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Abstract

Trichinellosis is an important re-emerging parasitic zoonosis caused by nematode species of the genus
Trichinella and Plasmodium falciparum malaria is among the leading causes of mortality and morbidity
in sub-Saharan Africa (SSA). Co-infection of the two diseases in rural communities is likely to be a
common phenomenon although no reports have been made up to date. There is paucity of information
on the consequence of co-infection regarding the clinical outcome of these diseases, especially malaria.
Helminths, such as tissue-dwelling Trichinella spp larvae induce Th2 immune responses, while malaria
induce Th1 immune responses as a survival strategy. On the other hand, chemokines are chemotactic
cytokines produced by the host macrophages in order to elicit a protective immune response. Immuno-
pathogenesis during co-infection remain obscure. It is against this background that this study aimed to
determine host chemokine and haematological responses in male Sprague-Dawley rats during co-
infection with Trichinella zimbabwensis and Plasmodium berghei. A 42 day follow up study was carried
out, where 168 male Sprague-Dawley rats (90-150g) were randomly divided into four separate groups,
control (n=42); malaria infected (n=42); Trichinella infected (n=42) and co-infected group (n=42). On
day 0, male Sprague-Dawley rats were orally infected with 3 T. zimbabwensis muscle larvae per gram
body weight. Followed at day 28 post-Trichinella infection with malaria induction using 10° P. berghei
parasitized RBCs for the mono-infected group. While 42 male Sprague-Dawley rats were co-infected
with T. zimbabwensis and P. berghei on day 0 and P. berghei infection occurred on day 28pi.
Experimental animals were sacrificed on day 0,7,14,21,28,35 and 42 pi. Where whole blood and sera
were collected. Plasmodium berghei percentage parastaemia, T. zimbabwensis adult worm count and
muscle larvae load, haematological parameters and serum levels of IP-10, RANTES and EOTAXIN
were determined. Co-infection with P. berghei and T. zimbabwensis showed elevated P. berghei
percentage parastaemia, as well as upregulation of RANTES and EOTAXIN as a Th2 immune response,
while IP-10 was downregulated as an effective immune response to parasitic infections. Mono-infection

with P. berghei caused an upregulation of IP-10 as a Th1l immune response.
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Chapter 1

Introduction

1.1. Background

Malaria is one of the major causes of mortality and morbidity in people residing in sub-Saharan Africa,
with over 200-300 million infected people, however, the severity of each case differs from individual to
individual (Yewhalaw et al., 2014). The disease is caused by a protozoan parasite from the genus
Plasmodium, transmitted through a bite of the female Anopheles mosquito (De Souza and Riley, 2004).
Drug resistant strains of Plasmodium as well as the state of the host immune system hinder the
effectiveness of antimalarial drugs, indicating that impaired immune responses result in rapid evolution
of drug-resistant parasite strains (Targett, 1992). The most effective strategy for the control of malaria is
early diagnosis and treatment, and among the anti-malaria drugs is the use of artemisinin-combination
therapy which is expensive and makes it difficult for the under-privileged in developing countries to
have access (Yeung et al., 2004; WHO, 2006).

Another food-borne zoonotic parasitic disease often co-endemic with malaria in sub-Saharan Africa, of
which there is paucity of information is trichinellosis. An estimated 11 million cases of trichinellosis
infections have been recorded in over 66 countries (Yang et al., 2010). Trichinellosis is an important
zoonotic parasitic disease caused by nematode species of the genus Trichinella, which have a worldwide
distribution, infecting both domestic and wild animals (Pozio, 2007). The parasite circulates in either a
sylvatic or domestic transmission cycle, with a flow existing between the two cycles (Campbell, 1983).
The main source of human infection is through ingestion of raw or undercooked infected meat,
contaminated with muscle larvae from pigs, horses and wild animals (Gottstein et al., 2009). Trichinella
spp infections are of public health risk, even though there are currently no records of human infections
by T. zimbabwensis, which is the most prevalent species in wildlife in sub-Saharan Africa (Mukaratirwa
etal., 2013). Poverty, climate change, food insecurity as well as ineffective veterinary surveillance and
control measures have increased the risk for future human T. zimbabwensis infections (Mukaratirwa et
al., 2013).

Sub-Saharan Africa is predisposed to co-infection with both malaria and trichinellosis or with other
tissue-dwelling nematodes, such as visceral larval migrans due to toxocariasis (Onkoba et al., 2015).

There is scarcity of knowledge and understanding regarding immune response and protective immunity



due to malaria co-infections with tissue-dwelling nematodes in humans and this may therefore be

deterring production of effective vaccines against malaria (Che et al., 2015; Onkoba et al.,2015).

Progress in vaccine development and drug discovery is hindered by lack of full knowledge of the
mechanism of the host-parasite interactions as well as immune response during polyparasitism and co-

infection of malaria with tissue-dwelling nematodes such as T. zimbabwensis (Onkoba et al., 2015).

There has been a conspicuous interest in chemokines: a novel group of inflammatory mediators, which
play a crucial role in arbitrating and recruiting definite leukocyte subsets during acute and chronic
inflammatory immune-modulation during parasitic infections (Alberti et al., 1999). Therefore, the aim
of this study was to experimentally determine the host immune response during co-infection of P.

berghei and T. zimbabwensis in Sprague-Dawley rats.

1.2. Specific objectives

1.2.1 To determine the chemokines profile induced in Sprague-Dawley rats during mono-infection with
Trichinella zimbabwensis and Plasmodium berghei.

1.2.2. To determine haematological profile during mono-infection with Trichinella zimbabwensis and
Plasmodium berghei.

1.2.3. To determine the chemokines profile induced in Sprague-Dawley rats during co-infection with
Trichinella zimbabwensis and Plasmodium berghei.

1.2.4. To determine haematological profile during co-infection with Trichinella zimbabwensis and

Plasmodium berghei.



Chapter 2

Literature review

2.1 Introduction:

An estimated two billion people infected with malaria reside in poor backgrounds, limiting their ability
to receive appropriate medical attention. Within malaria endemic regions, it can be noted that
complicated and uncomplicated malaria infections exist (Che et al., 2015). Malaria is a parasitic
infection with adverse complications in the functioning of the host immune system (Autino et al., 2012).
This then makes it easier for patients with weak or negatively altered immune systems to be susceptible
to co-infections or multi-parasitism (Onkoba et al., 2015) as seen in patients co-infected with multiple
parasites simultaneously. It is therefore of great significance to study the nature of interactions of these
parasites, the mechanisms in which the host immune system combat infections, as well as
immunological mechanisms involved. During co-infections, one parasite does not have direct influence
on disease outcome and establishment of another parasite, however, the concept of parasite-host-parasite

interactions plays a significant role (Pozio et al., 2002; Che et al., 2015).

2.2. Malaria

2.2.1. Plasmodium species

The genus Plasmodium constitute of protozoan parasite species that cause malaria. Over 100 different
Plasmodium species exist and are categorized by their specific host (human or non-human). P.
falciparum, P. malariae, P. vivax and P. ovale are four Plasmodium species that result in human
infections, under natural conditions (White et al., 1999; Singh et al., 2004; WHO, 2005 ;). In humans,
malaria is responsible for mortality of two million people annually, as well as causing severe sickness in
half a billion people (Teklehaimanot and Singer, 2005; Martinsen et al., 2007). P. berghei and P.

knowlesi infect animals and P. knowlesi has been reported to occasionally infect humans (Tuteja, 2007).



P. berghei causes rodent malaria and is used in experimental laboratory animal models to study human

malaria as it is regarded as safe since it does not infect humans (Janse and Waters, 1995).

According to WHO (2005), P. knowlesi, which causes ‘monkey malaria’ has been reported to
occasionally cause human infections (Ozwara et al., 2003; Singh et al., 2004). The age of red blood cells
has a restricting effect on malaria parasite, as stated by McQueen and McKenzie (2004). P. vivax and P.
ovale are restricted to reticulocytes, while P. malariae is restricted to more mature red blood cells and P.
falciparum infects red blood cells of all ages (McQueen and McKenzie, 2003; WHO, 2006). It is
therefore for this reason that among the four species that infect humans, P. falciparum results in fatal
infections (Barsoum, 2000; Singh et al., 2004).

2.2.2. Life cycle of Plasmodium spp.

The female Anopheles mosquito is the vector, which bites the human host. This results in the injection
of sporozoites through the dermis. During the extra-erythrocytic cycle, these sporozoites travel through
the blood stream and invade hepatocytes in the liver. Sporozoites mature to form schizonts, and when
mature, release merozoites into the sinusoids of the liver. As seen in P. vivax and P. ovale, clinical
relapse occurs when some sporozoites go into hibernation for years or months and this can lead to
numerous complications when reactivation occurs (Mackintosh et al., 2004; Tuteja, 2007). Formation of
trophozoites occurs in the erythrocytic cycle, where mature tissue schizonts enter erythrocytes (Clark
and Schofield, 2000; Holt et al.,2002). The newly formed trophozoites mature and produce more

merozoites.

Cryptobiotic phase occurs during hibernation of sporozoites; a phenomenon common in P. ovale and P.
vivax infections, resulting in the formation of hypnozoites (Mackintosh et al.,2004). Hypnozoites can
remain dormant for elongated periods of time (months); clinical relapse may occur when these are
reactivated (Mackintosh et al., 2004, Tuteja, 2007). Resultant trophozoites further develop into
schizonts, which subsequently develop into a new generation of merozoites. This cycle is repeated when

another generation of merozoites is released into the blood stream through the rapture of parasitized red



blood cells (Mackintosh et al., 2004). The merozoites are differentiated into male and female
gametocytes in the mammalian host which are subsequently transported by the vector during feeding,
therefore completing the sexual cycle (Clark and Schofield, 2000; Mackintosh et al.,2004). The general

life cycle of Plasmodium species is shown in the figure below;

Life cycle of Plasmodium
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Figure 1: General life cycle of Plasmodium spp (WHO, 2008).

