they also act as a
receptor for P. falciparum erythrocyte binding antigens to mediate sialic aciddependent parasite invasion. Glycophorins are divided into two major groups. The
first group clusters at chromosomal locus 4q28-q31 containing three genes GYPA,
GYPB and GYPE that encode for Glycophorin A, B and E respectively. This
glycophorin cluster is thought to have evolved from two sequential gene duplication
events in a common ancestral gene (372). Glycophorin A is a single-pass
transmembrane protein that carries antigen for MN blood group and binding sites for
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P. falciparum erythrocyte binding antigen-1 (EBA-175). Glycophorin B carries the
antigen for Ss blood group and recognizes the erythrocyte binding ligand-1 (EBL-1) of
P. falciparum. The GYPE can be involved in the formation of some M/N variants. The
three genes are highly homologous often subject to recombination and gene
conversion events that lead to hybrid glycophorin molecules generating diverse lowincident blood group antigens (373). The second group contains Glycophorin C and
Glycophorin D, both are encoded by a single gene known as Gerbich (GE), located on
chromosome 2 at position 2q14-q21. Glycophorin C determines the Gerbich blood
group phenotype and carries the binding sites for P. falciparum EBA-140 ligand. The
GYPD is a truncated form of GYPC. The EBA-140 ligand of P. reichenowi has recently
shown to recognize GYPD in chimpanzees (374).
Given the important role of glycophorins as a receptor in merozoite invasion, their
genetic variations and distribution of these polymorphisms have been extensively
studied. Sequence analysis suggests some variants to be under strong positive
selection driven by malaria (375-378). For example, higher than expected rates of nonsynonymous substitution were found in exon 2 of Glycophorin A, that encodes for an
extracellular domain. The allele frequency was correlated with malaria exposure
suggesting a pattern of balancing selection in malaria-endemic regions (377, 379).
Similarly, the exon 2-5 deletion in GYPB ablates the expression of Glycophorin B from
erythrocyte surface (S-s-U- blood group) and has shown to mediate resistance against
P. falciparum invasion (116, 380). The prevalence of S-s-U- blood group is notably
higher in Africans where it may reach around 20% in pygmies and up to 37% in West
Africans (381-383). Yet another null mutation in glycophorin C correlates with malaria
transmission in Melanesia. The Gerbich negative phenotype (exon 3 deletion in GYPC)
had long been recognised to have an unusually high prevalence in malaria-endemic
regions of PNG where the allele frequency may exceed 50% (384). Earlier studies
reported three times decrease in parasitaemia in Gerbich negative individuals (268).
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The Gerbich negative RBCs have also shown to have increased resistance to P.
falciparum in vitro (117).
Recent multi-centre GWAS conducted by MalariaGen reported a novel locus for
malaria resistance with the strongest signal of association close to glycophorin gene
cluster (GYPA, B and E) and FREM3 (385). However, no functional variant was
identified that could explain the association, probably because the glycophorin genes
are in the region of segmental duplication that is difficult to characterise. To identify
the structural variations, Leffler et al analysed the whole genome sequence data from
human populations worldwide including African-enriched reference panel containing
genome sequences from 765 individuals. They showed that this region indeed encodes
for multiple structural variants and that the copy number variations in glycophorin
genes were more common in African (11%) as compared to non-African (1.1%)
populations. One particular structural variant called DUP4 gives rise to Dantu blood
group phenotype in Eastern Africans. It consists of 1 GYPA, 2 GYPB-A hybrid and 2
GYPE copies. The DUP4 variant provides 40% protection against severe malaria (odds
ratio = 0.6) and has probably arisen fairly recently in Kenya (269). These GWAS studies
have underlined the importance of glycophorin variation in malaria susceptibility,
supporting the earlier in vitro evidence of reduced parasite invasion in RBCs exhibiting
various Glycophorin A and B mutations (270).

1.4.5 Summary
Host genetics plays a crucial role in determining the risk and the severity of malaria
infection. Genetic studies in endemic populations have identified several
polymorphisms that are involved in determining the susceptibility towards malaria.
Abnormalities in RBC membrane, haemoglobin and red cell enzyme, and various
blood group polymorphisms are associated with malaria resistance. Such studies have
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contributed a lot in understanding the molecular aspects of host-parasite interactions
and nature-driven selection of host genetic factors crucial for parasite survival. For
instance, the acquisition of Duffy mutation has rendered the African population
resistant to P. vivax. The detailed study of this receptor led to the identification of
PvDBP, the parasite ligand required for invasion of P. vivax into erythrocyte.
Identifying such protective mutations in the human genome has promising
translational potential in the development of host-directed therapies and genetic
antimalarials that are less prone to drug resistance.
In past decades, high throughput approaches like GWAS have revolutionised the gene
mapping and malaria association studies. Identified number of erythrocyte variants
associated with malaria resistance in endemic populations.

However, these

approaches are not without limitation. One of the limitations of this design is “missing
heritability”. Often rare variants despite being strongly associated with the disease,
could not be detected in these population-based metanalyses. On the other hand,
mouse models offer a powerful tool for in vivo malaria studies. It is now possible to
mimic the host genetic response towards malaria by using sophisticated mouse genetic
technologies. Such technologies have the potential to uncover novel erythrocyte
variants associated malaria resistance that often go undetected in population genetic
studies. The following section discusses the role of the mouse model in malaria
susceptibility studies.
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1.5 Mouse model in malaria studies
Since the discovery of rodent parasites, the mouse models have been extensively used
for malaria studies in vivo. Recently there have been many controversies regarding
appropriateness of the use of mouse models in malaria intervention studies, largely
due to species-specific differences which limit the extrapolation of understanding from
mouse model to human (386-388). Despite these controversies, mouse models have
shown to be extremely useful in mechanistic studies of disease pathology and
understanding the processes essential for protection against malaria (389). In addition
to having high genetic homology with humans, mice also exhibit a complex genetic
component of malaria susceptibility, which makes them an ideal tool to dissect the
genetic basis of host response to malaria infection (390). Such complex traits are much
easier to study in a murine model where large-scale crosses can be easily performed,
and external factors are more controlled as compared to complex human populations.
The relevance of loci mapped in the mouse as potential candidates for diseases
susceptibility in humans can subsequently be tested in association studies to endemic
areas of disease. Furthermore, mouse model also offers the possibility of genetic
manipulation that has immensely improved our understanding of the genetic basis of
malaria susceptibility.
Three rodent parasites species are commonly used for experimental purpose, P.
chabaudi, P. berghei, and P. yoelii. All these strains exhibit different characteristic
features of human parasites to different degrees and accordingly used as a model for
the relevant aspect of the disease. For example, P. chabaudi has significant similarity to
blood-stage P. falciparum in terms of in vivo synchrony, infection of normocyte, and
importantly recrudescence by parasites of variant antigenicity after recovery from
acute parasitaemia, therefore, it is often used as a model to study immune response to
blood-stage malaria (391). While P. berghei generally induces severe pathology so it is
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used to study experimental cerebral malaria (392). On the other hand, sporozoites
infectivity, and pre-erythrocytic immunological response of P. yoelii are similar to P.
falciparum (393) hence it is used as a model for the liver-stage disease.

1.5.1 ENU mutagenesis as a tool to study host resistance factors
In ENU mutagenesis, a chemical mutagens ENU (N-ethyl-N-nitrosourea) is used to
generate random mutations across the mouse genome. The mutagenised mice are then
screened for malaria resistance, based on phenotypic measurements (blood
parasitaemia, survival, abnormal blood phenotype etc). Once established, various
forward genetic approaches and sequencing tools are utilised to identify the
underlying gene mutation.
Generally, the production of ENU mice is a multi-step and time-taking approach. First,
ENU is injected into male mice, which targets mice germ cells. Once reached fertile
age, these mice are crossed with normal female mice, which gives birth to the first
generation, also referred to as G1 mice. Genotypically, G1 mice are heterozygous,
because they inherit one copy of chromosome from each wild-type and mutant (ENUtreated) parents. How many mutations will be incorporated per genome in ENUtreated mice depends on the size of the genome and dosage of ENU. Justice et. al.
estimated that on average the G1 progeny will carry 30-50 mutations/mouse or one
functional mutation every 1-1.5 Mb of the genome (394). From G1 onward, the
subsequent breeding strategy depends on allelic characteristics such as dominant vs
recessive. The purpose of the dominant screening is to discover the mutations that
manifest in the heterozygous genotype, while recessive screening focuses on the
phenotypes that display only in homozygous genotypes.
ENU mutagenesis has revealed several host genetic variants that determine malaria
susceptibility in mice. These include several erythrocyte structural proteins, and
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cytoplasmic proteins involved in various cellular functions. Some notable examples
have been summarised in Table 1-2.
Table 1-2: Mutations identified through ENU mutagenesis screening that confer protection
against rodent malaria parasites in mice
Candidate genes

Chromosome Resistance Phenotype

Mutations in red cell structural proteins
P. chabaudi adami DS
Survival
Ankyrin-1 (Ank1)
Chr 8
Parasitemia
Invasion and maturation
Bystander RBC clearance
P. chabaudi adami DS
Survival
Parasitemia
Invasion and maturation
Chr 12
-spectrin (Sptb)
Bystander RBC clearance
P. yoelii NL
Survival
Parasitemia
Mutations in red cell enzyme function
P. chabaudi adami DS
ferrochelatase
Chr 18
Survival
(Fech)
Parasitemia
P. chabaudi adami DS
Adenosine
Survival
monophosphate
Parasitemia
deaminase 3
Chr 7
Clearance
(Ampd3),
Erythropoiesis
P. berghei ANKA
Janus-associated
Chr 8
Survival
kinase 3 (Jak3)
ECM

Reference

(395-397)

(398, 399)

(400)

(401)

(402)

Ankyrin-1 (Ank1) has gained much attention in the past few years. Ank1 is a
component of the macromolecular complex that anchors the red cell membrane to the
underlying cytoskeletal network (403). Mutation in the ANK1 gene is responsible for
hereditary spherocytosis in humans (404). The mice with mutation in Ank1 gene,
display haemolytic disease similar to hereditary spherocytosis and are shown to be
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more resistant towards malaria ((395). Dhawan and colleagues suggested that Ankyrin
provides cleavage sites to falcipain-2, an important P. falciparum protease required for
rupture of RBC membrane and release of merozoite ((396). Greth et al reported the role
of Ank1 during intra-erythrocytic growth and replication of parasite. The deficiency
in Ank1 was associated with increased intra-erythrocytic death of the parasite leading
to decrease in blood parasitaemia and increased survival in mice (397). Also, multiple
mutations in Ank1 gene have shown to display allelic heterogeneity during malaria
infection (405). These findings suggest an important role of Ank1 in malaria
susceptibility.
Similarly, the role of -spectrin (Sptb) was also studied in malaria susceptibility (398).
Lelliot and colleagues demonstrated that mutation in Sptb gene results in enhanced
clearance of infected RBCs mediated by the spleen, hence protecting the mice from
malaria (399).
Recently the role of host ferrochelatase (Fech) was established in malaria infection
(400). Ferrochelatase is a terminal enzyme in haem biosynthesis that catalyses the
insertion of Fe=2 into protoporphyrin to form haem (406). Plasmodium parasite has
shown to scavenge host ferrochelatase and other enzymes in this pathway to generate
its haem biosynthetic machinery (407-409). Mice with a homozygous mutation in the
Fech gene has shown to be significantly resistant against infection with P. chabaudi,
with ~three times greater survival rate and two-fold reduction in blood parasitaemia
(400).
Another example is the adenosine monophosphate deaminase gene (Ampd3), which
was also identified after ENU mutagenesis screening for malaria susceptibility (401).
Ampd3 controls ATP levels in the cell by catalysing hydrolytic deamination of
adenosine monophosphate (410). RBCs have suppressed expression of Ampd3 to
maintain high levels of ATP to avoid oxidative damage (411). It was found that
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abnormally higher expression of Ampd3 in RBCs inhibited parasites replication, by
increasing oxidative stress (401).
Bongfen et al identified pheno-deviant mice in their ENU mutagenesis screen, with
remarkable protection towards cerebral malaria. A missense mutation (W81R) was
found in the FERM domain of Janus-associated kinase 3 (Jak3) (402). Jak3 is a cytosolic
tyrosine kinase enzyme which interacts with cytokine receptors and is expressed
primarily on T cells and NK cells. (412). Loss of function mutation in JAK3 is associated
with severe combined immunodeficiency syndrome in humans (SCID) (413). The
homozygous Jak3W81R mutant mice exhibited a phenotype similar to human SCID,
while heterozygous mutants showed normal B, T and NK cell number, with significant
protection against cerebral malaria (402). These findings suggested an important role
of Jak3-dependent signalling in the pathogenesis of the cerebral disease.
In summary, the ENU mutagenesis is a powerful tool in “forward genetics” that has
been successfully employed to study the host genetic factors in malaria resistance.
Moreover, it is an efficient method to explore novel gene variants as it allows for the
unbiased screening across the genome (414).