2.2.3. Diagnosis

Malaria infections result in millions of deaths and atrocious health complications. Therefore, to avoid
such, accurate and prompt diagnosis and treatment must be carried out. Early signs and symptoms of
malaria are not disease specific, as this can lead to misdiagnosis. It is for reason that more specific

methods are used. These involve examining peripheral blood through microscopy, polymerase chain



reaction, as well as antigen detection (Bronzan et al.,2008). Light microscopy is the most commonly
used quantitative method, as it can detect extremely low values of parasites such as 5 parasites/pL. This
assists in the quantification of the parasite and identification of the specific Plasmodium species (Warrel
and Giles,2002; Bronzan et al., 2008). This diagnostic procedure requires specific expertise, as low
parasite counts can be misinterpreted as false negative. Immunochromatographic Rapid Diagnostic
Tests (RDTs) are non-quantitative tests used to identify the presence of a Plasmodium species in
peripheral blood using a monoclonal antibody to the parasite antigen, on a immunochromatographic
strip (Bronzan et al., 2008). Presence of the parasite is denoted by a colour change of the dipstick or

cassette on the strip. Some RDTSs are species specific, such as one used to identify P. falciparum. This

focuses on histidine-rich protein 2 (HRP2), aldolase or lactate dehydrogenase (pLDH) and other RDTs
recognize antigens present in all four Plasmodium species that cause human malaria (Bartoloni et al.,
1998; Bronzan et al.,2008).

According to Han et al. (2007) there are complications and inaccuracies pertaining to the use of these
tests in diagnosing non-falciparum malaria, including mixed infections, with a sensitivity of 44% for P.
vivax. Polymerase Chain Reaction (PCR) is a quantitative test used to identify parasites below the
threshold of microscopic identification, as it can detect as little as single parasites/mm? (therefore
extremely useful in chemoprophylaxis patients with extremely low parastaemia) (Singh et al., 2004;
Shillcutt et al., 2008).

Like microscopy identification, PCR can also be used in the detection specific Plasmodium species;
where morphological characteristics may be distorted. PCR methods, targeting the small-subunit 18S
rRNA gene, all four-human malaria inducing species could be identified and this method has high
sensitivity (WHO 2005; Han et al.,2007). Serological diagnosis using enzyme-linked immunosorbent
assay (ELISA) or indirect fluorescent antibody (IFA) test, is used to detect prior infections by malaria
parasites, with the aim of identifying the specific species which caused the infection. This method
cannot be used for acute cases due to the time required for the host immune system to form antibodies
against infection (Bronzan et al.,2008). These techniques are prone to contamination during post-
amplification product manipulation, they are time consuming and are technically demanding, therefore
they require precision and highly skilled labor. Some patients may present with clinical signs that may

result in easier diagnosis.



2.2.4. Clinical signs and pathological findings

Cerebral malaria can result from obstruction of blood vessels by erythrocytes infected with P.
falciparum, and is a fatal condition, common in infants in Africa (Tuteja, 2007). Plasmodium vivax also
causes anemia, even though this is not as fatal and common as P. falciparum. Relapses in malaria
infection may be caused by P. vivax or P. ovale, due to hypnozoites (dormant liver stage) that may
remain unnoticed for elongated phases, prior to the onset of pre- erythrocytic schizogony (Tuteja, 2007).
Undetected blood infections that persist for prolonged periods may occur due to P. malariae. Improved
diagnosis using the above-mentioned techniques will minimize infections combined with assessing

possible risk factors that promote malaria infections and educating communities.

2.2.5. Epidemiology

2.2.5.1 Geographical distribution of malaria

The distribution of malaria transmission is based on biological constraints of climate on parasite
population, morbidity and mortality data, climate and vector development (Craig et al.,1999) (Figure 2).
Some variables such as mosquito density, human activities, human and vector genetics are not constant,

therefore making it difficult to give a global distribution model (Craig et al., 1999; WHO,2006).

The fuzzy logic model of the distribution of stable malaria transmission in sub-Saharan Africa is based
on the effect of mean rainfall and temperature on the biology of malaria transmission (Craig et al.,1999).
Regions were malarial infections can be detected are conceptually classified into four categories. These
are mainly (1) malaria free- these are areas where there are no records of infections. (2) epidemic —
where long-term variation in climate results in conditions that are suitable for transmission on an
irregular basis (could potentially lead to epidemic malaria), (3) seasonal — where conditions may be
suitable for a short season annually (4) perennial —where conditions are always suitable for transmission
(Ermert et al., 2012)



\ £ ' 1 Areas where malaria transmission occurs
o i Araas with limited risk <

Figure 2: Map showing the geographical distribution of malaria (WHO, 2016). Light pink colour

represents arears where risk of malaria infection is limited, while dark peach colour denotes areas where

the transmission of malaria is predominant. Unclassified areas (white) represent regions where malaria
infections are extremely sporadic, as these are countries outside of the transmission limits and areas of

population density are less than 1-person km2 (WHO, 2016).

2.2.5.2 Risk of infection

During transmission season in at risk countries, all non-immune travelers that may be exposed to
mosquito bites, between dusk and dawn, are at risk of malaria infection. Some previously immune
individuals who have vacated at risk countries for over six months, may lose their immunity or become
partially immune. Children who have migrated to countries and areas of no risk, become partially at risk
and partially susceptible to malaria infection (WHO, 2006). Failure of treatment or the use of
inappropriate malaria drugs and failure of travellers to take precautionary measures prior to visiting at

risk countries increases cases of P. falciparum infections (; WHO, 2006; Pozio et al., 2007).

There is uneven distribution of malaria in regions where it is prevalent, and the degree and severity



differ and therefore travellers should seek advice regarding the most at-risk zones. In the case of lack of
current information regarding these risk zones, travellers must take appropriate precautions until such
information can be adjusted when more information becomes available on arrival. This applies
particularly to individuals backpacking to remote places and visiting areas where diagnostic facilities
and medical care are not readily available. Travellers staying overnight in rural areas may be at highest

risk, this implies that geographic locations play a pivotal role in the spread of malaria (WHO,2006).

2.2.6. Control of malaria transmission

According to WHO (2006) there are four key interventions. These are (i) introduction of insecticide-
treated nets for people at risk, (ii) the use of indoor residual spraying of insecticide in at risk households,
(iii) appropriate antimalarial drugs for patients with probable or confirmed malaria as well, (iv) sporadic
preventive treatment in pregnancy (DeBach and Rosen,1999). All these are personal protective
measures to limit or eradicate infection through the inhibition of vector proliferation and increased
parasitic adaptability within the host. Other personal control measures include using mosquito repellent
skin products (ointments or creams), closing windows in endemic regions (DeBach and Rosen,1999;

WHO,2008). Individuals travelling to malaria endemic regions need to take chemoprophylaxis of anti-

malarial drugs, even though this may be difficult in sub-Saharan Africa due to poor medical treatment
facilities (WHO, 2006; WHO, 2008). It is also the responsibility of those who are infected or who
suspect possible exposure to this parasite to go to clinics and hospitals for early treatment. As much as
these control strategies are applicable, parasitic infections such malaria compromise patient’s immune
system, making it easier for co-infections or poly-infections to occur. Some of these co- infecting
parasites are Plasmodium and tissue-dwelling nematodes such as Trichinella species, which may
enhance or diminish each other’s co-existence, depending on the parasite-host interaction. In sub-
Saharan Africa, co-infections with tropical parasitic infections has been neglected, even though it is very

common with malaria (Onkoba et al., 2005).
2.3. Trichinellosis
2.3.1. Classification of Trichinella

There are two categories distinguishing between Trichinella species and these are encapsulated or non-

encapsulated groups (La Grange et al., 2009). Encapsulated species include T. nativa, which infects



sylvatic carnivores, T. spiralis which infects domestic and sylvatic mammals, Trichinella genotype T6
which infects sylvatic carnivores, T. britovi which infects sylvatic mammals and seldom domestic pigs,
T. murrelli which infects sylvatic carnivores, T. nelsoni which infects sylvatic mammals, Trichinella T8
is found in South Africa and Namibia, infecting sylvatic carnivores (Mukaratirwa et
al.,2013), Trichinella genotype T9 infects sylvatic carnivores as well as Trichinella genotype T12, which
infects cougars (Gottstein et al.,2009). The non-encapsulated taxa on the other hand includes T. papuae,
and T. zimbabwensis, which infects mammals and reptiles and T. psuedospiralis which mammals and
infects birds and mammals (Gottstein et al., 2009; Pozio et al., 2013). According to La Grange et al.
(2009) T. britovi, Trichinella T8 and T. nelsoni are encapsulated taxa that have been reported to only

infect mammals in sub-Saharan Africa.

2.3.2. Trichinella life cycle

Human infections occur during ingestion of muscle larvae in undercooked or raw infected meat. This is
followed by the release of hydrochloric acid and pepsin from the stomach, causing the release of larvae
from the cyst into the stomach. In a period of 5 or 6 days after a host has ingested meat infected with
Trichinella larvae, the larva develops into an adult form in the gut (Pozio et al.,2001). The adult form
attaches to the intestinal mucosa and releases larvae in one week (Pozio et al., 2001; Yang et al., 2010).

These adults survive in the small intestine and may release more than 1000 larvae (Pozio et al.,2001).

After 2 to 4 weeks post-fertilization, larvae is discharged and disseminated through the blood stream or
lymphatic system into organs but only persists in skeletal muscle fibers, where they encyst in individual
cells also known as nurse cells where the larvae becomes encapsulated through the development of
capillary network around these cells (Pozio et al., 2001; Mitreva et al., 2005). In some cases, alteration
of the host immune system may allow infective larvae to survive for years within the host (Pozio et al.,
2001). Host immune response limits the infection at numerous stages in the Trichinella life cycle (Reale
et al.,1998).

10
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*T papuae, T. zimbabwensis, and T. pseudospiralis do not encyst.

Figure 3. Trichinella spp life cycle (Wilson et al., 2015)

2.3.3. Diagnosis of trichinellosis

Early diagnosis is complicated, due to lack of pathognomonic signs (Dupouy-Camet and Murrel. 2007;
Gottstein et al.,2009). Medical practitioners from non-endemic regions have difficulty diagnosing
trichinellosis due to unfamiliarity. Diagnosis is based on three criteria; clinical manifestations (signs and
symptoms), laboratory results (muscle enzyme and eosinophilia), detection of antibodies or muscle
biopsy, as well as epidemiological investigations (this focuses on tracing back the source of infection,

the type of species and its geographical distribution) (Kociecka, 2000).

2.3.4. Pathogenicity
Trichinellosis symptoms may manifest as either mild or complicated, depending on the species, as seen
in the enteral and parenteral phase.

(i) Enteral
This phase affects the intestines and symptoms depends on species, gender, age, host immunity and
intensity of infection (Pozio et al., 2013). Clinical symptoms present two to seven days post-infection
and diarrhea, nausea, dyspepsia and heartburn are some of the symptoms including eosinophilia which

presents early and increases rapidly (WHO, 2006).
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(i1) Parenteral phase:

The quantity of larvae produced and migration of the larvae to vessels and tissues determines the
severity of symptoms, and inflammatory response in humans and non-human primates include,
arthralgia, facial oedema, fever, diarrhea, myalgia and prostration fever, weakness and muscle pain
(Mitreva and Jasmer,2006; Mukaratirwa et al., 2008)). A classic sign of trichinosis is periorbital edema,
due to vasculitis and splinter hemorrhage. The most severe case of Trichinella infection may be due to
worms entering the central nervous system (CNS) (Duprey and Schantz,2003). These are unable to
survive the environment in the CNS, but they may promote sufficient damage to produce serious
neurological deficits (ataxia, respiratory paralysis or stroke) or even death (Mitreva and Jasmer, 2006;
Pozoi,2013). Mortality of patients is within 4-6 weeks post-infection due to pneumonia, encephalitis or
myocarditis. Intercontinental travelling of infected patients and animals may cause an increase in the
spread of trichinellosis, as geographic locations of Trichinella species influences the severity of the

disease and response to treatment (Pozio et al.,2013).
2.3.5. Geographical distribution of Trichinella

T. spiralis life cycle is well adapted to wild and domestic swine, as well as synanthropic rats. Itis well
distributed globally, resulting in higher records of human infections (Gottstein et al.,2009). Unlike the
domestic cycle, the sylvatic cycle of T. spiralis includes a wide range of wild carnivores which play a
crucial role in the introduction of this species to the domestic host during the life cycle (Pozio et
al.,2006). T. nativa, is well adapted to terrestrial (black bears, raccoons, wolverine, fox) and marine
animals (seals, polar bears) as hosts. While affecting sylvatic carnivores residing in Northern America,
Asia, Northeastern Europe as well as North America (Gottstein et al.,2009). This species is well adapted
to survive in extreme environmental conditions such as frozen muscles of carnivores, for a maximum of
five years (Pozio et al.,2004; Pozio et al., 2013). T. britovi is the second-most common species of
Trichinella that may affect human health, infecting domestic pigs. This is the most widely distributed
parasite species in Asia Northern, Europe, and Western Africa (Pozio et al., 2004; Pozio et al., 2006;
Gottstein et al., 2009). Like T. nativa, this species can endure low temperature for extensive periods of
time. T. zimbabwensis has been reported in Zimbabwe, Mozambique, Ethiopia and South Africa in Nile

crocodiles (Pozio et al., 2006).
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Figure 4: Map showing the global distribution of Trichinella species; Trichinella zimbabwensis (Tzi),
Trichinella spiralis (Tsp), Trichinella papuae (Tpa), Trichinella pseudospiralis from north America
(TpsN), T. pseudospiralis from Europe and Asia (TpsP), T. pseudospiralis from Tasmania (TpsA),) and

T. pseudospiralis from Europe(TpsA). Image sourced from (www.iss.it/site/Trichinella/index.asp)

2.3.6. Pathological findings

In countries where human trichinellosis is endemic, physicians are more likely to recognize the infection
early than in countries where infections are only sporadic, where treatment is often delayed (Pozio et al.,
2001). Economic and political changes, revolutions as well as wars contribute to an increase in
prevalence of trichinellosis among the human population (Bolpe and Boffi, 2001; Marinculic et al.,
2001; Djordjevic et al., 2003). Reliable epidemiological information on animal and human infections is
not uniformly collected around the world (Onkoba et al., 2015). Only a limited number of countries
have implemented an official recording system for human and/or animal infections in the last 50 years
(Marinculic et al., 2001). In most countries, reporting of infection has been and continues to be on a
voluntary basis and relies on physicians, veterinarians, biologists, zoologists or epidemiologists who are
working on these parasites (Naotunne et al., 1991; Djordjevic et al., 2003). This often results in

fragmented information (Naotunne et al., 1991).

The occurrence of trichinellosis in humans is strictly related to cultural food practices, including the
consumption of raw or undercooked meat of animal origin (Yang et al., 2010). Therefore, most of the
epidemiological data and ad hoc surveys on Trichinella species such as T. zimbabwensis and T. spiralis

in domestic and/or wild animals are related to outbreaks in humans (Gottstein et al., 2009).
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2.3.7. Prevention of Trichinella Infections in humans

Three strategies are used to prevent trichinellosis infections in humans and these include community
education on the danger of consuming uncooked or semi-raw meat products. These can either be
sylvatic (e.g., walruses, cougars, bears badgers, wild boars, crocodiles, foxes, jackals, armadillos, and
monitor lizards) or domestic (e.g., horses, pigs and dogs) as these may be hosts to Trichinella spp
(Gottstein et al., 2009). Pigs are the major source of human Trichinella infections, therefore there must

be strict veterinary inspections of pork.

Three methods have been shown to reliably inactivate Trichinella meat larvae; (i). Cooking to reach a
core temperature of not less than 71 ° C (159. 8 °F) for at least 1-minute (i.e. the meat must change
from a pink to grey colour, muscle fibers must be easily separated from each other), (ii) freezing, (iii)
irradiation, curing, drying, using microwave ovens or smoking suspected meat products, assists in the
preparation of meat products that are safe to consume (Dupouy-Camet and Murrel, 2007; WHO, 2008).
The way a host’s immune system responds to infections, may limit or enhance the disease outcome.
Understanding the functioning of the immune systems may bring light to the comprehension, control

and treatment of parasitic diseases.

2.4.1. Host immune response to infections

There are two separate but integrated arms of the host immune system and these are mainly the innate
(non-specific but can recognize foreign invading bodies) as well as the adaptive immune response
(mediated by the T and B cells) (Luster, 2002). The innate response provides the first form of defense,
as it is antigen-independent, responding within hours or immediately to invading antigen (Leckie etal.,
2000; Warrington et al., 2011). It lacks immunologic memory, therefore making it unable to recognize
the same antigen in future exposure. Both innate and adaptive responses are integrated, as the innate
response instructs the adaptive response to elicit an appropriate response (Gallucci et al., 2001; Luster,
2002).

(1) Innate immunity
This type of immune response primarily functions in recruiting immune cells such as various cytokines
(small proteins involved in inter-cellular communication) to sites of inflammation and infection, where
these cytokines further release proteins, glycoproteins and antibodies to activate a biochemical cascade,

complement systems and opsonize foreign antigens, for antigen phagocytosis to occur (Warrington et
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al.,2011). Expulsion and clearance of antibody complexes, foreign bodies or dead cells in the lymphatic
system, organs and tissues, is a result of innate immunity (Turvey and Broide, 2010). There are
numerous cells involved in innate immune response and these include basophils, mast cells, dendritic
cells, eosinophils, natural killer cells (NK), lymphocytes, mast cells and phagocytes (neutrophils and

macrophages).

Phagocytes are further differentiated into distinct groups i.e. (i) neutrophils; short-lived cells, containing
pathogen eliminating granules, (ii) macrophages; are long-lived cells, named according to the type of
cells inwhich they reside, e.g. histiocytes are macrophages found in the connective tissue, (iii) Dendritic
cells; these cells function as important messengers and antigen-presenting cells between adaptive and
innate immunity (Warrington et al., 2011). Basophils and mast cells are involved in initiating acute
inflammatory responses, these cells both share crucial features, even though they differ in their site of
residence, as mast cells are found within the connective tissue, while basophils are found within the
circulation (Bonillaet al.,2010; Turvey and Broide, 2010). Eosinophils are polymorphic granulocytes,
functioning in the elimination of parasites, with phagocytic properties, expelling parasites from the host
(Maizels et al., 2004). NK cells are involved in distracting virally infected cells, through the release of

granzymes and perforins from NK-cell granules to induce apoptosis (Warrington et al., 2011).

(i) Adaptive immunity

Innate immunity may be ineffective in eliminating some pathogens, this leads to the development of
adaptive immunity. Adaptive immunity has the primary role of generating pathogen-specific
immunological pathways and recognizing specific foreign antigens, to develop an immunological
memory that easily recognizes and eliminates subsequent infections (Turvey and Broide, 2010;
Warrington et al., 2011). Adaptive immunity comprises of antigen-presenting (APCs) T cells as well B
cells. These cells are derived from hematopoietic stem cells, found in the bone marrow, which later
develop and mature within the thymus (Warrington et al., 2011). To recognize specific antigens, the
outer membrane of these cells consists of an antigen-binding receptor known as T-cell receptor (TCR),
which requires the presence of APCs to express major histocompatibility complex (MHC). There are
two distinct classes of MHCs; these are class I, human leukocyte antigen (A, B and C) and class II,
found on immune cells such as dendritic cells, macrophages and B cells (Turvey and Broide, 2010).
Peptides on antigens become expressed by MHCs when a pathogen infects a cell or when foreign bodies

are phagocytosed (Turvey and Broide, 2010).