1.5.2 Screening for red cell variant and discovery of Casd1
The erythrocyte microenvironment is very critical for parasites survival. Parasites
modulate host erythrocytes for its nourishment and growth. From merozoite invasion
till its egress, the parasite interacts with several host proteins that play an important
role in its pathogenesis. In addition to this, erythrocytes also provide shelter to the
parasite from the host’s immune system. Any change in erythrocytes environment can
prove detrimental to Plasmodium as it can impair crucial host-parasite interactions vital
for its growth or survival. The erythrocytes, hence, offer a promising platform for the
development of host-directed therapeutics. This has also been supported through
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genetic studies in endemic population, that endorse the positive selection of
erythrocyte variant as a nature-driven mechanism of fighting with malaria. Such
studies have contributed a lot in understanding the host-parasite interaction and host
resistance factors. But the mechanisms of host-mediated resistance are not fully
understood yet. Recent GWA studies have identified several common variants
associated with malaria resistance, but there are many rare variants yet to be
discovered. The in-depth knowledge of host-parasite interaction is a crucial
requirement to successfully harness the potential of host genetic factors against
malaria.
In this regard, mouse models offer a powerful tool for in vivo malaria studies. Not only
they offer robust gene mapping but also allow for the genetic manipulations to
understand the pathophysiology of the candidate gene. In addition to this mouse
model offers a valuable resource to mimic the host genetic response to malaria.
Screening the mutagenised mice for abnormal red cell phenotypes, have the potential
to uncover novel erythrocyte variants associated with malaria resistance. Identifying
such novel interactions are of significant importance as they can unravel the molecular
aspects of disease development and potential host factors that can be targeted for the
development of host-directed therapeutics.
Previous work in our lab has identified several host-resistance factors through
phenotypic screening of red cell abnormality (discussed in the previous section).
Recently, a recessive ENU screen for erythrocyte abnormalities has identified a unique
erythrocyte variant that lacks the expression of Ter119. Ter119 is a lineage-specific
antibody that labels the erythroid population in mice. Interestingly, when these mice
(referred to as ENU25Casd1/Casd1) were challenged with malaria, they showed remarkable
resistance towards infection.
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Full-exome sequencing of these mice revealed a novel mutation in Casd1 gene. Its
acronym stands for Capsule synthase 1 (CAS1)-domain containing 1 (CASD1), due to
its sequence homology with fungal (Cryptococcus neoformans) Capsule synthase 1
(CAS1). Mouse Casd1 shares 90% sequence homology with its human orthologue. In
humans, there are no reports of CASD1 deficiency associated with any RBC specific
defect or polymorphism related to malaria.
Casd1 gene encodes for an enzyme that functions to modify sialic acids. Sialic acids are
the diverse group of monosaccharides expressed in all cell types, including
erythrocytes, where they act as terminal sugar residue to cap the glycan chains of
membrane glycoconjugates. They are key mediators of immunity and have diverse
roles in cell-cell interaction, antigenic recognition, complement activation, leukocyte
trafficking, immune cell activation and phagocytosis (415). Structurally they are
derived from 9 carbon pyranose backbone of neuraminic acid that can be modified by
the addition of acetyl, methyl, sulfo, and lactyl groups at carbon 4,5,7,8, and 9 positions
that can yield more than 50 distinct variants (416). These modifications are carried out
by specialised enzymes involved in the biosynthesis of sialic acids. Casd1 has been
recently identified to be involved in O-acetylation of sialic acids in eukaryotes. It seems
to incorporate the acetyl group at 7th carbon position, which may migrate to 9th position
leaving the 7th position available for another acetylation (417, 418). The prospective
enzyme “migrase” has been proposed to carry out the transfer of acetyl group between
different positions within a sialic acid, but it remains yet unidentified (419, 420) (Figure
1-6).
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Figure 1-6: Casd1 mediated acetylation of sialic acids
Sialic acids are expressed as terminal sugar residue on oligosaccharide chains of membrane
glycoconjugates. Casd1 catalyses the transfer of acetyl group at 7th carbon position of sialic acid
which migrates to 9th position due to activity of Migrase enzyme, leaving the 7th position available
for another acetylation. Acetyl-Coenzyme A acts as a donor of acetyl groups for Casd1 to carry
out the synthesis of 9-O-acetyl or 7-9-di-O-acetyl sialic acids.

Mutation in Casd1 results in loss of Ter119 antigen from erythrocytes of ENU25Casd1/Casd1
mice, a phenotype that led to the detection of these mice in initial ENU mutagenesis
screen of red cell variants. Although the chemical structure of the Ter119 recognizing
epitope has not been demonstrated, it was suggested to be composed of a 7,9-di-Oacetyl form of sialic acid (421). The deficiency of Casd1 affects the acetylation 7,9-diO-acetyl epitope at the surface of erythrocyte leading to loss of its reactivity towards
Ter119 antibody (421). Another remarkable phenotype associated with ENU25Casd1/Casd1
mice was complete protection from malarial infection. Conversely, the role of Casd1
mediated acetylation of sialic acid has never been studied in context to malaria.
Considering the important role of sialic acids in various aspects of immunity, several
hypotheses were proposed in relevance to Plasmodium biology, to explain the possible
role of Casd1 mutation in malaria resistance.
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1.5.3 Hypotheses of this study
As mentioned previously, sialic acids are ubiquitously present on all cell types where
they perform diverse immune functions. In addition to this, sialic acid also offers
binding sites for many pathogens including, viruses, bacteria and many parasites (422,
423). Since the surface of an erythrocyte is heavily glycosylated and sialylated at the
terminal end of sugar residues, I hypothesised that malaria resistance in ENU25Casd1/Casd1
mice might be due to Casd1 mediated defects in host-parasite interactions at
erythrocyte surface, inhibiting the merozoite invasion. Surface sialic acids have been
extensively studied in the invasion of Plasmodium into erythrocytes. Various parasite
ligands are known to recognise the sialic acids on the erythrocyte receptors to mediate
the parasite’s invasion (424-426). The malaria resistance observed in ENU25Casd1/Casd1
mice may indicate a possible role of Casd1 mediated sialic acid acetylation, in
governing merozoite invasion.
In addition to their role in host-pathogen interactions, sialic acids are also known for
their diverse roles in various aspects of immunity. They are the key mediators of
immune recognition, complement activation and development of innate immune
response against infections. The mutation in Casd1 might have a role in modulating
the immune response against malaria, leading to remarkable protection of these mice
from infection.
In this study, various aspects of host-mediated immunity would be studied to
understand the role of Casd1 as a potential host genetic factor in susceptibility. By
identifying novel host genetic factors, the ultimate goal of this project is to develop a
better understanding of host-parasite interaction in malaria, that may lead towards
novel “genetic antimalarials” and host-directed therapies.
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1.6 Project Aims
The phenotypic screen for red cell abnormality in ENU mutagenised mice identified a
novel erythrocyte variant that confers remarkable protection against malaria. The
causative gene was identified to be Casd1. This study investigates the role of Casd1 in
host-response to malaria infection.
There are two aims of this project. First is to characterise the Casd1 mutation in
ENU25Casd1/Casd1 mice and second is to understand the mechanism of Casd1 mediated
resistance in these mice against malarial infection.

Aim 1: Characterisation of Casd1 mutation in ENU25Casd1/Casd1 mice
The first step in the characterisation of these mutants is to identify the molecular defect
in Casd1 gene. This will be done using PCR based methods and sequencing tools. In
addition to this, bioinformatic tools will be employed to predict the possible effect on
protein structure based on the sequence information. The second step is to identify the
phenotypic effect of this mutation in ENU25Casd1/Casd1 mice. The phenotypic
characterisation will be performed by studying the effect of Casd1 mutation on
erythrocytes and measuring the cellular expression of mutant Casd1 in ENU25Casd1/Casd1
mice. This will be determined by using flow cytometry-based assays and western
blotting techniques.

Aim 2: Role of Casd1 mutation in malaria resistance
Various in vivo infection assays will be performed to understand the mechanism of
Casd1 mediated malaria resistance in ENU25Casd1/Casd1 mice. Both RBC related or
immune-mediated mechanism of host-driven resistance will be assessed in these mice
to reveal the true role of Casd1 in malaria infection.
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2 Materials and Methods
2.1 Methods
2.1.1 Animal Ethics
All the experimental procedures on mice were conducted with the approval of the
Animal Ethics Committee at Australian National University under the ethics
agreement A2017/50 and the Notifiable Low Risk Dealing (NLRD 15.03). The mice
were housed and maintained according to the National Health and Medical Research
Council’s guidelines in compliance with the Australian Code for the care and use of
animals for scientific purpose.

2.1.2 RNA extraction
RNA was isolated from mouse spleens using “RNAqueous Total RNA Isolation Kit”
(Invitrogen™). Approximately 50 mg tissue sample was harvested and kept in RNA
later at 4C until processed. The tissue was homogenised using a PRO200 Micro
homogeniser (PRO Scientific Inc., Oxford, CT) and used for RNA extraction according
to manufacturer’s instructions. At the end of extraction, the RNA was selectively
precipitated using Lithium chloride to remove any contamination of DNA. The
quantification of RNA was done by NanoDrop2000/2000c spectrophotometer (Thermo
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Scientific) and its integrity was determined by observing 260/280 and 260/230 ratios.
The RNA was stored at -80C until further processing.

2.1.3 cDNA synthesis
The RNA isolated from mouse spleens was used to synthesise cDNA with High
Capacity cDNA Reverse Transcription kit (Applied Biosystems), following the
manufacturer’s instruction. Total RNA was reverse transcribed using random primers
at thermal conditions mentioned in table (Table 2-1):
Table 2-1: Thermocycler conditions for cDNA synthesis

Setting

Step 1

Step 2

Step 3

Step 4

Temperature

25

37

85

4

Time

10 mins

120 mins

5 mins

∞

The cDNA was stored at -20C.

2.1.4 Primer designing and PCR amplification
The complete coding sequence of mouse Casd1 gene was retrieved from NCBI
nucleotide database (NM_145398) to design Casd1 specific primers, with the help of
“Primer 3 software” (version 0.4.0.)(427). Approximately 500bp region, spanning the
exon 12-17 of Casd1 mRNA sequence was targeted using the following set of primers.
Casd1-Forward Primer:

5’-CCGTGTGGTTCATGGTCATA-3’

Casd1-Reverse Primer:

5’-CGGGCATATCCAGGTATGTT-3’

The cDNA synthesised from splenic mRNA was used as a template to amplify the
targeted region from Casd1 mRNA sequence. PCR amplification was performed using
AmpliTaq Gold 360 MasterMix (Applied Biosystems) according to the manufacturer’s
instructions (Table 2-2).
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Table 2-2: Thermocycler conditions for PCR

Step

Temperature

Time

Initial

95C

10 mins

Denaturation

95C

45 secs

Annealing

58C

30 secs

Extension

72C

45 secs

Final extension

72C

10 mins

-

Hold

4C

∞

-

denaturation

Cycles
-

35

2.1.5 Agarose Gel electrophoresis
All the DNA and RNA samples were analyzed by electrophoresis using 1 %Agarose
gel in Tris-Acetate-EDTA buffer (TAE). The nucleic acids were stained with 5% Gel
Red Nucleic Acid Gel Stain (Biotium) before the sample was electrophoresed at 100V
for 40 mins. The electrophoresis was performed using BioRad Mini-Sub Cell GT
Agarose Gel Electrophoresis System and the gels were subsequently imaged using
BioRad Gel XR documentation system.

2.1.6 Sanger sequencing
The PCR products were purified using ExoSAP-ITTM PCR clean-up reagent
(ThermoFischer Scientific) following the manufacturer’s protocol. The PCR product
was treated with ExoSAP-ITTM and incubated at thermal conditions as described in
(Table 2-3).
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Table 2-3: Thermocycler conditions for PCR cleanup

Setting

Step 1

Step 2

Step 3

Temperature

37

80

4

Time

15 mins

15 mins

∞

Sanger sequencing of purified primers was performed by ACRF Biomolecular
Resource Facility, John Curtin School of Medical Research. The sequences were
analyzed using Chromas software (Technelysium) and NCBI blast tool (428).

2.1.7 Extraction of mouse bone marrow
The bone marrow was extracted from femurs of adult mice as described by Liu (429).
The mouse was ethically euthanised and dissected using sterile scissors to find the
bone of hind legs. The muscles were removed to expose the bone (femur) which was
collected by making an incision, above the pelvic hip joint and below the knee joint.
The bone was cleaned from tissue and clipped from both ends using sharp scissors.
With the help of 50ml syringe and a 26-gauge needle, the bone marrow was aspirated
with ice-cold mouse tonicity-phosphate buffer saline (MT-PBS) containing 1% BSA,
onto the 70m cell strainer placed over a falcon tube. the bone marrow was smashed
over the strainer with more MT-PBS to get all the cells in the falcon tube. All the steps
were performed on ice. The cell suspension was centrifuged at 300g for 5 minutes at
4C and pellet was resuspended into 1 ml MT-PBS. The cells were counted using
haemocytometer before the sample was processed for fluorescent activated cell sorting
(See section 2.1.15).