When an APC digests an antigen, displaying antigen properties bound to its specific MHC molecule, T
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cells become activated. According to Warrington et al. (2011) activation of T cells and TCR occurs
because of the formation of the MHC-antigen complex. These cells further induce secretion of
cytokines, which control host immunity. The presence of an antigen stimulates differentiation of T cells
into T helper (Th or CD4+) or cytotoxic T cells (CD8+ cells), which are responsible for expulsion of
foreign bodies. Interaction between peptide-bound MHC class | molecules and TCR of these cells

activates these cells (Turvey and Broide, 2010).

Lysis and apoptosis of target cells occurs through the release of granzyme, granulysin and perforin from
clonally expanded cytotoxic T cells (Warrington et al., 2011). Once infection has been resolved, various
effector cells die, and some are removed through phagocytosis, while others are retained in the immune
system as memory cells, to rapidly differentiate into effector cells, upon future infection by the same
antigen (Bonillaetal., 2010, Turvey and Broide, 2010). T helper (Th) cells are involved in maximizing
and establishing immunity, as they lack phagocytic and cytotoxic activity, therefore are unable to cause
pathogen clearance or lysis of infected cells, as cytotoxic T cells can. These cells mediate immune
responses. When TCRs recognize an antigen bound to class I MCH molecules, Th cells become
activated (Warrington et al., 2011). Activated Th cells release cytokines which influence various cells
types, including APCs that initially activated them. APCs can induce two Th cell responses, these are
Thl and Th2 responses, characterized by the ability to produce interforn-gamma (IFN-y) this is
responsible for activating bactericidal activities of macrophages, B cell inducing cytokines, as well as

neutralizing antibodies (Bonilla et al.,2010; Warrington et al., 2011).

Th2 immune response can be denoted by the release of specific cytokines (interleukin-4, 5 and 13),
which play a role in the recruitment and activation of immunoglobulin E (IgE) antibody-producing B
cells, eosinophils and mast cells. As stated above, IgE, eosinophils and mast cells initiate acute
inflammatory response, this is apparent in allergic reactions, which result in the imbalance of Th2
(Warrington et al., 2011). Regulatory T cells (T reg) are the third type of T cells, which suppress and
limit immune response by controlling aberrant responses to self-antigens and autoimmune diseases. B
cells originate from hematopoietic stem cells found within the bone marrow, subsequent to maturation,
migrate from the marrow, expressing specific antigen-binding receptor, found on their membrane. These
cells unlike T cells, can recognize free antigen directly, in the absence of APCs (Warrington et al.,2011).

B cells produce antibodies against foreign antibodies, undergoing differentiation and proliferation,
forming memory B cells or antibody-secreting plasma cells or memory B cells (Bonilla et al., 2010,
Warrington et al., 2011). Memory cells can endure past infections, as they are long-lived cells, which
can express antigen-binding receptors, to elicit a prompt immune response to invading foreign antigens,

which differs from short-lived plasma cells (Bonilla et al., 2010).
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B cells are involved in antibody-mediated or humoral response, unlike cell-mediated responses which
are primarily controlled by T cell) (Warrington et al., 2010). Signaling of the adaptive response results
in the release of phagocytes, such as neutrophils and macrophages by the innate response, to eliminate
the parasite within the tissues. Dendritic cells respond within the lymph nodes and activation of T and
B cells occurs and these are then targeted to the site of inflammation. During pathogenic infections,
intermediate responses are initiated in epithelial tissues, such as intestinal/urogenital epithelium and
skin; through insect vectors, where first entry of pathogens occurs (John and Abraham, 2013). Pattern
recognition receptors (PRRs), expressed by mast cells (MCs) are responsible for host immune
surveillance to intra extracellular pathogens. Local immune cells such as macrophages(MFs), monocytes
and dendritic cells (DCs) are induced by PRR-initiated signaling to release appropriate antimicrobial
agents, chemokines and cytokines (Meylan et al., 2006; Kawai and Akira, 2010; John and Abraham,
2013).

2.4.1 Chemokines

Chemokines are chemotactic cytokines that play important roles in bridging the innate and the adaptive
immune systems (Bostrém et al., 2012). Functionally, chemokines can be divided into two broad
categories: constitutively expressed chemokines that maintain homoeostatic functions, and inducible
chemokines that are usually upregulated in response to infection and/or inflammation (Sallusto et al.,
2000; Moser et al., 2004). They orchestrate the migration of leucocytes and other cells by activating
corresponding receptors on responsive cells, thereby inducing chemotaxis of immune cells to sites of
infection (Luster, 2002; Bostrom et al., 2012). There are currently 46 chemokine ligands and 18

receptors that have been described to date (Miu et al., 2006).

Chemokine superfamily has been divided into four distinct subgroups, based on structural differences,
on whether the first two N-terminal cysteine residues are separated by a single amino acid or if these N-
terminal cysteine groups are positioned adjacent to each other (Mahalingam and Karupiah, 1999). These
subgroups are broadly defined as CC (B) chemokines; this group encompasses dead cells in the
lymphatic system, organs and tissues, as a result of innate immunity (Turvey and Broide,2010). There
are numerous cells involved in innate immune response as explained, these include basophils, mast
cells, dendritic cells, eosinophils, natural killer cells (NK), lymphocytes and phagocytes (neutrophils and

macrophages).
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2.4.2. The role of chemokines in host immunity

Chemokines play a crucial role in leukocyte recruitment and trafficking; a highly controlled process that
also involves molecules such as integrins and selectin adhesion (Von Andrian, 2000; Miu et al., 2006).
Chemokine signaling, and their receptors are important in leukocyte migration which occurs during
normal immune system surveillance in inflammatory reactions. Cytokines are examples of pro-
inflammatory stimulus that upregulate chemokines such as CXCL10 (IP-10), CCL (RANTES) and ant-
inflammatory chemokines e.g. CCL11 (Eotaxin), which are of importance in this study to direct the

migration of leukocytes (Adams and Rlloyd, 1997).

B cells produce antibodies against foreign antigens, undergoing differentiation and proliferation,
forming memory B cells or antibody-secreting plasma cells or memory B cells (Bonilla et al., 2010;
Warrington et al., 2011). Memory cells can endure past infections, as they are long-lived cells, which
can express antigen-binding receptors, to elicit a prompt immune response to invading macrophage
inflammatory protein-1 (MIP-1) macrophages and CXC (a)chemokines, C and CX3C chemokines with
differences between the overall dimers between the two subgroups (Baglionili, 2001; Ochiel et al.,
2005). Leukocyte activation, hematopoiesis, angiogenesis, chemotactic recruitment of inflammatory
cells and antimicrobial effects are biological events that are culminated by the binding of chemokines to

their cognate receptors (Baglionili, 2001).

RANTES; a CC chemokine produced by lymphocytes, epithelial cells and platelets consisting of mainly
CCR1, CCR3, CCR4 as well as CCR5 receptors. This chemokine functions as a chemo-attractant for
NK cells, eosinophils, memory T cells and monocytes (Mackay, 2001). The mechanisms that RANTES
uses to influence host mucosal immune responses remains elusive (Lillard et al., 2001). IP-10 is
produced by NK cells, through induction of IFN-y from resident tissue cells (Luster, 2002). It acts as a
chemo-attractant of antigen-specific CD4+, CD8+ and lymphocytes to sites of infection, thereby
inducing cellular responses. This chemokine encodes for receptors such as CXCL9, CXCL10 and
CXCL11 respectively (Frigerio et al., 2002). Eotaxin (CCL11) is a CC anti-inflammatory chemokine,
and is highly sensitive, binding G-protein linked receptors such as CCR2, CCR3 and CCRS5. It is
responsible for recruiting eosinophils, through chemotaxis induction to eliminate infections (Nagarkar,
2010). These chemokines are constitutively expressed by cells of secondary lymphoid organs and are
primarily involved in the homing of dendritic cells (DCs) and lymphocytes, which therefore elicits a

host immune response (Miu et al., 2006).
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Leukocytes undergo differentiation and antigen- dependent proliferation in secondary lymphoid organs,
enabling them to respond to inflammatory stimuli. This varies from homeostatic chemokines, as they
possess the ability to bind numerous chemokine receptors of a specific class (Sallusto et al., 2000; Miu
et al., 2006). This phenomenon was observed in experiments by Moser et al. (2004) involving mice
with a genetic defect except for CXCL12/SDF-1-/- and CXCR4-/- mice, which lacked multitudes of
phenotypic abnormalities, therefore suggesting that chemokine receptors can compensate for such
defects. Thl immune response controls the expression and polarization of specific chemokine receptors
such as CCR, CXCR3 and CXCR®6, while Th2 immune responses are responsible for the expression of
CCR4 and CCR8 chemokine receptors on specific effector cells (Miu et al., 2006). The host response to
parasitic infections requires the coordinated action of both the innate and acquired arms of the immune

system (Luster, 2002).

2.4.3. The role of chemokines during malaria infection

Chemokines mediate the trafficking of dendritic cells, B cells and T cells required to generate an
immune response (Bostrém et al., 2012; Aleksandra et al., 2013). Activating lipopolysaccharide (LPS),
Toll-like receptors (TLRs) on the surface of bacterial pathogens causes stimulation of local release of
chemokines such as MIP-1a, MIP-1p, MIP-3a and IP-10 (Luster, 2002; Hunter et al., 2006). Activation
of chemokine receptors such as CCR1, CCR5 and CCR6 causes attraction of immature dendritic cells to
a local milieu and are efficient at picking-up antigens (Salazar-Mather et al.,1998; Luster, 2002) but
must mature and differentiate into cells that can activate naive T cells. In this local milieu, there are
pathogen-associated molecular pathogens such as LPS which induce the differentiation and maturation
of dendritic cells into potent antigen-presenting cells (Khan et al., 2002). This downregulates the
expression of CCR1, CCR5 and CCR6 while upregulating the expression of CCR7 (Luster, 2002)

causing its migration into the afferent lymphatic system.