2.1.8 Sodium dodecyl Sulphate-Polyacrylamide Gel
Electrophoresis
To get total cell protein from FACS purified erythroid cells derived from bone marrow,
the cells were incubated with RIPA lysis buffer, in the presence of Protease Inhibitor
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cocktail (Roche) for 30 minutes with gentle rocking at 4C. The lysate was centrifuged
at 12,000g for 5 minutes and the supernatant was collected as “total cell protein”.
For separation of the membrane and cytosolic proteins from erythrocytes, the sample
was hypo-tonically lysed using 5 volume of 5mM phosphate buffer (pH 7.4) in the
presence of protease inhibitor (Roche). The lysate was centrifuged at 20,000g for 20
minutes at 4C and the supernatant was collected as a “cytosolic fraction”. The pellet
was washed several times with more 5mM phosphate buffer until it became clear when
it was diluted with an equal volume of 5mM phosphate buffer and saved as “ghost
fraction”.
All the steps of protein extraction were performed on ice, in the presence of
cOmplete™EDTA-free Protease Inhibitor Cocktail (Roche).
The proteins from whole-cell, ghost or cytosolic fraction were separated by sodium
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE). The samples were
denatured by incubating with Laemmli buffer at 95C for 5 minutes. The denatured
protein samples were loaded on Mini-PROTEAN® TGX™ Precast Gels, along with
“PageRuler™ Prestained” Protein Ladder (Thermo Scientific) and electrophoresed at
200 Volts till the dye front reached the lower end of the gel. The electrophoresis was
performed using Tris-Glycine-SDS (TGS) running buffer and Mini-PROTEAN Tetra
Cell electrophoresis system (Bio-RAD).

2.1.9 Western Blotting
The proteins resolved after SDS-PAGE were transferred from gel to nitrocellulose
membrane by using the Mini Trans-Blot® Cell system. The transfer was performed
with 400mA applied for 90 minutes at 4C. After the transfer, the membranes were
blocked for 1 hour with either 1% BSA or 5% skimmed milk prepared in phosphate
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buffer saline (PBS). The membranes were then probed with primary antibody with
1:1000 dilution and incubated at 4C overnight. Following primary antibodies were
used for western blotting: anti-Casd1 (GeneTex), anti--Actin (Abcam), anti-Ankyrin1
(Santa Cruz Biotechnology) and anti-GAPDH (Merck Millipore) (Table 2-4).
Table 2-4: List of primary and secondary antibodies used in western analysis
Antibody

Host

Clonality

Dilution

Source
(Catalogue#)

Primary antibodies
Anti-Ankyrin1
Anti-GAPDH
Anti-Casd1
Anti--Actin
Secondary antibody
Anti-mouse IgG
Anti-rabbit IgG

Mouse

Monoclonal

1:1000

Mouse

Monoclonal

1:1000

Rabbit

Polyclonal

1:1000

Mouse

Monoclonal

1:1000

Goat

Polyclonal

1:5000

Goat

Polyclonal

1:5000

Santa Cruz Biotechnology
(sc-12733)
Merck Millipore
(mab374)
GeneTex
(GTX80980)
Abcam
(ab8227)
Abcam
(ab97023)
Abcam
(ab6721)

The membranes were washed with PBS containing 0.1% Tween-20 (PBST) and probed
with appropriate HRP-conjugated secondary antibody (1:5000 dilution) for 1 hour at
room temperature (table). After the incubation, the membranes were washed again
with PBST and developed with Immobilon® Forte Western HRP Substrate (Merck
Millipore). The blots were imaged using ImageQuant LAS 4000 (GE Healthcare Life
Sciences) using the chemiluminescent channel for samples and calorimetric channel
for the ladder. The images were manually superimposed to ascertain the band size by
comparing with the ladder.
All the washings and incubations of membranes were done on rotor shaker, at room
temperature unless mentioned otherwise. All the washings with PBST were performed
3 times for 5 minutes and once for 10 minutes.
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2.1.10

Mouse Malaria Infection

All the experiments were performed using rodent malaria parasite strains, Plasmodium
chabaudi adami 408XZ and Plasmodium berghei ANKA, respectively issued from Robin
Anders (Latrobe University) and Tania de Koning Ward (Deakin University). The
frozen stabilate stock of parasitised blood with 5% parasitaemia was thawed on the
water bath at 37C for 20 mins. 200l of this thawed stock was injected into the
peritoneal cavity of C57BL/6J mouse to set up a “donor” that was used to infect
experimental mice. The donor mouse was monitored daily until it reached 5-15%
parasitaemia when ~5l blood was collected from tail snip and passaged into
experimental mice after appropriate dilution. The dilution of infected donor blood was
based on its percentage parasitaemia and final infection dose required in experimental
mice. The infection dose was calculated by assuming 9x109 RBCs/ml per mouse.
All the experimental mice were injected either Intraperitoneally or Intravenously with
maximum volume of 0.2 ml or 0.1 ml per injection respectively. For infection using the
intraperitoneal route, the infected donor blood was diluted in Krebs buffered saline
with 0.2% glucose, at a final dose of 1x104 infected cells per injection and injected into
peritoneal cavity at maximum of 0.2 ml per injection (Jarra and Brown, 1985). For
infections using the intravenous route, MT-PBS was used as a diluent for final infection
dose of either 1x104 (low) or 1x108 (high) parasitised red cells/ml for each mouse and
injected into tail vien at maximum of 0.1 ml per injection.

2.1.11

Mouse monitoring and Clinical Scores

After infection, mice were monitored daily until the symptoms of the disease begin to
appear after which they were monitored three times a day. The mice were monitored
for three parameters, each parameter to be assigned a clinical score between 1-4 based
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on the severity of the symptom (Table 2-5). At any point during the monitoring checks,
if an individual or combined clinical score for all parameters reached 3, the mouse had
to be ethically euthanised immediately.
Table 2-5: Mouse malaria monitoring and clinical scores for behavioural parameters
Parameters
General
appearance

Consciousness

Locomotion

2.1.12

Observations

Score

Hair Coat
(Smooth or Scruffy)
Posture
(Normal or Hunched)
Eyes
(Open, Squinted or
Closed)
Activity
(Active or inactive)
Response to stimuli
(Quick, slow or
unresponsive)
Breathing
(Normal or increased)

0. Normal
1. Hair coat rough or dull with normal posture
2. scruffy hair, hunched posture with slightly closed
eyes
3. Hunched posture with sunken/closed eyes
4. Moribund, cold to touch, severely cachectic

Movement
(Coordinated or
Staggered)
Righting reflex
(Normal or impaired)

0. Active coordinated movement
1. Impaired locomotion, with normal activity
2. Impaired locomotion with periods of inactivity
3. Impaired locomotion and inactive
4. Paralysis and/or loss of righting reflex

0. Normal activity and breathing rate, responds to
other mice and handling/touch
1. Reduced activity, slow response with normal
breathing
2. Reduced activity and responses with rapid
breathing
3. Hunched posture, minimal activity and response
to stimuli with rapid breathing
4. Unconsciousness, numbed or unresponsive
towards external stimulus

Light Microscopy

A drop of blood (5 µl) was collected through snipping the very end of a mouse tail and
smeared onto a glass slide. The slides were fixed in 100 % methanol for 1 minute and
stained with 10% Giemsa solution (Sigma-Aldrich) for 5-10 minutes before the slides
were rinsed with water to be left for air drying. Once dried, the slides were observed
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under a light microscope on 100X objective with oil immersion. At least 500 red blood
cells were counted, and the proportion of infected cells was expressed as percentage
parasitaemia.

2.1.13

In vivo erythrocyte invasion assay

The assay was carried out as described previously by Lelliot, et al (430). Whole blood
was collected from uninfected ENU25Casd1/Casd1 mutant and wild type mice through
cardiac puncture. Blood from mice sharing the same genotype was pooled to get
approximately 2ml of final volume each. The pooled samples from both types of RBCs
were then divided into two halves, each labelled with different dyes. One half was
labelled with 10 μg/ml NHS-Atto 633 (Sigma Aldrich), and the other half was labelled
with 125 μg/ml of EZ-Link™ Sulfo-NHS-LC-Biotin (Thermo Scientific) resulting in
total four staining reactions:
1. Wild type RBCs labelled with Biotin
2. Wild type RBCs labelled with Atto633
3. Casd1 mutant RBCs labelled with Biotin
4. Casd1 mutant RBCs labelled with Atto633
All the samples were stained for 30 minutes on room temperature and then washed
three times with MT-PBS. After staining, the labelled Casd1 mutant and wild type
RBCs were mixed in 1:1 ratio with alternating dye combinations as:
1. Biotin labelled wild type RBCs with Atto633 labelled Casd1 mutant RBCs
2. Atto633 labelled wild type RBCs with Biotin labelled Casd1 mutant RBCs
Each combination was suspended in sterile MT-PBS to get ~1x109 RBCs/200l injection
to be injected intravenously into recipient wild type mice. At least four P. chabaudi
infected recipients with 1-5% parasitaemia, were injected with each dye combination
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at the time of schizogony, along with at least one uninfected recipient as a control. The
blood sample was collected from the recipient’s tail snip at 30 min, 12 hours, 20 hours,
and 36 hours post-injection and analysed via flow cytometry.

2.1.14

In vivo erythrocyte clearance assay

Total blood from infected/uninfected donor mouse was collected through cardiac
puncture in 10% 0.5M sterile ethylene-di-amine-tetra-acetate (EDTA). Plasma and
buffy coat were removed, and RBCs were washed with MT-PBS, at least twice, before
labelling. The RBCs were labelled with 10 μg/ml Atto 633 (Sigma Aldrich) for 30
minutes at room temperature, followed by washings with MT-PBS. The labelled RBCs
were suspended in sterile MT-PBS in 1:4 dilution. 200l of suspension containing
~1x109 RBCs was injected into a dilated tail vein of uninfected mutant and wild type
recipient mice, each with at least three replicates. The blood sample was collected from
the recipient’s tail snip at 24 hours interval for 15 days after injection and analysed via
flow cytometry.

2.1.15

Flow cytometry

For separation of erythroid populations from bone marrow sample, 1x10 6 cells were
stained with 1g/ml anti-Ter119-PE-Cy5 (eBioscience), 1g/ml anti-CD45-FITC
(eBioscience) and anti-CD44-APC (eBioscience) in MTRC (Table 2-6). the samples were
stained for 30 mins on ice under dark followed by three washes with MTRC. The
samples were filtered and loaded on BD FACS Aria II ((BD Biosciences) for sorting the
cell populations of interest (gating strategy discussed below). Mature and immature
erythroid populations were separated and collected for further analysis.
For invasion assay, 2l of the blood sample was stained with 2g/ml streptavidin-PECy7, 1g/ml of anti-CD45-APC-eflour 780 (eBioscience), 1 μg/ml of anti-CD71–PerCP–
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eFluor 710 (eBioscience), 4 μM Hoechst 33342 (Sigma-Aldrich) and 12 μM JC-1
(Thermo Scientific) in MTRC (Table 2-6). Samples were stained for 30 mins on ice and
washed three times with MTRC. The samples were analysed with BD LSR Fortessa
(BD Biosciences) apparatus. At least 1x106 events were recorded for each sample.
Table 2-6: List of flourescent antibodies and cellular dyes used in flow cytometry
Fluorescent Excitation Emission
Source
Antibody
Clonality
Host
Conjugate
(nm)
(nm)
(Catalogue #)
Fluorescent antibodies
Ter119

PECyanine5

510

667

Monoclonal

Rat

APC

650

660

Monoclonal

Rat

FITC

497

520

Monoclonal

Rat

635

780

Monoclonal

Mouse

488

710

Monoclonal

Rat

PE-Cy7

488

767

N/A

N/A

Hoechst
33342

N/A

340

510

N/A

N/A

JC-1

N/A

488

530

N/A

N/A

NHS Atto
633

N/A

630

650

N/A

N/A

CD44
CD45
CD45

APCeflour 780
CD71
PerCPeFlour 710
Fluorescent reagents
Streptavidin

eBioscience
(25-5921-82)
eBioscience
(17-0441-82)
eBioscience
(11-0451-82)
eBioscience
(47-0451-80)
eBioscience
(46-0711-82)
Invitrogen
(SA1012)
Sigma-Aldrich
(14533)
Thermo Scientific
(T3168)
Merck
(01464)

For clearance assay during malaria infection, the blood sample was stained with 4 μM
Hoechst 33342 in ice-cold MT-PBS for 15 minutes, followed by three washes. The
samples were analysed with a BD LSRII cytometer (BD Biosciences) apparatus. For
uninfected state, the blood was analysed directly on flow cytometer after washing
without any prior staining. At least 1x106 events were recorded for each sample.
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2.1.15.1

Gating Strategy

All the flow cytometric data were analysed using BD FACSDiva or FlowJo software
(BD Biosciences). Total cells were visualised on forward scatter and side scatter signals.
All the gates were applied on clean single cell populations, selected over forward
scatter area (FSA) to height (FSH) ratio, after excluding the cell debris. Erythroid
lineage was selected using Ter119 positive gate for wild type cells. Since Casd1 mutant
erythroid cells lack expression of Ter119, the erythroid cells were selected by excluding
all the leukocytes on CD45 positive gate and gating for the remaining cells (Figure 21).

RBCs

FSA

FSH

SSA

Cells without
debris

Singles

FSA

FSA

Ter119

Figure 2-1 General gating strategy for separation of all erythroid cells

For separation of an erythroid population from bone marrow samples, the expression
of CD44 and forwards scatter area was used, where the gradual decline in both CD44
expression and cell size represents more mature and differentiated red cells, while the
higher signal for CD44 expression and larger cell size represented immature red cell
precursors (Figure 2-2).
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CD44

Immature RBCs

Mature
RBCs

FSA

Figure 2-2 Strategy for separating mature and immature erythroid
cells from a bone marrow-derived erythroid lineage

For the analysis of the blood sample, CD71 was used to differentiate between mature
erythrocyte and reticulocytes. Within the erythrocyte gate, RBCs labelled with Atto633
were separated on the APC channel, while those with NHS-Biotin-Streptavidin were
separated on PE-Cy7 channel. The infected RBCs were gated on DAPI positive signal,
as a measure of parasitic DNA content, whereas populations negative for DAPI
indicated uninfected status. JC-1 was used to differentiate between the Howell jolly
bodies and parasites DNA (Figure 2-3 A). The population statistics of the respective
gate was used to determine percentage parasitaemia, or percentage clearance etc. over
time (Figure 2-3 B).
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(A)

Infected
RBCs

Unlabelled RBCs
Hoescht

ATTO633

Labelled
RBCs

(B)

uninfected
RBCs

Labelled RBCs

JC-1

Biotin-NHS

.
Figure 2-3 Strategy for separating different types of erythrocytes derived from mouse blood
(A) Separating the injected labelled RBCs from unlabelled mouse RBCs (B) Separated
populations of P. chabaudi -infected and uninfected RBCs

2.1.16

Statistical Analysis

The statistical significance of malaria survival was determined by Kaplan Meier’s LogRank test. For the ratios of in vivo invasion assay, the statistical significance was
evaluated using the Mann-Whitney-Wilcoxon t-test with hypothetical mean of 1. For
all the other analyses unpaired t-test was performed with Welch’s correction to
determine the statistical significance of results.
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2.2 Recipes
Table 2-7: Mouse Tonicity-Phosphate Buffer Saline (MT-PBS)

Ingredient

Concentration (mM)

NaCl

150mM

Na2HPO4

16mM

NaH2PO4

4mM

Dissolved in H2O, adjusted to pH 7.4 and stored at room temperature

Table 2-8: 50X Phosphate Buffer Saline (PBS)

Ingredient

Concentration (mM)

NaCl

0.14M

KCl

0.0027M

Phosphate buffer

0.010M

Dissolved in H2O, adjusted to pH 7.4, stored at room temperature

Table 2-9: Mouse Tonicity- Ringer’s Complete solution (MTRC)

Ingredient

Concentration (mM)

NaCl

154 mM

KCl

5.6mM

MgCl2

1mM

CaCl2.2H2O

2.2 mM

Glucose

10mM

HEPES

20 mM

BSA

0.5%

EDTA

4 mM

Dissolved in H2O, adjusted to pH 7.4, filter sterilised and stored at 4C for up to 6
months
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Table 2-10: 40X 5mM Phosphate buffer (Hypotonic Lysis Buffer)

Ingredient

Quantity

Na2HPO4

2.554 g

NaH2PO4

0.632 g

Water

100 ml

Adjusted to pH 7.4. and stored at room temperature

Table 2-11: RIPA Lysis buffer

Ingredient

Concentration (mM)

NaCl

150 mM

EDTA

5 mM

Tris base

50 mM

Triton-X

1.0%

Sodium Deoxycholate

0.5%

SDS

0.1%

Dissolved in H2O and stored at 4C

Table 2-12: Tris-Acetate-EDTA (TAE) Buffer

Ingredient

Quantity

Tris

4.844 g

Acetate

1.21 ml

EDTA

0.372 g

Dissolved in H2O and stored at room temperature

Table 2-13: SDS Sample loading buffer (Laemmli buffer)

Ingredient

Concentration (mM)

Tris-HCl

200 mM

SDS

8%

Glycerol

40%

Bromophenol blue

0.4%

2-mercaptoethanol

10%

Dissolved in H2O, stored at -20C
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Table 2-14: Tris-Glycine-SDS (TGS) Gel Running Buffer

Ingredient

Concentration (mM)

Glycine

192 mM

Tris base

25 mM

SDS

0.1 %

Dissolved in H2O, stored at room temperature

Table 2-15: Transfer Buffer

Ingredient

Concentration (mM)

Glycine

192 mM

Tris base

25 mM

Methanol

20%

Dissolved in H2O, stored at 4C

Table 2-16: 2X Ringer’s solution

Ingredient

Quantity

NaCl

14.5 g

KCl

0.372 g

NaH2PO4

0.345 g

NaHCO3

4.37 g

deionised water

Up to 1 L

Table 2-17: Krebs Buffer

Ingredient

Quantity

2X ringer

75 ml

Water

75 ml

2mM CaCl2

300 ul

1 mM Mg2SO4

200 ul

Glucose

0.4 g
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3 Characterisation of Casd1 mutation
3.1 Introduction
Host genetics plays a crucial role in determining the risk and the severity of malaria
infection.

Genetic studies in

endemic population

have

identified

several

polymorphisms that have shown to be protective against malaria. Especially, the
genetic red cell abnormalities are found to be widespread in endemic populations and
strongly associated with malaria resistance. Such studies have contributed a lot in
understanding the molecular aspects of host-parasite interactions and nature-driven
selection of host genetic factors crucial for parasite survival. The initial interactions
between parasite and host- erythrocytes are very intricate and have been extensively
studied. Plasmodium parasites are heavily dependent on host erythrocyte
microenvironment for their growth and survival. Any change in erythrocytes can
prove detrimental to Plasmodium as it can impair crucial host-parasite interactions vital
for its cell function or immune evasion. The erythrocytes, hence, offer a promising
target for the development of host-directed therapeutics. Recent GWAS studies have
identified several common variants associated with malaria resistance, but many rare
variants are yet to be discovered. In this regard, mouse models offer a powerful tool
for in vivo malaria studies as these models allow for the genetic manipulations while
mimicking the host genetic response to malaria. Screening the mutagenised mice for
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abnormal red cell phenotypes, have the potential to uncover novel erythrocyte
variants associated with malaria resistance.
In this study, ENU mutagenesis was performed to incorporate random mutations in
the mice genome that were subsequently screened for erythrocyte abnormalities. The
mutagenesis screen identified a novel erythrocyte variant that lacked the expression
of Ter119 (an erythroid lineage marker) from blood of mutant mice. These mice were
also found to be remarkably resistant towards malarial infection. The mutant mice
were inbred for several generations and two mice from Generation 9 (G9) with Ter119
negative erythrocytes, were selected for whole exome sequencing. The sequencing
analysis confirmed two single nucleotide variations (SNVs) at chromosome 6 and
chromosome 17, situated at respective chromosome coordinates 4634105 and 33650053
(GRCh38 NCBI). The former mutation was in Casd1 gene resulting in nucleotide
transition from Thymine to Cytosine, while later was in Hnrnpm gene resulting in
nucleotide transversion from Thymine to Adenine (Table 3-1).
Table 3-1: Homozygous mutations identified in exome sequenced Ter 119 negative G9 mice
Affected genes

Casd1

Hnrnpm

CAS1 domain containing 1

Heterogenous nuclear
Ribonucleoprotein M

GRCh/38 Cordinates

4634105

33650053

Chromosome number

6

7

Base change

T->C

T->A

Amino acid change

N/A

T->S

SNP class

Homozygous

Homozygous

Polyphen Score

Exon Deletion

Probably damaging

Gene description
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The mutation in Hnrnpm was in coding sequence of the gene causing a substitution of
amino acid Threonine to Alanine and according to bioinformatic analysis using
PolyPhen tool, it was predicted to be a potentially deleterious mutation. On the other
hand, the mutation in Casd1 was in the second intronic base of exon 14 boundary,
potentially leading to the deletion of Exon 14 (suggested by PolyPhen analysis).
Hnrnpm mutation was eliminated in subsequent backcrossing of mutant mice while
the Casd1 mutation remained unchanged in the pedigree of mice showing Ter119
negative phenotype. It suggests that Casd1 and not Hnrnpm is causative mutation for
the atypical red cell phenotype observed in ENU mutagenesis screen.
In this chapter, I have characterised the Casd1 mutation at mRNA and polypeptide
level and have discussed the possible implications of this mutation on Casd1 function.
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3.2 Results
3.2.1 ENU25Casd1/Casd1 mice lack exon 14 in mature Casd1
transcript
Exome sequencing analysis of founders ENU25Casd1/Casd1 mice revealed a splice-site
mutation in Casd1 gene. The mutation was identified as T-> C transition (6:4634106 T>C) at second intronic base of exon 14 boundary that disrupts the donor splice site in
Casd1 gene. This probably led to defective splicing and skipping of exon 14 from the
mature transcript. To confirm this postulate 500bp region encompassing exon 14 was
amplified from splenic mRNA isolated from ENU25Casd1/Casd1, ENU25Casd1/+ and wild type
mice. The DNA gel electrophoresis and Sanger sequencing analysis detected 102 bp
deletion from the mature transcript of ENU25Casd1/Casd1 mice as compared to amplified
wild-type transcript. ENU25Casd1/+ showed heterozygous genotype by producing
fragments with and without exon 14 deletion (Figure 3-1). These results confirm that
6:4634106 T->C splice-site mutation renders exon 14 deleted from the mature Casd1
transcript in ENU25Casd1/Casd1 mice.
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Figure 3-1 ENU25Casd1/Casd1 mice lack exon 14 in mature Casd1 transcript.
(A) Schematic diagram of Casd1 transcript with alternating exons and approximate primer
binding site to determine splicing event at exon 14. (B) RNA was extracted from spleens of
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homozygous ENU25Casd1/Casd1 (-/-) and heterozygous ENU25Casd1/+ (-/+) mice and compared with
wild type mice (+/+). 515 bp region of Casd1 transcript encompassing exon 14, was targeted for
amplification, and the PCR product was resolved in 1% agarose gel. The band size for
ENU25Casd1/Casd1 was smaller than WT mice, while heterozygous indicated both types of bands. (c)
The PCR product from ENU25Casd1/Casd1 and wild type mice was sequenced and aligned to
determine the homology. The match has been depicted with a solid red line, while grey line
indicates the region of exon 14 that has been skipped during splicing in ENU25Casd1/Casd1 mice.

3.2.2 Loss of exon 14 affects the topology of mutant Casd1
protein
CASD1 is a multi-pass transmembrane protein present in the Golgi complex of
eukaryotic cells (418). Homology modelling has predicted two major domains, a
catalytic domain similar to GDSL/SGNH-like acyl-esterase family (Pfam: PF13839) and
a transmembrane domain resembling Cas1p 10 TM acyltransferase domain (Pfam:
PF07779) (418). Since exon 14 encodes for a region in the transmembrane domain, the
deletion of exon could affect the membrane topology of mutant Casd1 protein in
ENU25Casd1/Casd1 mice.
To assess this, the secondary structure of Casd1 was determined using CCTOP tool
(Institute of Enzymology©, Hungary., 2014). The wild type Casd1 was predicted to
have 15 transmembrane domains, which were connected with 8 intra-Golgi and 8
extra-Golgi domains Exon 14 encodes for the 5th intra-Golgi domain connecting two
transmembrane helices, TMH9 and TMH10 (Figure 3-2). My analysis revealed that
Casd1 mutation led to shrinkage of 5th intra-Golgi domain spanning from amino acid
position 569 to 603 (using wild-type protein number; see black rectangles) (Figure 32).
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Figure 3-2: Prediction of membrane topology of wild-type and mutant Casd1 protein.
Casd1 mRNA transcripts from both wild-type and mutant mice were translated in silico to predict
the putative polypeptide sequence. The transmembrane topology of both wild type and mutant
Casd1 proteins was predicted using CCTOP tool (Version: s.1.00). The 5th Intra Golgi domain,
connecting transmembrane helices 9 (TMH9) and 10 (TMH10) in wild type, was lost in mutant
Casd1 lacking exon 14.
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3.2.3 Erythrocytes from ENU25Casd1/Casd1 mice lack expression of
Ter119
Casd1 is eukaryotic sialate-O-acetyl transferase which is involved in the biosynthesis
of 9 (7)-O-acetylated sialic acids (417, 418). Various cells from hematopoietic lineage,
including erythrocytes, display a wide diversity of acetylated sialic acids on their
surface and deficiency of Casd1 has shown to affect these acetylations (421).
I hypothesised that the deletion of exon 14 from the transcript, affects the function of
Casd1 protein, leading to impairment of acetylation of cell surface sialic acids in
ENU25Casd1/Casd1 mice.
To assess this, I tested the sialic acid acetylation of ENU25Casd1/Casd1 erythrocytes using
Ter119 antibody as a probe. Ter119 antibody is a common marker for erythroid lineage
in mice, which is believed to recognise a 9-7- di-O-acetyl sialic acid epitope on
erythrocyte surface (421). The deficiency of Casd1 affects the acetylation of the putative
epitope, resulting in loss of reactivity towards Ter119 antibody in Casd1 deficient
erythrocytes (421).
The erythrocytes from both ENU25Casd1/Casd1 and wild type mice were stained with
Ter119 and analysed on the flow cytometer. The reactivity towards Ter119 antibody
was negligible in ENU25Casd1/Casd1 erythrocytes as compared to wildtype erythrocytes
where 98% of cells were stained positive for Ter119. (Figure 3-3). This result was
observed in all ENU25Casd1/Casd1 mice indicating a loss of Ter119 reactivity.
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(B) WT

(A) KO

Ter119

Ter119

Figure 3-3: Erythrocytes from ENU25Casd1/Casd1 mice lack expression of Ter119
Blood from ENU25Casd1/Casd1 and wild type mice were analysed on a flow cytometer using Ter119 as
a marker to detect 7(9)-di-O-acetylation at erythrocyte surface (A) Erythrocytes from
ENU25Casd1/Casd1 mice (KO) lost Ter119 staining for 99.9% event as compared to wild type (WT)
where only 1.3% of erythrocytes were negative for Ter119 (B).