Many cell types such as DCs, B and T lymphocytes express CCR7, CCL21 receptor. The CCR7 ligand
SLC is expressed on the endothelium of the afferent lymphatic system (Forster et al., 1999; Griffith et
al., 2014; Nchangnwi et al., 2015). CR7 plays an important role in directing the migration of the
antigen-loaded mature dendritic cells (Khan et al., 2000; Luster, 2002). Naive T and B cells from blood
are brought in contact with activated dendrite cells and into lymph nodes by chemokines (Banchereau
and Steinman, 1998; Luster, 2002). It is likely that chemokines such as DC-CK1 and ELC (produced

from stromal cells within T-cell zone) play a crucial role in the juxta-positioning of T and B cells within
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lymph nodes (Banchereau and Steinman, 1998). Some activated T cells downregulate expression of
CCRY7 but upregulate CXCR5 and so become directed towards the follicle to deliver help to B cells,
whereas other activated T cells upregulate CXCR3 and are attracted into inflamed tissue (Reale et al.,
1996; Luster, 2002). T cells that become activated in regional lymph nodes, after encountering antigen-
loaded dendritic cells, subsequently return to sites of inflammation by sensing chemokine gradients
established at these local sites (Luster, 2002; Lazzeri and Romagnani, 2005). Chemokines such as 1P-10,
which is induced by LPS and IFN-y, and a ligand for CXCR3, which is highly expressed on activated T
cells, are believed to be important in this process in immune responses mediated by Th1 cells (Reale et
al., 1996; Salazar-Mather et al., 1998; Luster, 2002).

Chemokines during malaria infection play a crucial role in the control of malaria in humans, as they
contribute to immunotherapy and parasite clearance (Favre et al., 1997; Lazzeri et al., 2005; Bostrom et
al., 2012). Resistance to malaria infection and protection from onset of clinical episodes is inferred by
the early production of IFN-y (Artavanis-Tsakonas and Riley, 2002). Some pro-inflammatory cytokines
such as tumour necrosis factor (TNF) and interleukin (IL)-12 have also shown to be essential mediators
in immune protection against malaria infection (Torre et al., 2002; Bostrom et al., 2012). Chemokines
as well as cytokines inhibit parasite growth and stimulation of phagocytosis to enhance clearance of
parasitized erythrocytes (Bostrém et al., 2012). According to Ateba-Ngoa et al. (2015), INFy and TNF
levels increase during the acute phase of P. falciparum infection, as these are pro-inflammatory
response and Th1 markers. Parasite clearance and impediment of parasite multiplication and clearance is

due to the activity of pro-inflammatory responses.

Chemokine levels in children with acute P. falciparum infection vary with disease severity and some,
such as IP-10 and RANTES, have been associated with mortality during cerebral malaria (Bostrom et
al., 2012). Even though the innate immune system is essential during malaria infections, the importance
of antibody mediated response against Plasmodium parasites was shown 50 years ago in passive transfer
studies, in which immunoglobulin (IgG antibodies from immune African adults) reduced the level of
parasites in Gambian children (Cohen et al., 1961; Bostrom et al., 2012). Cytophilic antibodies IgG1
and 1gG3 play an important role in protective immunity against Plasmodium infection, while the role of
IgG2 and IgG4 is less understood and has been related to protective mechanisms seen by the cytophilic
antibodies (Groux et al., 1990; Fava et al., 2009; Bostrom et al., 2012). Protection against malaria
depends on early, and intense but carefully balanced pro-inflammatory response to control or reduce the

parasite numbers in the human host (Fava et al., 2009; Bostrom et al., 2012).
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2.4.4. Chemokines in response to trichinellosis

During trichinellosis, the host immune response combats infection by producing a variety of immune
cells, such as Chemokines, macrophages and cytokines (Pozio et al., 2001). Chemokines are
chemotactic cytokines that play important roles in bridging the innate and the adaptive immune system
(Bostrom et al., 2012). They orchestrate the migration of leucocytes and other cells by activating
corresponding receptors on responsive cells, thereby inducing chemotaxis of immune cells to sites of
infection (Luster, 2002; Bostrom et al., 2012).

Macrophages play a pivotal role in the functioning of the immune system to eliminate parasitic
infections (Reale et al., 1998). According to Reale et al. (1998), mice that were infected with Trichinella
released macrophages which were then activated, which produced several monokines. Monokines are
involved in the resolution and exacerbation of parasitic infections (Reale et al., 1998; Mitreva et al.,
2005). As stated by Scuderi et al. (1986) TNFa mainly produced by activated macrophages is an
inducible cytokine with multiple biological activities. Raised TNFa levels have been found in parasitic
and bacterial infections (Scuderi et al., 1986; Reale et al., 1998).

According to Rallis et al. (2000) the most commonly studied f-chemokines are monocyte chemotactic
protein-1(MCP-1), which is a mediator of chronic and acute inflammatory diseases. Studies conducted
on rats in vivo demonstrated that proteins and m-RNA for MIP-2 were upregulated during lung
inflammation (Rallis at el., 2000). However, there is scarcity of information regarding chemokines and
Trichinella infections. There are numerous parasitic infections in Sub-Saharan Africa, these have
become a major cause of mortalities throughout the years. There has been arise in these infections and
this can be attributed for by poverty, lack of vaccines, unavailability of reliable diagnostic tools for early
diagnosis (Yépez-Mulia et al., 2007). In countries where human trichinellosis is endemic, physicians are
more likely to recognize the infection early; in countries where infections are only sporadic, the

diagnosis and, consequently, the treatment are often delayed (Pozio et al., 2001).

Blood is the most accessible diagnostic tissue, as it is used for diagnosis of numerous diseases. Malaria
and Trichinellosis both affects host heamapoetic physiology and contribute to disease severity. Patients
with P. falciparum malaria depicted high haematological abnormalities such as changes in leucocyte
count, haemoglobin and platelet abnormalities resulting in defective thromboplastin (Maina et al.,
2009).
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Chapter 3
Materials and Methods

3.2. Ethical consideration
Ethical approval was obtained from at the University of KwaZulu-Natal Animal Research Ethics
Committee, under ethics number AREC/018/016PD.

3.3. Experimental animals.

This study was carried out at the University of KwaZulu-Natal, Westville campus, using one hundred
and eighty-six male Sprague-Dawley rats, initially weighing between 90-150g. Experimental animals
were bred and maintained at the Biomedical Resource Unit (BRU) of the University if Kwazulu-Natal,
Westville campus, under pathogen free conditions, with constant room temperature of 25-27°C, under
12-hour light (0800-2000hrs) and dark cycles (2000-0800hrs). Clean water and food was supplied ad
libitum. All procedures conducted on the animals were strictly according to the rules and regulations of
the University of KwaZulu-Natal Animal Ethics committee, under ethics number AREC/018/016PD.

3.4. Experimental design

Figure 1 shows the experimental study design, where one hundred and sixty-eight rats were randomly
separated into 4 experimental groups (n=42), mainly the P. berghei ANKA infected group (M); T.
zimbabwensis infected group (T); co-infected group (TM) and control group (C) (non-infected). T.
zimbabwensis was induced on day 0 for the T group, P. berghei was induced on day 28 post-Trichinella
infection for the TM group and P. berghei was induced as a mono-infection for the M group. On day 0
baseline parameters were recorded and animals were sacrificed on day 0, 7, 14, 21, 28, 35 and 42 post-
Trichinella infection for T and TM groups, where the brain and spleen were harvested and
haematological parameters were measured. Organs, serum and plasma samples were stored in a Bio

Ultra freezer (Snijers Scientific, Tilburg, Netherlands) at -70 °C until assayed.
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Figure 5: A schematic diagram illustrating a 42-day experimental protocol design. Where Trichinella
zimbabwensis was induced on day 0, while malaria induction occurred on day 28 of the 42-day

experimental study.

3.5 Methods

3.5.1 Induction of Plasmodium berghei

Plasmodium berghei was maintained through passage in male Sprague-Dawley stock rats, and the rats
were sacrificed once infection was successfully induced. Blood was drawn through cardiac puncture into
serum and serum-gel separator blood collection tubes. These were then spun using a Sorvall Legend
Micro 17 Microcentrifuge (ThermoFisher scientific.za) machine for 5 minutes. Blood was separated
from serum and placed in -80° C bio freezer for future use. Induction of P. berghei on experimental rats

was initiated using the previously stored blood. Forty-two male Sprague-Dawley rats (90-150g) were
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infected with P. berghei through a single intraperitoneal injection of P. berghei (diluted to form 10°
parasitized RBC) as described by (Beaudoin et al., 1977) Phosphate buffered saline vehicle was injected
to the control animals. Infection was confirmed through thin-smears of tail blood stained with Giemsa

of the infected animals.

3.5.2 Induction of Trichinella zimbabwensis

Crocodile-derived T. zimbabwensis (1SS1209) parasite strain was used to induce Trichinella infection.
Muscle larvae were obtained from infected stock rats whole carcasses digested at 42 days post infection
(dpi) were used to infect experimental animals. Stock rats were euthanized, skinned, and eviscerated.
Whole carcasses were weighed and deboned individually and the HCL-pepsin method (Kapel and
Gamble, 2000) was used to digest the muscle tissue to recuperate the muscle larvae. Each experimental
animal in group T and TM was orally infected with 3 muscle larvae per gram of body weight as
described by Mukaratirwa et al. (2001). Six animals from the T and TM groups were humanly
sacrificed on a weekly basis and blood was drawn through cardiac puncture, organs such as the spleen,

muscle and the brain were harvested and later used for haematological analysis.