3.2.4 Determination of Casd1 protein expression
The Casd1 mutation affected the surface acetylation in ENU25Casd1/Casd1 erythrocytes, but
the expression of Casd1 in mature erythrocytes is not yet established. Since Casd1 is a
transmembrane enzyme of Golgi complex and mature erythrocytes lack cellular
organelles including Golgi complex, I hypothesised that Casd1 is expressed in early
stages of erythroid differentiation, when immature erythroid precursor cell has not yet
expelled the nucleus and major organelles. To test this, I sought to look for the
expression of Casd1 in different stages of erythroid differentiation.

3.2.4.1 Which stage of erythroid differentiation Casd1 is expressed?
The

mammalian

erythroid

differentiation

starts

with

proerythroblast,

a

morphologically distinct cell form, developed after the proliferation of a unipotent
erythroid progenitor cell during haematopoiesis in the bone marrow. The
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proerythroblasts undergo a series of differentiation to transform into mature
erythrocytes before it is released in circulation. These changes include the gradual
reduction in cell size, increase in hemoglobin content, and condensation of chromatin
giving rise to basophilic, polychromatic and orthochromatic erythroblasts,
successively. The end of erythroid maturation is marked by enucleation and loss of
cellular organelles giving rise to reticulocytes and mature erythrocytes (431).
To isolate different stages of erythroid differentiation, a flow cytometric method was
used adapted from Liu et al (432). The erythroid lineage was selected from bone
marrow aspirate by using lineage-specific markers to eliminate other cell types. The
erythroid cells were grouped into immature precursors (basophilic, polychromatic and
orthochromatic erythroblasts) and mature (reticulocytes, erythrocytes) red blood cells,
based on their sizes and expression of CD44, as a marker for erythroid differentiation
(Figure 3-4). The precursor and mature red blood cells were separated via FACS and
analysed further to determine the relative expression of Casd1.
Erythroid cells separated after cell sorting were lysed in the presence of protease
inhibitors to isolate the cellular proteins. The proteins were separated based to their
sizes and probed with anti-Casd1 rabbit polyclonal antibody. A single band
representing Casd1 protein was detected not only in the lysate from precursor cells
but also from mature red blood cells isolated from both mutant and wild type mice
(Figure 3-5). The mutant protein was expected to be ~3kDa smaller based on the
deletion of exon 14 coding domain, but the resolution of this gel was not high enough
to capture such subtle differences. Actin was used as a loading control, but no band
could be detected, probably due to old stock that might have lost its reactivity towards
the target. However, the single Casd1 bands were consistent among five biological
repeats. From these results, we inferred that Casd1 is present throughout the terminal
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differentiation of erythroid lineage and expresses not only in precursor cells but also
in mature erythrocytes.

Figure 3-4: Fluorescent activated cell sorting of major erythroid populations.
Cells were isolated from mouse bone marrow and labelled with Ter119 and CD44. Cell
populations were visualised on the forward and side-scatter channel and gated as P1. The P1
population was further selected for single cells population P2 and P3. From the single-cell
population, erythroid lineage was isolated based on Ter119 and gated P4. The erythroid lineage
was separated into immature precursors and mature RBCs based on the expression of CD44 and
cell size.
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Figure 3-5: Expression of Casd1 in major erythroid populations of ENU25Casd1/Casd1 and
WT mice
Erythroid cells were isolated using bone marrow sample form ENU25Casd1/Casd1(KO) and wild type
mice (WT). The erythroid population were separated into immature precursors (P) and mature
red blood cells (M) using flow cytometer. The membrane was probed with antiCasd1 antibody
after blocking with 5% skimmed milk. A single band ~70 kDa, corresponding to Casd1, was
detected in both the precursors and mature red cells isolated from ENU25Casd1/Casd1 and wild type
mice.

3.2.4.2 Is Casd1 present in the membrane or cytosolic fraction of mature
erythrocytes?
Casd1 is a transmembrane enzyme present in the Golgi complex (418). In contrast to
previous findings, it was detected in the cell lysate of mature erythrocytes that lack
cellular organelles. I, therefore, postulated Casd1 is predominantly present in the RBC
cytoplasm. To assess this hypothesis, I investigated the localisation of Casd1 in the
plasma membrane and cytoplasm of mature RBCs. For this, RBCs were subjected to
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hypotonic lysis to separate the cytoplasm from red cell ghosts that represent all the
proteins associated with membrane and cytoskeleton (433).
At first packed human RBCs were used to optimize the conditions and also to test the
presence of erythrocytic CASD1 in humans. ANK1, an RBC cytoskeletal protein, was
used as a control to test if the separation of ghost and the cytosolic fraction was
successful, and GAPDH was used as a loading control. Multiple ANK1 isoforms were
detected in membrane fraction ranging in size between 120-200 kDa. No band was
observed in the cytosolic fraction, while loading control was detected in both fractions,
confirming the successful separation of RBC ghosts from the cytosol (Figure 3-6).

Figure 3-6 Red cell ghosts were successfully separated from the cytosol of erythrocytes
Human RBCs were lysed with a low osmolarity phosphate buffer, to separate red cell ghosts (G)
from cytosolic proteins (C) Multiple bands corresponding to Ankyrin-1 were detected only in
ghost fraction while loading control was detected in both fractions, confirming the successful
separation of membrane from the cytosol.

After successful isolation of ghost cells, the membrane and cytosolic proteins were
tested for relative expression of CASD1 in human erythrocytes. Multiple non-specific
bands were observed in the blots blocked with 1% BSA, while no Casd1 band could be
detected 5% skim milk blocking (Figure 3-7). It is important to note that blocking with
5% milk had previously shown to be efficient in controlling background noise with
sharp Casd1 band detection.
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Figure 3-7: Western blot analysis of human RBCs for relative expression of CASD1 in
erythrocyte membrane and cytosol
Human RBCs were lysed with a low osmolarity phosphate buffer, to separate red cell ghosts (G)
from cytosolic proteins (C). The membrane was blocked with either 1% BSA or 5% skimmed milk
and probed with the anti-Casd1 antibody. GAPDH was used as a loading control. Multiple nonspecific bands were detected with 1% BSA while no CASD1 band could be detected with 5% milk
as a blocking agent

Since Casd1 protein was initially detected in erythrocytes from mouse bone marrow,
therefore the erythrocytes from mouse cord blood were tested to study the relative
expression Casd1 in cytosol and membrane (Figure 3-8). Also, the packed human
RBCs used for ghost cell preparation were two months old. Considering it as the
possibility that might have affected the expression of CASD1 in the previous sample,
the experiment was repeated on fresh human erythrocytes, purified with a cell sorter
(Figure 3-9). The protein samples from the erythroid population, isolated previously
from mouse bone marrow, were used as a positive control for these experiments.
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Figure 3-8: Western blot analysis of mice RBCs for relative expression of Casd1 in erythrocyte
membrane and cytosol
Erythrocytes from ENU25Casd1/Casd1 (KO) and wild type (WT) mice were lysed with a low osmolarity
phosphate buffer, to separate red cell ghosts (G) from cytosolic proteins (C). GAPDH was used as a
loading control, protein sample of Mature (M) and precursor (P) red cells isolated from mouse bone
marrow samples were used as a positive control. Casd1 was not detected in either erythrocytic fraction
from both ENU25Casd1/Casd1 and wild type mice, while GAPDH was detected in all erythrocytic fractions.
70kDa band representing Casd1 was detected in positive control.

Figure 3-9: Western blot analysis of purified human RBCs for relative expression of CASD1 in
erythrocyte membrane and cytosol
Erythrocytes (hRBCs) from fresh human cord blood samples were separated using flow cytometer. The
cells were lysed with a low osmolarity phosphate buffer, to separate red cell ghosts (G) from cytosolic
proteins (C). Protein sample of Mature (M) and precursor (P) RBCs from a previous experiment were
used as a positive control. The single band corresponding to CASD1 was detected around 70kDa in both
cytosolic and ghost cell fraction of human erythrocytes.
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Erythrocytic lysates from both ENU25Casd1/Casd1 and WT mice showed no detectable
band, which suggest that there is no CASD1 protein in either membrane or erythroid
fraction of mouse blood. The blot with FACS purified human erythrocytes sample,
however, showed single bands corresponding to CASD1, mostly in the cytosolic
fraction. Nevertheless, faint bands were detected in membrane fraction as well,
apparently suggesting that CASD1 is present in both membrane and cytosolic fraction.
But there have been many discrepancies regarding the expression of Casd1 in different
samples.
In mouse samples, Casd1 was detectable in erythrocytes derived from bone marrow,
but not in those derived from blood. In human blood sample, multiple protein bands
were detected in the western blots where BSA was used as a blocking reagent, while
no protein bands were detected when skim milk was used as a blocking reagent.
Interestingly, with the same blocking agent (i.e. skimmed milk) single CASD1 bands
were detected in human erythrocytes that were purified using flow cytometer. If the
single bands observed in this blot do correspond to CASD1, then why was the CASD1
not detectable in previous human erythrocytic protein samples? Previously the single
Casd1 bands were detected only in erythroid populations of mouse bone marrow.
Interestingly, those cells were also separated by FACS. I, therefore, speculated that the
cell sorting process might be affecting the reaction of Casd1 antibody towards the
sample.
It was noted that one of the ingredients, in FACS buffer (MTRC) was BSA, a ~67 kD
protein. Since the Casd1 antibody was detecting a band at around the same size, I set
out to determine whether the anti-Casd1 antibody is specific to Casd1 or if it was nonspecifically reacting with BSA, which is the only protein component in the FACS
buffer.
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3.2.4.3 Is Casd1 antibody binding to BSA?
The Casd1 antibody has detected bands only in the sample that has been separated by
FACS, at the size corresponding to BSA. However, if the antibody was reacting to
buffer, then why were there occasional bands in ghost cell fraction, which is normally
washed several times following cell lysis? To answer the discrepancies in my results,
RBCs were treated using the following conditions, before cell lysis to mimic previous
experimental conditions.
1.

The cells were incubated with MTRC buffer and lysed directly, mimicking the
results for those samples that were separated using a cell sorter.

2.

The cells were treated with MTRC buffer but washed before lysis to see if the BSA
binds to the cell.

3.

The cells were not treated with MTRC and lysed directly, mimicking the
conditions for unsorted samples.

4.

Finally, MTRC buffer itself was loaded on to the gel

After MTRC treatment, the bands were observed in both supernatant and pellet
fraction that was extensively washed to remove cytoplasmic content. However, with
same MTRC treatment, including a single wash before lysis, eliminated the detectable
band from cytosolic fraction. On the other hand, there was no detectable band in the
untreated sample and band was detected in the buffer-only sample. These results
confirm that the anti-Casd1 antibody was binding to BSA and not Casd1. The BSA
present in the buffer that remained in the sample after cell sorting was reacting with
the antibody. Not only this, but the BSA in MTRC (FACS) buffer was also binding to
the cell membranes due to which the bands were still detectable in the membrane
samples that were extensively washed leaving no buffer in the sample (Figure 3-10)
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Figure 3-10: The anti-Casd1 antibody recognizes BSA present in the buffer or bound to the
cell surface
The human erythrocytes were lysed in the hypotonic buffer to separate cytosol (C) from ghost cell
(G). Three conditions were analysed. (i)The cells were treated with MTRC for 30 minutes before
lysis. (ii)The cells were treated with MTRC but washed with PBS before lysis (iii) Cells were
directly lysed without MTRC treatment. And finally, only MTRC buffer (B) was tested with no
cells in it. The blob was detected in buffer only sample, confirming that Casd1 antibody is binding
to a constituent in buffer i.e., BSA. Other treatments explained the discrepancies in previous
results due to anti-Casd1 antibody reacting to BSA in different conditions.