3.5.3 Haematology measurements

A full blood count, giving the following parameters; Red blood cell count (RBC), White blood cell
count (WBC), haemoglobin (HGB), haematocrit (HCT), Monocytes (MO), Lymphocytes (LY), and
basophils (BA) was carried out using Beckman Coulter counter (USA-Miami Florida) according to the

manufacturer’s instructions.

3.5.4. Serum chemokines determination

IP-10, RANTES and EOTAXIN were measured using commercially available kits (Duo Set ELISA
Development System; RsD Sys- tems). Protocol was carried out according to the manufacturer’s
instructions. Briefly, NUNC Maxisorp® 96-well ELISA flat bottom plates were marked and labelled.
Magnetic beads were vortexed for 30s, S0ul bead solution was added using a multichannel pipette into
wells of the plate. The plate was securely placed on the handheld magnetic washer, the beads were left
to settle at the bottom of the plate. This plate was then carefully inverted over a sink and blotted over
paper towel. 25ul of universal Assay buffer was added into each well, which was allowed to settle for

30s and 25ul of standard and samples were added into the well. The plate was incubated 60-120minutes
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at room temperature. The beads were washed 3X. 25ul of detection antibody mix (X1) was added. The
plates were cautiously sealed and placed on the shaker for 30min and washed 3X. 50ul of Streptavidin-
PE. Plates were sealed and incubated on the shaker for 30min at room temperature and washed 3X. The
beads were resuspended by addition of 25ul of reading buffer. Plates were properly sealed and shaken
for 5min at room temperature. Data was acquired using Luminex® 100/200. Chemokine concentrations
were extrapolated from standards using a 4parameter logistic equation in Graph Pad PRISM version
5.04 for windows (Graph Pad Software, San Diego, CA).

3.7. Data analyses

Malaria percentage parastaemia, Trichinella muscle larvae load, number of adult worms and
haematological parameters measurements were expressed as means + standard error (SE), were
analyzed using repeated measure analysis of variance (ANOVA). Levels of significance were
determined using Kruskal Wallis for comparison of more than two non-parametric means using Graph
pad PRISM version 5.0 for windows (Graph pad software, San Diego, CA, USA), where a p-value of <

0.05 was considered as significant.
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Chapter 4

Results

4.0 Results

4.1 General

This chapter describes the following:

4.2 Percentage parasitaemia in malaria induced experimental animals
4.3 Trichinella Muscle larvae load

4.4 Haematology parameters concentration of the experimental groups
4.5. Serum chemokines concentration

4.5.1 Serum CXCL10 (IP-10) concentration

4.5.2 Serum CCL (RANTES) concentration

4.5.3 Serum CCL11 (Eotaxin) concentration

4.2 Parasitaemia reduction after treatment

Levels of parastaemia were attained as percentage of parasitized red blood cells measured in male

Sprague-Dawley rats (figure 6). An increase in percentage P. berghei parastaemia was observed in both

P. berghei mono and co-infected groups, with a higher percentage parastaemia in the mono infected

group on day four of the experimental protocol. Where there was a significant difference (*p<0.05) on

day 4 post infection, when comparing P. berghei and co-infected group. Figure 1 shows that the peak

percentage parasitaemia of the mono and co-infected groups on day 7, subsequently followed by a

gradual decrease thereafter. There was an increase in percentage parastaemia on day 12 post infection

of the mono-infected group, however this did not result in a significant difference between the P.

berghei mono and co-infected groups. There were no rat mortalities throughout the duration of the

experiment.
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Figure 6. Mean percentage parasitaemia of male Sprague-Dawley rats, mono or co-infected with
Plasmodium berghei and Trichinella zimbabwensis. Day 0 represents the day of P. berghei induction
and day 28 post-Trichinella infection in the 42-day experimental protocol, when Trichinella larvae has
migrated to muscles of the rats. Values are presented as means and vertical bars indicate + SEM (n=6

for each group).

4.3. Trichinella zimbabwensis muscle larvae load

Parasite establishment

The effects of P. berghei and T. zimbabwensis co-infection on Trichinella muscle larvae load were
observed in figure 7. T. zimbabwensis adult worms (AW) were recovered within the intestines of the
male Sprague-Dawley rats up to day 14 pi (figure 2). No AW were recovered on day 21 post infection.
On day 7pi, there was a higher number of AW recovered, relative to day 14, although there was no
significant statistical difference observed between the P. berghei mono and co-infected groups. Muscle
larvae (ML) was obtained from day 28 to day 42 pi. The number of ML increased gradually from day 35
to day 42 pi, with slight variations between the T. zimbabwensis mono and co-infected groups, however

this variation was not statistically significant, as depicted by Figure 7 below:
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Figure 7. Mean number of intestinal adult worms (AW) and counts of muscle larvae (ML) per gram of
muscle (Ipg) recovered from Sprague-Dawley rats co-infected with Plasmodium berghei and Trichinella

zimbabwensis. Values are presented as means and vertical bars indicate SEM (n = 6 of each group).

4.4.0 Concentration of haematological parameters in male Sprague-Dawley rats non-infected,

mono, co-infected with Plasmodium berghei and T. zimbabwensis.

4.4.1. Red blood cell count

The effects of malaria and Trichinella co-infection on red blood cell count (cell/mL) were investigated
in separate groups of non-infected, P. berghei mono-infected, T. zimbabwensis mono-infected and co-
infected experimental animals as shown in Figure 8. There were significant differences in the red blood
count for the T. zimbabwensis mono-infected group from day 0 to day 14. Whereas RBC count between
control group and P. berghei mono-infected group was significantly higher on day 7pi (** P<0.01),
RBC count was significantly lower (*** P<0.001) by comparison of control and co-infected group. On

day 14 (* P<0.05) was observed when comparing P. berghei mono infected and control group (figure 8).
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Figure 8. Mean red blood cell count of non-infected, mono or co-infected male Sprague-Dawley rats
infected with Plasmodium berghei and Trichinella zimbabwensis. Day 0 represents the day of malaria
induction in the 42-day experimental protocol, when Trichinella muscle larvae has migrated to the rat

muscle). Values are presented as means and vertical bars indicate SEM (n=6 in each group).
4.4.2 Percentage haemoglobin concentration

Percentage haemoglobin levels were observed in the control, P. berghei and T. zimbabwensis mono and
co-infected groups (Figure 8). On day 0 of the experimental protocol, there was no significant
difference in haemoglobin values throughout the four groups respectively. A steady decrease in
percentage values was observed (figure 3), with P. berghei mono infected group having the lowest
percentage on day 7pi, which was significantly lower (* p<0.05) than the control group. The highest
concentrations were observed on day 14pi in both P. berghei and T. zimbabwensis mono infected
groups, with a significant difference (**p<0.01) by comparison with the control group with both

Trichinella and co-infected group (figure 9).
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Figure 9. Mean haemoglobin (%) of control, mono or co-infected male Sprague-Dawley rats infected
with Plasmodium berghei and Trichinella zimbabwensis. Day O represents the day of P. berghei
induction which was day 28 post-Trichinella infection in the 42-day experimental protocol, when
Trichinella muscle larvae has migrated to the rat muscle. Values are presented as means and vertical

bars indicate SEM (n = 6 of each group).

4.4.3. Percentage haematocrit

The effects of P. berghei and T. zimbabwensis co-infection on percentage haematocrit were investigated
on male Sprague-Dawley rats (figure 10). On day 0 P. berghei mono infected group depicted a
significantly high percentage haematocrit (***p<0.001) by comparison with the control group. Gradual
decrease in percentage haematocrit was observed on day 14 pi. P. berghei and T. zimbabwensis mono
infected groups depicted significantly low percentages (***p<0.001) by comparison with the control

group in figure 10 below:
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Figure 10. Mean haematocrit (%) of control, mono or co-infected male Sprague-Dawley rats infected
with Plasmodium berghei and Trichinella zimbabwensis. Day O represents the day of P. berghei
induction which is day 28 post-Trichinella induction in the 42-day experimental protocol, when

Trichinella muscle larvae had migrated to the rat muscle. Values are presented as means and vertical

100+

80+

60+

404

204

*k*k

.

\/
A

9,

\/

0.4

(X

\/
A

O

0.4

\/
A

X)

’v

\/
A

9,

\/
A

O

XX

A

XX

\/

O

.

\/
A

O

\/
A

RLELELERRL
O

\/

L/
KX

0 7 14
Time (days post P.berghei infection)

bars indicate + SEM (n = 6 of each group.

4.4.4. \White blood cell count

The effects of malaria and Trichinella co-infection on white blood cell count of male Sprague-Dawley
rats was investigated in separate groups of non-infected, P. berghei mono-infected, T. zimbabwensis
mono-infected and co-infected experimental animals as shown in Figure 11. The was a gradual increase
in white blood cells during day 0 to 14pi in T. zimbabwensis mono, co-infected and a trivial decrease in

P. berghei group on day 14pi during the experiment. However, this was not significantly different

among all experimental groups.
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Figure 11. Mean white blood cell count of non-infected, mono or co-infected male Sprague-Dawley rats
infected with Plasmodium berghei and Trichinella zimbabwensis. Day 0 represents the day of malaria
induction in the 42-day experimental protocol, when Trichinella muscle larvae has migrated to the rat

muscle). Values are presented as means and vertical bars indicate SEM (n=6 in each group).
4.4.5. Percentage monocytes concentration

The effects of malaria and Trichinella co-infection on percentage monocytes was investigated in
separate groups of non-infected, P. berghei mono-infected, T. zimbabwensis mono-infected and co-
infected experimental animals as shown in Figure 11. There were no significant differences in
percentage monocyte count on between day 0 and day 7pi in all experimental groups. However, day 14
showed a significant increase (***p<0.001) P. berghei and T. zimbabwensis mono infected groups,
when compared with the control group. The co-infected group had a slight decrease in monocyte count,

which was not statistically different from the control groups (figure 11).
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Figure 12. Mean monocytes of non-infected, mono or co-infected male Sprague-Dawley rats infected

with Plasmodium berghei and Trichinella zimbabwensis. Day 0 represents the day of malaria induction

in the 42-day experimental protocol, when Trichinella muscle larvae has migrated to the rat muscle).