3.3 Discussion
The mutation in ENU25Casd1/Casd1 was identified as a single base substitution (6:4634106
T->C) at Casd1 locus. Mouse Casd1 gene is located on chromosome 6 (6: 4,600,8394,643,355). It has 18 exons that are intervened by non-coding intronic regions. The
mutation in ENU25Casd1/Casd1 mice was found at the intronic junction of the exon-14
boundary. The sequence at the exon-intron junction is highly conserved among
eukaryotes as it marks the splice site (434). Mechanistically, three distinct regions in
the introns play a pivotal role in RNA splicing: (i) 5’-GU; also known as Donor splice
site, (ii) 3’ AG also known as Acceptor splice site, and (iii) Branching point, a loosely
conserved sequence located 18-40 bp upstream of 3’end of an intron. The splicing is
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initiated by recognition of the donor site by small nuclear ribonucleoprotein (snRNP)
proteins binding to pre-mRNA causing the cleavage in the 5’ of the donor site. Then,
the free 5’ end of the intron attaches to the Adenine of branch point making a loop,
also known as ‘lariat’. Subsequently, 3’ site of the exon attacks the phosphodiester
bond at the 3’-splice site resulting in the release of lariat, and new covalent bond
formation joining the two exons (435). Sequence analysis revealed a transition
mutation (T to C) at the donor site of intron 14 rendering 5’-GU in wild-type premRNA into 5’-GC. Therefore, I hypothesised that this mutation could impair the
splicing of exon 14 in precursor Casd1 transcript. To confirm this, a PCR based assay
was designed, which amplifies the regions flanking and including exon 14 in mature
Casd1 mRNA. My analysis confirmed a deletion of 102 bp region encoding exon 14 in
the Casd1 transcript from ENU25Casd1/Casd1 mice (Figure 3-1).
Mature Casd1 transcript encodes for a transmembrane protein containing 797 amino
acid residues with an approximate molecular weight of ~91 kDa. It is expressed in the
Golgi complex where it is involved in the biosynthesis of acetylated sialic acids (418).
Homology modelling of Casd1 has predicted two major domains, a catalytic domain
similar to GDSL/SGNH-like acyl-esterase family (Pfam: PF13839) and a multipass
transmembrane domain resembling Cas1p 10 TM acyl transferase family
(Pfam:PF07779). The amino acid residues S94, D270, and H273 in the catalytic domain
are predicted to be involved in the formation of the catalytic triad as a component
conserved GDS motif (418). Using terminal fluorescent tags and TMHMM based
topology modelling the same study proposed this catalytic domain to be facing the
lumen of Golgi body, flanked by one N -terminal and twelve C-terminal
transmembrane helices (418).

My bioinformatics analysis of the transmembrane

topology of in-silico translated Casd1 protein predicted 15 transmembrane domains
(Figure 3-2). The catalytic domain was predicted to be flanked by one N-terminal and
fourteen C-terminal transmembrane domains. In my analysis, I have employed a
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CCTOP algorithm which returns predictions based on the consensus between 10 most
widely used prediction algorithms (including TMHMM). Such meta-prediction
approach makes it robust to transmembrane domain classification as compared to any
of the individual algorithms used (436).
All the algorithms unanimously predicted the fragment encoded by exon 14 to be
involved in the formation of the loop connecting two transmembrane helices. Deletion
of exon 14 led to the shrinkage of this connecting loop. The loops connecting the
transmembrane helices are required for the orientation and structural organisation of
the attached helices and function of overall protein. According to a survey conducted
on a large dataset of x-ray crystallography structures of proteins, the loops in between
the transmembrane domains are stretched and result in constraining the distance
between connected helices. Any deletion or elimination of the loops causes a decrease
in protein stability and structure (437) As our analysis also depicts that deletion of exon
14 results in the deletion of a loop domain, it might have disrupted protein stability
and function (perhaps globally).
Casd1 is involved in O-acetylation sialic acids. The function of Casd1 was first
discovered by Arming and colleagues. By using RNA interference-based depletion
and over-expression of CASD1 they indicated the potential role of Casd1 in 7-Oacetylation in ganglioside GD3 (417). Later, a detailed biochemical analysis in HAP1
and HEK293T cells demonstrated that it is also responsible for 9-O-acetylation of sialic
acid (418). To assess the role of Casd1 in vivo, Mahajan and colleagues generated a
targeted deletion in Casd1 gene (exon 2 – in the catalytic domain) using embryonic
stem cells and homologous recombination technology in C57BL/6N mice (421).
Interestingly, the study reported a similar Ter119-negative phenotype of erythrocytes
in the Casd1-deficient mice as observed in the initial screen of ENU25Casd1/Casd1 mice in
the current study (421) (Figure 3-3). By using sialoglycan recognizing probes from
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coronavirus virolectin, they demonstrated that Ter119 antibody is recognised by 9,7
di-O-acetyl sialate epitope. The deficiency of Casd1 affects the acetylation of the
putative epitope, which impacts the antigen-antibody interaction at the erythrocyte
surface, resulting in a loss of reactivity towards Ter119 antibody (421). The inability of
ENU25Casd1/Casd1 erythrocytes to bind to Ter119 indicates defective acetylation of surface
sialic acid probably due to impaired function of Casd1 (Figure 3-3). The disruption of
inter-transmembrane domain loop might have affected the function of Casd1 by
destabilizing its folding. It can be further confirmed by specialised enzyme assays to
detect the sialate O-acetyl transferase (SOAT) activity of mutated Casd1.
Based on the prominent effect of Casd1 mutation on the erythrocytic membrane, I next
assessed the expression of Casd1 protein in mature erythrocytes. Since mature
erythrocytes lack Golgi bodies and Casd1 is a Golgi enzyme, the expression of Casd1
was tried to determine in erythroid lineage at different stages of differentiation. But
this aim could not be achieved due to non-specific antibody binding. After a series of
misleading results, it was pointed out that the anti-Casd1 antibody was binding to a
constituent in the buffer (i.e., BSA). Unfortunately, there were no other Casd1
antibodies available to perform this experiment. The experiment is worth repeating
with more specific anti-Casd1 antibody, once available, to establish the expression of
Casd1 in erythrocytes.
In summary, the mutation in ENU25Casd1/Casd1 mice was characterised to be a splice site
mutation leading to exon skipping. This defect is predicted to affect the structure of
Casd1 and probably its function too, as indicated by loss of Ter119 from erythrocyte’s
surface. Since erythrocyte variants have shown to be associated with malaria
resistance, the ENU25Casd1/Casd1 mice are further assessed for any role in malaria
susceptibility.
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4 Role of Casd1 in malaria resistance
4.1 Introduction
The erythrocyte variants have shown to be associated with malaria resistance.
Recently, a phenotypic screen for erythrocytic abnormality identified a novel
erythrocyte variant that showed remarkable resistance towards malaria. The mutation
in these mice (ENU25Casd1/Casd1) was characterised to be a homozygous recessive
mutation in Casd1 gene. The single base substitution in Casd1 gene disrupted donor
splice site of Casd1 in pre- mRNA. This resulted in defective splicing and skipping of
exon 14 from the mature transcript. This defect was also predicted to affect the
membrane topology of Casd1 and probably its function too, as indicated by loss of
Ter119 from erythrocyte’s surface. The ENU25Casd1/Casd1 mice were further assessed for
their role in malaria susceptibility.
In this Chapter, I have tested the different aspects of host-mediated resistance to
understand the role of Casd1 in malaria.
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4.2 Results
4.2.1 ENU25Casd1/Casd1 mice show remarkable resistance against
malaria infection
Casd1 mutation has shown to affect the acetylation of sialoglycoproteins on the surface
of erythrocytes resulting in complete loss of Ter119 expression that normally marks
the erythroid lineage. The erythrocyte variants have been variously shown to confer
protection against malaria in human populations and mouse models (282, 325, 390).
To test if the Casd1 mutation has any protective role in malaria infection, ENU25Casd1/Casd1
mice were infected with P. berghei and growth kinetics of parasite was compared with
wild type mice. The mice with Casd1 mutation were found to be remarkably resistant
to malarial infection, where peak parasitaemia remained below 0.1% as compared to
wild type mice that succumbed to severe anaemia within a week after parasite
inoculation. The resistance phenotype was consistent against both P. berghei and P.
chabaudi parasite strains, suggesting an important host factor crucial across multiple
rodent malaria strain (Figure 4-1).
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(A)

(B) P. chabaudi

(C) P. berghei

Figure 4-1: ENU25Casd1/Casd1 mice showed remarkable resistance against malaria infection
(A) Mice were injected intraperitoneally with P. berghei (1x104 infected RBCs) and blood
parasitaemia was monitored for 15 days. The peak parasitaemia in ENU25Casd1/Casd1 mice (blue)
remained below 0.1% as compared to wild type (red). (B and C) Cumulative survival of mice was
determined after infection with P. chabaudi (B) and P. berghei (C) (1x104 infected RBCs injected
intraperitoneally) . ENU25Casd1/Casd1 mice (blue) remained protected from malaria with 100%
survival as compared to wild type (red)( n>3, Error bars represent SEM).
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4.2.2 ENU25Casd1/Casd1 erythrocytes show a significant reduction in
parasitaemia as compared to wild type
The initial mutagenesis screen identified two striking phenotypes associated with
Casd1 mutation in ENU25Casd1/Casd1 mice, the loss of Ter119 antigen from erythrocyte
surface and complete protection from malaria. Ter119 antibody is recognised by a 7,9di-O-acetyl form of the sialic acid epitope. Deficiency of Casd1 disrupts this epitope
resulting in loss of Ter119 binding. Since most of the parasite ligands also recognize
sialic acid receptor for invasion and deficiency of Casd1 has shown to affect the
sialoglycoprotein moiety on erythrocyte surface, I, therefore, hypothesised that Casd1
mutation mediates resistance by affecting the receptor-ligand interaction at
erythrocyte membrane inhibiting the subsequent entry of parasite into the RBCs.
To test this, relative invasion of merozoite in WT and ENU25Casd1/Casd1 erythrocytes was
quantified through an in vivo invasion assay as described by Lelliot (430). RBCs from
ENU25Casd1/Casd1 and wild type mice were distinctly labelled and injected into P. chabaudi
infected recipient mice, during schizogony (Figure 4-2). The labelled RBCs were
studied for two cycles of parasites replication and assessed for their susceptibility
towards invasion by P. chabaudi. The relative invasion was significantly lower in
ENU25Casd1/Casd1 erythrocytes as compared to wildtype (Figure 4-4). However, the
invasion was not completely inhibited as parasite could invade and replicate inside
the ENU25Casd1/Casd1 erythrocytes (Figure 4-3).
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Figure 4-2: Schematic diagram of In vivo invasion assay
in vivo invasion assay was performed to determine relative invasion and intraerythrocytic growth
of the parasite in WT and ENU25Casd1/Casd1 blood. The Casd1-/- and WT blood was labelled and
mixed using two alternate dye combinations, each injected intravenously into an equal number of
P. chabaudi infected recipient mice during schizogony. All the recipient mice were age and sex
matched and had 1-5% parasitemia at the time of the parasite invasion experiment.
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Figure 4-3: FACs strategy to select infected erythrocytes from WT and ENU25Casd1/Casd1 blood
WT blood was labelled with Biotin-NHS and mixed with Casd1-/- blood labelled with Atto633 in
one dye combination, and also labelled vice versa for alternate dye combination. Combined blood
samples labelled with each dye combination was injected separately into infected recipient mice
at 1-5 % parasitaemia during schizogony. Recipient’s blood sample was collected from tail snip
at 1-, 6-, 12- or 36-hour post-injection and labelled with Hoechst 33342 to determine the relative
increase in parasitaemia using flow cytometer. JC-1 was used as a marker for mitochondria. At
least 10,000 cells were analysed by flow cytometry for each sample. Gating strategy for
separating the infected and the uninfected erythrocytes from both wildtype and Casd1-/- blood that
was injected into a recipient mouse has been shown.
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Figure 4-4: Relative increase in parasitaemia was lower in ENU25Casd1/Casd1 erythrocytes as
compared to wild type
Labelled erythrocytes from both ENU25Casd1/Casd1 and WT mice were injected into P. chabaudi
infected recipient mice during schizogony. Sample from tail bleed of recipient mice were analysed
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by flow cytometry for two cycles of parasite replication. Parasitaemia was determined by gating
for Hoechst and JC-1 positive signal. At least 10,000 cells were analysed by flow cytometry for
each sample. The data was combined from two independent experiments and shown as a ratio of
infected mutant to infected wild type blood where error bars represent +SEM and each datapoint
representing an individual recipient mouse (n=14). There was a significant difference between
the relative proportion of infected erythrocytes from mutant and wildtype blood circulating in
recipient mice (Mann-Whitney t-test, P<0.0002).