Values are presented as means and vertical bars indicate SEM (n=6 in each group).

4.4.6. Percentage lymphocytes concentration

The effects of P. berghei and Trichinella co-infection on percentage lymphocytes are shown in Figure

12. Similar percentages of lymphocytes were observed with no significant difference across all

experimental groups on day 0. However, a decrease on day 7pi for all experimental groups was shown

in (figure 12). However, on day 7pi, P. berghei and T, zimbabwensis mono infected and co-infected

groups significantly decreased (**p<0.01) by comparison with the control animals. A significant

decrease (***p<0.01) in the P. berghei mono-infected group. On day 14pi, a significant increase

(**p<0.01) by comparison of control with T. zimbabwensis and co-infected animals, while P. berghei

mono infected group increased with (*p<0.05) when compared with the control.
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Figure 13. Mean Lymphocytes of non-infected, mono or co-infected male Sprague-Dawley rats infected
with Plasmodium berghei and Trichinella zimbabwensis Day 0 represents the day of malaria induction
in the 42-day experimental protocol, when Trichinella muscle larvae has migrated to the rat muscle).

Values are presented as means and vertical bars indicate SEM (n=6 in each group).

4.4.7. Percentage Basophils concentration

The effects of malaria and Trichinella co-infection on percentage basophil was investigated in separate
groups of non-infected, P. berghei mono-infected, T. zimbabwensis mono-infected and co-infected
experimental animals (figure 13). Day 7pi showed a significant increase in percentage basophils
(***p<0.001) observed when comparing the control and T. zimbabwensis and P. berghei mono infected

groups respectively.

34



E=3 Control

E3 P.berghei

B T.zimbabwensis

*kk

B& Co-infection

%Basophils
5

\J
X

>
.

o2

\/

@

\/

5

\/

S5

N

-
9,

OO

\/
0%

>
9.

D

\/

1/
58

Time (days post- P.berghei nfection)

Figure 14. Mean basophil percentage of non-infected, mono or co-infected male Sprague-Dawley rats
infected with Plasmodium berghei and Trichinella zimbabwensis Day 0 represents the day of malaria
induction in the 42-day experimental protocol, when Trichinella muscle larvae has migrated to the rat

muscle). Values are presented as means and vertical bars indicate SEM (n=6 in each group).

4.4.8. Percentage neutrophil concentration

The effects of malaria and Trichinella co-infection on percentage neutrophil was investigated in separate
groups of non-infected animals, malaria, Trichinella and co-infected male Sprague-Dawley rats (figure
14). On day 0 there was a significant decrease (*p<0.05) between the P. berghei mono infected,
(**p<0.01) T. zimbabwensis mono infected and co-infected group in comparison with the control group.

This followed a significant increase in percentage neutrophils in the co-infected (**p<0.01) and

(*p<0.05) T. zimbabwensis mono infected groups on day 12.
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Figure 15. Mean neutrophil of non-infected, mono or co-infected male Sprague-Dawley rats infected
with Plasmodium berghei and Trichinella zimbabwensis (Day 0 represents the day of malaria induction
in the 42-day experimental protocol, when Trichinella muscle larvae has migrated to the rat muscle).

Values are presented as means and vertical bars indicate SEM (n=6 in each group).
4.5. Serum chemokines concentration

4.5.1. Serum CXCL10 (IP-10) concentration

The effects of malaria and Trichinella co-infection on serum CXCL10 (IP-10) concentration was
investigated in separate groups of non -P. berghei mono-infected and co-infected experimental animals
as shown in Figure 16. IP-10 concentrations were constant in the T. zimbabwensis mono and co-infected
groups throughout the experiment. However, a significant increase (*** P<0.001) was noted when
comparing P. berghei mono-infected group and the control group on day 7 followed by a significant

decrease on day 14.
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Figure 16. Serum CXCL10 (IP-10) concentration of control, mono or co-infected male Sprague-
Dawley rats infected with Plasmodium berghei and Trichinella zimbabwensis. Day 0 represents the day
of malaria induction in the 42-day experimental protocol, when Trichinella muscle larvae is now in the

rat muscle). Values are presented as means and vertical bars indicate SEM (n =6 in each group).

4.5.2. Serum CCL (RANTES) concentration

The effects of malaria and Trichinella co-infection on serum CCL (RANTES) concentration as
investigated in separate groups of non- P. berghei mono-infected and co-infected experimental animals
as shown in Figure 17. On day 0 there was a significant increase (*** P<0.001) in T. zimbabwensis
mono and co-infected group, and a significant increase (*** P<0.001) of P. berghei mono infected
group relative to the control group on day 7pi. RANTES counts decreased throughout the duration of the

experiment in the co-infected group.
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Figure 17. Serum CCL (RANTES) concentration of control, mono or co-infected male Sprague-
Dawley rats infected with Plasmodium berghei and Trichinella zimbabwensis. Day 0 represents the day
of malaria induction in the 42-day experimental protocol, when Trichinella muscle larvae is now in the

rat muscle). Values are presented as means and vertical bars indicate SEM (n=6 in each group).

4.5.3 Serum CCL11 (Eotaxin) concentration

The effects of malaria and Trichinella co-infection on serum CCL11 (Eotaxin) concentration as
investigated in separate groups of non-infected, P. berghei mono-infected, T. zimbabwensis mono-
infected and co-infected experimental animals as shown in Figure 18. There was a decrease in Eotaxin
concentration in the control, P. berghei mono-infected and co-infected group from day O to day 14 pi.
However, T. zimbabwensis mono-infected group showed a significant increase (** P<0.01) on day 7,

and a significant decrease (*P<0.05) on day 14 relative to the control group (figure 18) below:
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Figure 18. Serum CCL11 (Eotaxin) concentration of control, mono or co-infected male Sprague-
Dawley rats infected with Plasmodium berghei and Trichinella zimbabwensis Day 0 represents the day
of malaria induction in the 42-day experimental protocol, when Trichinella muscle larvae is now in the

rat muscle). Values are presented as means and vertical bars indicate SEM (n=6 in each group)
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Chapter 5

Discussion

From this study, it was observed that P. berghei and T. zimbabwensis co-infected and mono infected
groups showed similar percentage parastaemia levels throughout the duration of the experiment. An
increase in percentage parastaemia was observed in the early stages of infection in both mono and co-
infected groups. This was supported by the upregulation of Th1l proinflammatory chemokine (IP-10)
responses on day 7pi in the P. berghei mono-infected group. Th1 responses are associated with effective
control of early phase parastaemia, followed by a significant decrease in 1P-10 from day 14pi, during
chronic phases of the disease. However, a P. chabaudi and Heligmosimoides polygrus (H. polygrus) co-
infection study, resulted in increased parastaemia and mortality in early phases of infection and this was
associated with a reduction in Thl cytokines Butcher et al., 2011, contrary to the current study. There
was a correlation between the gradual decrease in parastaemia from mono and co-infected groups as
well as Thl chemokine (IP-10) concentration. This therefore confirmed that T. zimbabwensis
predisposed male Sprague-Dawley rats to increased P. berghei percentage parastaemia. Which
contrasted with other Plasmodium and helminth co-infection studies (Bucher et.al., 2011) where
schistosomiasis repressed effective Plasmodium parasite control during early phases of infection in mice

co-infected with Schistosoma mansoni and P. yoelii.

The present study also showed that T. zimbabwensis adult worms persisted for up to day 14 pi in the
small intestines, with no adult worms recovered on day 21pi in both the T. zimbabwensis mono and co-
infected groups. According to Onkoba et al. (2016), production of IgG and IgM antibodies occurs during
intestinal phase of T. zimbabwensis infection, which implies that host intestinal epithelial mucosa elicits
a protective innate immune response against new born larvae (NBL) and adult worms (AW). According
to Fabre et al. (2009) Th2 intestinal immune response, leads to the expulsion of AW by eosinophil-
dependent chemokines from the intestines, therefore coinciding with muscle invasion of T. spiralis
larvae. Activated Th2 response results in the induction of T cell dependent inflammatory response
during intestinal infection, and Th1 response is repressed (Wakelin & Goyal, 1996). However, a study
by Onkoba et al. (2016) had trivial discrepancies from this study, as adult worms persisted up until day
21pi. From day 28, muscle larvae (ML) were recovered in high quantities in both groups, implying that

larval migration occurs after 21 days pi.
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Elevated RBC count (figure 8) on day 0, with a significant reduction on day 7pi, was observed. High P.
berghei percentage parastaemia on day 7pi, resulted in a decrease in RBC count. This was due to the
direct destruction of erythrocytes by P. berghei parasite and clearance of uninfected erythrocytes
(Bennett, 2012). This may be due to reduction of erythropoietin activity, designated by reduced
erythroblasts and augmented marrow cellularity (Sharma et al., 2008). Mice co-infected with P. berghei
and T. brucei showed a reduction in RBC, which signified anemia and indicated disease severity
(Ademola and Odeniran, 2016). During acute malaria with pre-eminent parastaemia, erythropoietin
activity may be ineffective, while during the chronic phase; there is an upsurge in total erythropoietin
activity as demonstrated by an amplified marrow cellularity collective with an augmented percentage of
erythroblasts. This agreed with a study by Sharma et al. (2008) on patients with P. vivax and P.
falciparum, malaria, where there was a suboptimal reticulocyte counter effect for the degree of anemia,
and whereas chronic malaria was allied with erythroid hyperplasia. Subsequently, ferrokinetic studies in
both these forms of malaria demonstrated that the plasma iron turnover, a measure of total
erythropoiesis, was often amplified but that the red cell iron utilization, was reduced (Sharma et al.,

2008). This may result either from peripheral hemolysis or ineffective erythropoiesis.