4.2.3 ENU25Casd1/Casd1 erythrocytes are not prone to splenic
clearance in wild type recipient mice
The surface antigenic patterns in ENU25Casd1/Casd1 erythrocytes are different from wild
type erythrocytes, as indicated by loss of Ter119. Atypical erythrocytes are normally
recognised by splenic macrophages and removed from circulation during splenic
filtration (189). Since ENU25Casd1/Casd1 erythrocytes were injected into the wild type mice,
it was important to establish that the increasing percentage parasitaemia in these
erythrocytes is due to new cells being infected, and not due to a decline in the overall
population of injected erythrocytes.
To test this, the clearance of remaining uninfected ENU25Casd1/Casd1 erythrocytes, injected
into recipient mice was determined and compared with injected wild type
erythrocytes. The ENU25Casd1/Casd1 erythrocytes were not eliminated and remained in the
blood circulation as the wild type erythrocytes (Mann-Whitney t-test, P=0.04). This
indicated that the increase in total parasitaemia in ENU25Casd1/Casd1 erythrocytes was not
due to increased clearance of injected RBCs (Figure 4-5).
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Figure 4-5: ENU25Casd1/Casd1 RBCs are not prone to splenic clearance in wild type mice
Labelled erythrocytes from both ENU25Casd1/Casd1 and WT mice were injected into P. chabaudi
infected C57Bl/6 recipient mice.. Samples from tail bleed of recipient mice were analysed by flow
cytometry for two cycles of parasite replication. The uninfected erythrocytes were determined by
gating out Hoechst and JC-1 positive cells. At least 10,000 cells were analysed by flow cytometry
for each sample (n=10). The data is shown as ratio of uninfected mutant to uninfected wild type
blood where error bars represent mean +SEM with each datapoint representing an individual
recipient mouse (n=10). There was no significant difference between the proportion of uninfected
erythrocytes from mutant and wildtype blood circulating in recipient mice (Mann-Whitney t-test,
P=0.445)

4.2.4 ENU25Casd1/Casd1 mice confer malaria protection through an
increased immune-mediated clearance
Sialic acids are widely expressed on the surface of immune cells playing diverse roles
in various aspects of immunity including phagocytosis, immune activation, leukocyte
trafficking and complement pathways (415). Deficiency of Casd1 has previously
shown to affect the sialic acid acetylation in various myeloid and lymphoid cells from
spleen (421). The spleen is a major organ that generates an immune response against
malaria infection (190). Considering the crucial role of the spleen in malaria, and the
effect of Casd1 on various splenic immune cells, I hypothesised that increased
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protection in ENU25Casd1/Casd1 mice is due to effective immune-mediated clearance of P.
chabaudi, in these mice
To test this, an in vivo clearance assay was performed (Figure 4-6). Whole blood was
collected from an infected mouse at 5-10% parasitaemia and labelled before injecting
into ENU25Casd1/Casd1 and WT mice, intravenously. The labelled blood was tracked for 96
hours post-injection and disease progression was monitored. The increase in blood
parasitaemia was slightly slower ENU25Casd1/Casd1 mice as compared to wild type
(Welch’s t-test- P = 0.03). Nevertheless, both mutant and wild type mice succumbed to
the infection. Another interesting observation was a rapid decline of total labelled
RBCs from the circulation in ENU25Casd1/Casd1 mice, which was significantly different
from wild type mice (Welch’s t-test- P <0.0001) (Figure 4-7).

Figure 4-6: Schematic diagram for in vivo clearance assay
The blood from P. chabaudi infected donor was collected and labelled with Atto633-NHS before
injecting intravenously into experimental mice. The labelled RBCs were tracked for 96 hours to
determine the relative clearance of injected blood in ENU25Casd1/Casd1 and wild type mice.
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Figure 4-7: ENU25Casd1/Casd1 mice resist the increase in parasitaemia and eliminate injected WT
RBCs from circulation during P. chabaudi infection
Blood was collected from P. chabaudi infected mouse at peak parasitaemia and labelled, before
injecting intravenously. 0.1 ml of cell suspension with ~1x109 labelled red blood cells were
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injected per mouse containing both iRBCs and uRBCs in an approximate proportion of 1:10. The
labelled RBCs were tracked for 96 hours to determine the clearance of injected blood. The sample
was collected from tail snip and analysed via flow cytometer. A. Flow cytometry plots depicting
different cell populations in circulation. Exogenous RBCs that were injected into the mice were
selected on Atto positive gate while the RBCs that have parasites were selected on Hoechst
positive gate. In wild type mice, as the parasitaemia is increasing, the labelled uRBCs are shifting
towards Hoechst positive gate, while in ENU25Casd1/Casd1 mice the uRBCs are constantly declining.
B. The increase in parasitaemia was significantly lower in ENU25Casd1/Casd1 mice as compared to
WT (Welch’s t-test- P = 0.03). C. The number of total labelled RBCs declined rapidly in
ENU25Casd1/Casd1 mice as compared to wild type mice (Welch’s t-test- P <0.0001). D, E. The
decline of labelled RBCs in wild type mice correlates with the infection status of RBCs, whereas
in ENU25Casd1/Casd1 mice it is declining regardless of being infected or not. Error bars represent
SEM, n=4

Both of these findings were tested further to validate the possible interpretations.

4.2.4.1 Disease progression is dose-dependent
The ENU25Casd1/Casd1 mice have previously shown to be remarkably resistant to malaria
upon infection. The mice never developed a disease when injected intraperitoneally at
a regular dose of infection (1x104 iRBCc), while at the high dose of infection (1x108
iRBCs) via the intravenous route, the mice developed an infection.
I postulated that the development of disease in ENU25Casd1/Casd1 mice during high dose
infection is due to saturation of the immune system, that would otherwise effectively
clear the parasite from circulation at regular infection dose.
To test if the disease progression in ENU25Casd1/Casd1 mice is influenced by route of
injection or dose of iRBCs, both ENU25Casd1/Casd1 and wild type mice were infected
intravenously at a low dose (1x104 iRBCs) and compared with high dose IV infection.
The ENU25Casd1/Casd1 mice remained fully protected from P. chabaudi infection at low dose
IV injection as compared to WT that succumbed to the disease. On the other hand, at
high dose IV injection, both ENU25Casd1/Casd1 mice and wild type mice displayed signs of
sickness. Nevertheless, the increase in parasitaemia was lower in ENU25Casd1/Casd1 mice
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as compared to wild type mice (Figure 4-8). These results suggest that the infection in
ENU25Casd1/Casd1 mice is influenced by the initial dose of infection.
A. High dose (1x108) P. chabaudi infection
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B. Low dose (1x104) P. chabaudi infection
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Figure 4-8: ENU25Casd1Ccasd1 mice developed the disease at high malaria infection dose (1x108),
but remained resistant at regular doses (1x104)
Blood was collected from P. chabaudi infected mouse at 5-10% parasitaemia and diluted in
mouse tonicity-phosphate buffer saline to get 1x108 infected RBCs for high dose infection, and
1x104 infected RBCs for low dose infection, per injection. The appropriate dilution of infected
blood was injected intravenously. The mice were assessed daily until the symptoms developed
and blood sample from tail snip was used to measure parasitaemia. The total parasitaemia was
determined either by flow cytometry after gating for Hoechst positive RBCs or by light microscopy
of Giemsa-stained blood smears. (A). ENU25Casd1/Casd1 mice showed a significant reduction in
parasitaemia as compared to WT (Welch t-test, P=0.03) at the high dose of P. chabaudi infection.
The overall survival was decreased for both genotypes. (B). At low dose infection, the
ENU25Casd1/Casd1 mice remained resistant. The peak parasitaemia remained below 0.1% and mice
displayed superior survival as compared to wildtype mice that succumbed to the disease.
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4.2.4.2 Clearance response is non-specific to malaria
Another interesting finding during clearance assay was a rapid decline of injected
labelled blood from ENU25Casd1/Casd1 mice as compared to wild type mice. It should be
noted that the labelled blood used to infect ENU25Casd1/Casd1 mice, was derived from a
wildtype donor mouse. It had a mixed population of both infected (iRBCs) and
uninfected red blood cells (uRBCs) in an approximate proportion of 1:10. The number
of iRBCs is expected to decline due to both splenic clearance and merozoite egress. But
the uRBCs are expected to last longer in circulation. Notably, both infected and
uninfected RBCs, injected into ENU25Casd1/Casd1 mice were being cleared from circulation.
The drastic clearance of uRBCs can be explained by two possible mechanisms in
ENU25Casd1/Casd1 mice:
1. The rapid decline of injected uRBCs could be an indication of a sharp bystander
effect in response to P. chabaudi infection. During splenic filtration and
phagocytosis of iRBCs, the uninfected RBCs adhering to iRBCs often get cleared
as bystanders. The increased elimination of injected uRBCs in ENU25Casd1/Casd1
could probably be a sharp bystander effect due to increased immune response
against iRBCs to control increasing parasitaemia in infected ENU25Casd1/Casd1
mice.
2. As uninfected RBCs (uRBCs) themselves are never targeted by splenic
macrophages normally, there is a possibility of targeted elimination of
exogenous RBCs in ENU25Casd1/Casd1 mice irrespective of malaria infection. Since
the antigenic patterns in ENU25Casd1/Casd1 mice are different than wild type mice,
the immune response in these mice could be targeting all the wild type RBCs
injected in these mice, in an unexplained process of foreign antigenic
recognition.
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To test if the clearance of uRBC is due to malaria-specific bystander effect or targeted
against foreign RBCs that is non-specific to malaria, the assay was performed in the
absence of P. chabaudi. The labelled blood from ENU25Casd1/Casd1 mice was used as a
control to assess whether RBCs derived from mutant mice are also cleared from the
blood circulation. Interestingly, even in the non-infection state, the injected uRBCs
were cleared from the blood circulation of ENU25Casd1/Casd1 mice within 5 days postinjection, whereas in wild type mice the labelled blood was detected even after 15 days.
On the other hand, no significant reduction was observed when ENU25Casd1/Casd1
erythrocytes were injected back to ENU25Casd1/Casd1 mice after labelling (Figure 4-9).
These results suggest that the clearance response in ENU25Casd1/Casd1 mice target wild
type RBCs irrespective of their infection status. The clearance is mediated by self/nonself recognition and not the malaria infection itself.
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Figure 4-9: ENU25Casd1/Casd1 mice eliminate WT RBCs from circulation
The clearance of labelled wild type RBCs (Casd1+/+) was tested in ENU25Casd1/Casd1 mice and
compared with wild type mice. The number of injected Casd1+/+ RBCs decline exponentially

118

from ENU25Casd1/Casd1 mice while no such clearance was observed in wild type mice and in
ENU25Casd1/Casd1 mice that were injected with ENU25Casd1/Casd1 blood (Casd1-/- RBCs). N=3, error
bars represent SEM (Welch’s t-test <0.01)

4.3 Discussion
ENU25Casd1/Casd1 mice were initially found to be remarkably resistant against multiple
species of rodent parasites suggesting a potentially ubiquitous role of Casd1 in malaria
infection (Figure 4-1). Casd1 gene encodes for an enzyme that functions to modify sialic
acids. The CASD1 gene has been recently assigned the SOAT (sialate Oacetyltransferase) function in eukaryotes, where it is involved in 7(9)-O-acetylation of
sialic acids (418). Sialic acids are expressed in all cell types, where they act as terminal
sugar residue to cap the glycan chains of membrane glycoconjugates (416). Oacetylations are the most abundant modification of sialic acids in mammals. The
acetylation sites on sialic acids are often targeted by pathogens for interaction with
host cells (420). For example, Influenza C virus, human coronavirus and several
nidoviruses recognize 9-O-acetylsialic acid as a receptor for attachment to host cell
(438, 439). Similarly, the O-acetylation of sialic acids has shown to affect the receptor
binding of P. falciparum ligand for invasion (440). The role of sialic acids has been
extensively studied in Plasmodium invasion into erythrocytes. Several parasitic ligands
have been characterised that are known to mediate invasion by recognizing the
sialoglycoproteins on erythrocyte surface (424-426).
Previously, the defective acetylation due to mutation in Casd1 has shown to disrupt
the sialoglycotopes on erythrocyte membrane (421). This has also been indicated by
loss of Ter119 from erythrocyte surface of ENU25Casd1/Casd1 mice (Figure 3-3). Ter119
antibody is recognised by a 7,9-di-O-acetyl form of sialic acid expressed on a 55-Kda
molecule associated with glycophorin A (421, 441). Glycophorin A itself is a known
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receptor for EBA-175 ligand-mediated parasite invasion into RBCs (442). The
deficiency of Casd1 disrupts the 7,9-di-O- acetyl sialic acid epitope from erythrocyte
surface resulting in loss of Ter119 binding (421).
Considering the importance of sialic acids in parasite invasion and effect of Casd1
mutation on erythrocyte surface sialoglycotopes, I hypothesised that remarkable
resistance in ENU25Casd1/Casd1 could be due to invasion impairment and defective
receptor-ligand interaction at erythrocyte surface. To test this, the relative invasion of
merozoite in WT and ENU25Casd1/Casd1 erythrocytes was assessed in vivo. The experiment
was performed with wild type background to rule out the possible involvement of the
immune response or other genetic factors associated with ENU25Casd1/Casd1 mice itself
(Figure 4-2). The parasitaemia was significantly reduced in ENU25Casd1/Casd1 erythrocytes
as compared to wild type, however, the inhibition was not strong enough to explain
the remarkable protection from malaria in these mice (Figure 4-4).
It suggested the involvement of additional protective mechanisms in addition to
invasion defects to explain full protection against malaria in ENU25Casd1/Casd1 mice. As
discussed earlier, Sialic acids are ubiquitously present on all cells types and play
diverse roles in various aspects of immunity (416). Previous studies show that
modification of surface sialic acids of various immune-modulatory cells affect the
activation of the underlying immune cell. For instance, the desialylation of dendritic
cells has shown to increase their phagocytic capacity and immune function.
Additionally, T-lymphocytes primed with desialylated dendritic cells could produce
more interferon-gamma as compared to the unmodified dendritic cells (443).
Recently Mahajan et al demonstrated the role of Casd1 in different cells of
haematopoietic lineage. They found the 9-O-acetylation of sialic acid normally
observed on myeloid cells in the spleen, was completely lost in Casd1 deficient mice.
Similarly, splenic CD4 T cells also lost 9-O-acetyl sialic acids in these mice, as
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compared to wild type mice that express this carbohydrate modification in both naïve
and memory CD4 T cells (421).
Splenic myeloid cells are important innate immune mediators that control blood-stage
malaria infection. The innate cell such as monocytes, macrophages and dendritic cells
effectively remove the Plasmodium-infected RBCs from blood circulation (444). During
infection, the splenomegaly is observed with increased production of myeloid cells
that contribute to cellular immunity (445). On the other hand, CD4 T cells are
important mediators of immunoregulatory pathways during malaria infection. They
play role in priming the phagocytic cells in spleen and induce B cell to produce antiparasitic antibodies (446).
As sialic acids present on the surface of immune cells are important in modulating the
immune response, considering the crucial role of splenic immune cells in parasite
clearance and effect of Casd1 mutation on surface sialic acids of these mediators, I
hypothesised that resistance mediated by ENU25Casd1/Casd1 mice could be due to
increased parasite clearance and effective immune response against the parasite. An in
vivo clearance assay was performed to observe the clearance of infected RBCs in
ENU25Casd1/Casd1 mice. Interestingly, a strong clearance response was evidenced against
the exogenous blood used to infect ENU25Casd1/Casd1 mice (Figure 4-7). This response was
later found out to be non-specific to malaria as the ENU25Casd1/Casd1 mice targeted the
exogenous wild type blood even in the absence parasite and rapidly cleared it from
circulation, on the other hand, when these mice were injected with the blood of mutant
phenotype, no clearance was observed (Figure 4-9). These results suggest that the
clearance response in ENU25Casd1/Casd1 mice is mediated by a self/non-self recognition
mechanism.
Sialic acids expressed on the cell surface also function as “markers of self” in the
complement pathway (447). The complement system is a major innate immune
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recognition system and the first line of defence against “non-self” agents like altered
cells and pathogens etc (448). It is activated by three pathways (i) classical pathway (ii)
lectin pathway and (iii) alternative pathway. While classical and lectin pathway
differentiates “non-self” agents by recognizing molecular patterns (PAMPs/DAMPs)
specific to foreign targets, the alternative pathway is constitutively expressed and
modulated by host surface glycans i.e. sialic acids and glycosaminoglycans. It targets
anything not recognised as “self” where self-surfaces are masked and protected by
inhibitory complement factors (449). Complement factor H is a major inhibitor of
complement activation. It recognises host sialic acids as self-markers, thereby
preventing the activation of the alternative complement pathway on host cells (450).
Sialic acids that are not recognised as “self” fail to interact with factor H and are
eliminated by the immune system. The binding of factor H is governed by the nature
of sialic acids and their modifications (451). Notably, 9-O- acetylation of sialic acids
has previously shown to reduce their affinity towards factor H, making them more
vulnerable to complement-mediated recognition (415, 452). In this regard, the
clearance observed in ENU25Casd1/Casd1 mice might indicate the host-dependent
recognition of wild type blood as “non-self” leading to possible complement-mediated
elimination.
It was also observed that that the higher initial inoculum of wild type erythrocytes in
ENU25Casd1/Casd1 mice took longer time to get cleared as compared to smaller inoculum.
This suggests that clearance response is also “dose-dependent” as indicated in initial
infection assays and also during later clearance assays (Figure 4-8). Since the regular
dose of infected wild type blood, used for infection of experimental mice was too little,
it seems that ENU25Casd1/Casd1 mice could rapidly kill those cells, before getting any
parasite in the blood. Whereas, with the same infection dose, the parasitaemia begin
to increase in wild type mice due to absence of such targeting. This explains the
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remarkable protection from malaria observed in ENU25Casd1/Casd1 mice as compared to
wild type.
During in vivo invasion assay, ENU25Casd1/Casd1 erythrocytes have found to be less
susceptible to merozoite invasion as compared to wild type erythrocytes (Figure 4-4).
It indicates that Casd1 mutation may have some protective role in malaria invasion of
erythrocytes. However, the assay had its limitations. Since the relative invasion of
ENU25Casd1/Casd1 and wild type erythrocytes was tested only in wild type recipient
mouse, the influence of wild type background cannot be ruled out. It could be further
validated by repeating the invasion assay using a recipient with the mutant
background to assess the relative invasion in both cell types. However, based on strong
clearance response of ENU25Casd1/Casd1 mice against wild type blood, the invasion assay
with the mutant background will not allow for such comparisons. To assess the role of
Casd1 in malaria, it is important to challenge these mice with infected mutant
erythrocytes, to remove confounding by self/non-self, and see if the resistant
phenotype observed initially could be replicated again.
Nevertheless, based on these findings, the complete protection of ENU25Casd1/Casd1 mice
towards malaria observed so far can be attributed to efficient recognition and strong
clearance of injected wild type blood.
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5 Conclusion and future perspective
The mutation in ENU25Casd1/Casd1 mice was identified as a splice site mutation (6:4634106
T->C) leading to deletion of exon 14 in acyltransferase domain of mature Casd1
transcript. This deletion potentially rendered the Casd1 enzyme in these mice, inactive
as seen by loss of Ter119 antigen from their erythrocyte surface which is suggestive of
defective acetylation.
The ENU25Casd1/Casd1 mice were tested for their effect on merozoite invasion and spleen
mediated clearance of Plasmodium-infected RBCs. However not completely disrupted,
the invasion of P. chabaudi was significantly reduced in ENU25Casd1/Casd1 erythrocytes.
Notably, a strong clearance response was observed against the infected blood injected
into these mice for malaria infection. The decline was shown to be exponential and
also dependent on the initial dose. In addition to this, the clearance response was
shown to be non-specific to malaria and targeted against all wild-type red blood cells
injected in ENU25Casd1/Casd1 mice irrespective of their infection status. Based on the dose
of foreign blood normally used for infection, and the extent of clearance in these mice,
the complete protection of ENU25Casd1/Casd1 mice from malaria can be attributed to strong
clearance of injected wild type RBCs used for malaria infection assays.
Based on these findings, it is evident that Casd1 is a major player in immune
recognition and cell-cell-interactions which are the key attributes of host innate
immunity. Our observation that erythrocytes derived from Casd1 mutant mice show
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decreased entry of parasite indicates that Casd1 might be required for maturation of
host receptor. The Casd1 mediated acetylation of sialic acid on host receptors may
provide binding sites for the parasite that are recognised by parasitic ligands.
Disruption of these binding sites potentially affects the host-parasite interaction
leading to invasion impairment as seen in Casd1 deficient erythrocytes. Recently,
researchers have demonstrated the potential role of Casd1 in O-acetylation of sialic
acid moiety on the cell surface that regulates the binding of Ter119 antibody (421).
Their findings and our findings indicate the important role of Casd1 in determining
the epitopes at the erythrocyte surface and regulating cell-cell interaction. To this day,
none of the studies has shown the mechanism of action of Casd1 in affecting merozoite
invasion. The reason behind this paucity of information is two-fold: (i) the recency of
Casd1 discovery, and (ii) lack of reagents/resources to study Casd1. This study
highlights the importance of Casd1 in modulating the parasite's entry into the
erythrocyte and the possible role of Casd1 mediated acetylation in merozoite invasion.
Although Casd1 has been shown to affect the surface acetylation of sialic acids and
epitopic interactions on mature erythrocytes (421), the detailed understanding of Casd1
role in red cell function and parasite-host interactions is still lacking. In this study,
attempts were made to determine the expression of Casd1 in erythrocyte, but due to
the lack of specific antibody, the protein expression could not be determined. With the
emerging knowledge regarding the role of Casd1 in host-parasite interactions and
innate immunity, it is important to study its cellular expression and detailed
biochemical analysis of the pathways in which this enzyme has been implicated.
In the current study, we showed that a single substitution in canonical 5’ donor splice
site of Casd1 gene, results in defective splicing of Casd1 mRNA that in turns affects the
topology of Casd1 protein and probably its function. The inability of Ter119 to bind to
Casd1 mutant erythrocytes may give a clue about defects in Casd1 enzyme function.
Ter119 antibody is believed to interact with erythrocyte cell surface by recognizing O125

acetylation sites on sialic acid residues (421). In eukaryotes, the O-acetylation of sialic
acids is catalysed by Casd1 enzyme (418). Mahajan et al demonstrated the epitope
recognised by Ter119 antibody to be 7,9-di-O-acetylated sialic acid. By generating the
mutation in the catalytic domain of Casd1, they observed that various cell types in
Casd1 deficient mice displayed defective surface acetylation including erythrocytes
which lack 7,9-di-O-acetyl epitope on the surface leading to loss of Ter119 binding
(421). The loss of Ter119 binding in ENU25Casd1/Casd1 mice may also indicate the

completely dysfunctional Casd1 protein or partly affected enzyme function. However,
the effects of Casd1 mutation on its acetylation function needs to be verified
experimentally. Our bioinformatics analysis showed that ENU25Casd1/Casd1 mice display
mutation in the transmembrane domain as compared to Mahajan et al., who reported
the mutation in the catalytic domain to be associated with Ter119 negative phenotype
of erythrocytes. This observation indicates that transmembrane domains may have a
role in the function of Casd1. It has been predicted that skipping of exon 14 leads to
loss of loop domain connecting two transmembrane helices (TMH9 and TMH10) in
Casd1 protein. This may have affected the folding of the protein and possibly its
function. The impact of exon 14 deletion in the transacetylase activity of Casd1
remains undetermined. Several enzyme assays have been developed to detect the
sialate-O-acetyltransferase activity of (SOAT) of enzymes from Golgi preparations and
reviewed elsewhere (453). Comparing the acetyltransferase activity between wild type
and ENU25Casd1/Casd1 mice can validate this hypothesis. Such studies can also contribute
to our understanding of the functional roles of Casd1 in vivo.
This study has revealed an interesting role of Casd1 in ENU25Casd1/Casd1 mice. it was
noted that ENU25Casd1/Casd1 mice efficiently cleared the wild-type blood from circulation.
The clearance was mostly dose-dependent and rapid. Interestingly, no such clearance
was observed when the mice were injected with its own blood-type. Since the sialic
acids expressed on cell surfaces also act as “markers of self” it seems that Casd1 might
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be involved in the blood-typing and “self/non-self” recognition (447). The sialic acids
mediate immune recognition by activating the alternate pathway of the complement
system. The alternate pathway is a major innate defence mechanism in the
complement system that remains constitutively active (448). The “self-surfaces” are
masked by various complement inhibitors that protect them from the complement
system (449). Sialic acids expressed on foreign cells are immediately detected by
complement proteins as they are not masked by inhibitory factors and hence marked
as “non-self”. This results in the initiation of the complement cascade resulting in
clearance of foreign antigen. Rapid clearance of wild-type blood from ENU25Casd1/Casd1
mice may indicate the possible involvement of complement-mediated immune
recognition and clearance. The role Casd1 has never been studied in fluid-phase
immunity. Detailed studies regarding the mechanism of this clearance may help to
unravel the novel role of Casd1 mediated O-acetylation of sialic acids, in immune
recognition.
It would also be interesting to know what factors regulate the activity of Casd1 and
how its cellular function is articulated in its immune function. O-acetylation of sialic
acids has been demonstrated to be post-synthetic modification occurring in late Golgi
compartments, probably in conjunction with sialyltransferases (Golgi enzymes that
transfer sialic acids to oligosaccharide chain of glycoconjugates). The cytosolic acetylCoA (acetyl-coenzyme A) is considered the most plausible donor for these transacetylation reactions (454, 455). Casd1 mediates the transfer of acetyl group from
acetyl-CoA to 7 and 9 positions of sialic acid substrates, with a likely preference
towards CMP-activated sialic acids (418), however, the mechanism that regulates
position and number of acetylations are largely unknown. Nevertheless, these
acetylations are very distinct, and clear differences have been reported in the
expression of 7, 9-di-acetyl and 9-O-acetyl forms of sialic acids in tissues from mouse,
humans, chicken embryos, and other animals (456).
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In short, this study has revealed a novel role of Casd1 in modulating the host-parasite
interactions during merozoite invasion. Detailed biochemical and molecular analysis
of Casd1 mediated O-acetylations on erythrocytes has potential to uncover novel
parasite binding site on host receptors that can be targeted for therapeutic purpose. In
addition to this, this study has identified novel role of Casd1 in immune recognition
and clearance of foreign RBCs. This finding has broader implication and point towards
undiscovered roles of Casd1 in innate immunity.
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