According to Loffler et al. (2000), P. falciparum and P. vivax impair erythropoiesis directly due to
noxious effect on erythroid erythroblasts or progenitor cells, or both. This can be supported by a
significant decrease in RBC count in both mono and co-infected groups during acute phase of the
disease, on day 7pi due to a substantial demand of erythrocytes, despite a transient increase on day 14pi,
probably due to a gradual increase in response to increasing levels of erythropoietin. P. berghei infected
mice presented with an overall deterioration in erythroid progenitor cells in the bone marrow and spleen
(Miller et al., 1988). These results suggest that despite the presence of significant levels of
erythropoietin and an increased demand for erythrocytes, P. berghei-infected rats cannot sustain
erythropoiesis. The decreased production of erythrocytes in malaria may be the result of events

inhibiting the differentiation or proliferation or both of erythroid precursors (Miller et al., 1989).

An inverse correlation between Hb, haematocrit and parastaemia was observed in this study. As stated
by Arese et al. (2006), Hb within RBC becomes digested during parasite development, therefore leading
to the rapture of RBC, during the development of schizonts. There was a significant decrease in Hb and
haematocrit concentration at day 7pi in both P. berghei mono and co-infected groups, subsequently

followed by a significant increase on day 14pi as the hosts were restoring hematopoiesis. The marginal
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parasitaemia undervalues the erythrocyte population at risk from haemolysis because of parasitization
for two reasons. Firstly, as the parasites develop, many parasitized red cells are sequestered in the deep
vasculature and secondly, red cells lacking intracellular parasites may have been deparasitized through

the opposing function of the spleen and consequently damaged (Mitola et al., 2006).

High lymphocyte percentages were observed in figure 12 across all experimental groups on day 0 and
day 14pi in this study. This percentage lymphocyte increase can be explained through study by Frydas et
al. (1999) in mice infected with L1-T. spiralis. On day 20pi there was an upsurge in IgG and IgM levels,
which demonstrated that T. spiralis induces Th2 immune responses as AWSs are present on at least day 5
pi. The period from 5-15 days pi corresponded to the production and migration of the newborn L1
larvae to the muscle. B cells are stimulated to produce IgA after recognition of the cuticle’s surface
epitopes, between the 3 and 13" day pi of T. spiralis (Frydas et al.,1999). IgG were also stimulated as a
response to recognition of epitopes of the hypodermis and the intestinal gland cell granules of the L1
were distinguished 2—6 weeks subsequently to the infection (Frydas et al.,199). However, T cells were

stimulated at day 20pi, similar to results obtained in this study.

Focal cellular immune response is prompted during striated muscle invasion of T. spiralis, where this
parasite persists as nurse cells concurrently with CD8+, CD4+ T lymphocytes, B lymphocytes and
macrophages. B lymphocytes secreting 1gG and IgE antibodies result in antibody-dependent cell
mediated cytotoxic reaction against T. spiralis larvae (Wang and Bell, 1998). As observed in the current
study, immune complexes formed by specific antibodies bound to Trichinella antigens are noted in early
stages of host infection. The protective isotypes IgG1 and IgG2 have an active role in the inflammatory
response. InaP. berghei and T. brucei co-infection study, reduction in lymphocytes resulted in marked
antigenic stimulation which led to accelerated transformation of lymphocytes to plasma cells and

transferred lymphocytes resulting to lymphopenia (Ademola and Odeniran, 2016).

Results from the current study are further supported by a P. falciparum and M. tuberculosis co-
infection study whereby P. falciparum was recognized by CD8 cytotoxic T-lymphocytes (CTLs) upon
host invasion. Pathogen-derived proteins are synthesized within the host infected cells and processed
through MHC class | antigen processing pathway, where short virus-derived peptides, amino acids in
length, are generated and presented in association with MHC class | molecules at the cell surface. CD8
CTLs bearing T-cell receptors of appropriate specificity recognize these peptide-MHC class | molecule
complexes through their T-cell receptors and are thus triggered to destroy infected host cells (Pathan, et

al., 2001). A significant increase was further observed on day 14pi.
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As observed in figure 11, there was no significant differences in monocyte concentrations across all
experimental groups on day 7 and 14pi in all experimental groups. pRBCs adhere to numerous receptors
such as E-selectin, CD36, ICAM-1 and vascular adhesion molecule-1 (VCAM-1), all of which are
expressed by monocytes (Goldring and Ramoshebi,1999). These cells orchestrate cytokine secretions,
cell-cell recognition, as well as produce inflammatory cytokines such as tumour necrosis factor (TNF),
interleukin-6 and interleukin-1, which stimulate hepatic synthesis of acute phase inflammatory proteins,
in response to parasitic infections (Strieter et al., 1993). This therefore triggers monocyte survival by
inhibiting the apoptotic pathway, thus contributing to the maintenance of the inflammatory response.
Secretory products of human monocytes can kill intracellular P. falciparum parasites in vitro and may

provide some protection against malaria, (Ockenhouse et al., 1988).

On day 7pi we observed elevated levels of neutrophils and basophils. Higher levels of basophils and
neutrophils denote the presence of high parasitaemia. Some neutrophils contained ingested merozoites
and whole schizonts, to combat high parasite load. On day 14pi, we observed a reduction in the number
of peripheral blood basophils and neutrophils in all experimental groups. This may be due to the
phagocytosis of neutrophil precursors in the bone marrow and spleen (Ademola and Odeniran, 2016).
The decrease of peripheral neutrophils and basophils may be due to the recruitment and accumulation of
these cells in tissues. In host inflammatory reactions against malaria, Interleukin-3 (IL-3)- activated
endothelial cells selectively enhance in vitro adhesion and interaction of basophils (Pelleau et al., 2012)
and these subsequently move to the endothelium. This phenomenon is pertinent in malaria, where
requisition of infected erythrocytes to microvascular sites is associated with local activation (Suzukawa
et al., 2008) and basophils accrue to these sites of inflammation. Hence, the low basophils count
observed in this study during disease progression. Another study in mouse model stated that a
substantial number of basophils accumulated in the spleen (Suzukawa et al., 2008) and therefore

accounting for the significant reduction in peripheral blood during malaria infection.

According to Giacomin et al. (2012) basophils contribute to optimal Th2 cytokine-mediated immune
responses post parasitic helminth infection, which can be explained by the functional heterogeneity
observed in basophil lineage. These CD4+ Th2 cytokine responses are generated as a crucial factor for
immunity to parasitic helminths such as Trichinella (Giacomin et al., 2012). Data from the current
study demonstrated elevated levels of basophils in both T. zimbabwensis mono and co-infected groups
on day 7pi, which was during the intestinal invasion phase of the parasite as AW. A decrease in basophil
concentration was observed on day 14pi. According to Noti et al. (2014) depletion of these cells results

in impaired CD4+ Th2 cytokine responses post helminth infection. Which therefore implies that
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basophils are critical for promoting optimal CD4+ Th2 cytokine responses after infection with a
gastrointestinal helminth. This study confirms that parasitic infection results in the modification of the

basophil activation status as well as altered response of hematological parameters.

According to Ochiel et al. (2005) there is paucity of information regarding molecular determinants of
mild versus severe malaria. Current knowledge suggests a probable role of the virtual balance between
pro- and anti-inflammatory cytokines (Liew et al., 2005). Disease progression is due to pre-eminent
levels of pro-inflammatory cytokines observed during the acute phase of infection, although an anti-
inflammatory response promotes pathogenesis (Fang et al., 2016). Chemokines are soluble
inflammatory intermediaries which are important during parasitic infections, by regulating the innate

and adaptive immune response (Maizels and Yazdanbakhsh, 2003).

IP-10 (CXCL10) is a proinflammatory chemokine, induced by IFN-y, TNF-a, possessing chemotactic
activity for activated Th1 lymphocytes in numerous inflammatory conditions (Jain et al., 2008). It also
stimulates IFN-c production and T cell proliferation in response to alloantigen or to exogenous antigen
implying arole in Thl polarization (Nie et al., 2009). In this study, IP-10 levels were remarkably low in
all experimental groups throughout the duration of the experiments. However, in the P. berghei mono-
infected group, IP-10 levels were significantly elevated on day 7pi, which correlated with peak
parastaemia. Liu et al. (2011) reported that the increased expression of IP-10 occurs prior to the
development of clinical symptoms, as observed during HIV infection, in brain tissue of neonatal mice
infected with virulent (Fr98) polytrophic murine retroviruses. This chemokine also functions as a
biomarker that predicts severity of various diseases (Liu et al., 2011). In a cerebral malaria study, an

increase in IP-10 was correlated with disease severity (Benesi, et al., 1998).

Production of IP-10 in brain capillaries and astrocytes may be activated by antigens after schizont
rupture (Jain etal., 2008). IP-10 in concert with TNF-a can cause vascular injury resulting in breakdown
in the blood brain barrier, which leads to accumulation of leukocytes that induce local hyper-
inflammation (Sauti et al., 1998). Knockout mice which lacked IP-10 or its receptor CXCR3
demonstrated that these molecules played a critical role in the CM associated death caused by P. berghei
ANKA infection, this not only alleviated intravascular inflammation but also reduced pRBCs
sequestration in the brain and peripheral parasitaemia. It was further shown that IP-10 and monokines
induced by gamma interferon (MIG) play a role in attracting CD8+T cells and NK cells to brains of

infected mice and may be involved in causing death in the infected mice (Jain et al., 2008).
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This was contrary to the current study, as extremely low IP-10 values were observed apart from day 7 pi,

hence no rat mortalities occurred.

Th1 and Th2 cytokine responses depict contrasting effects during infections. Th1 cells produce IFN-y,
which induces the manufacture by dissimilar cell types of IP-10, permits IP-10 in sequence to attract and
recruit Thl cells, therefore signifying the presence of a positive feedback loop between IFN-y producing
Th1 cells and resident cells producing IP-10 (Liu et al., 2011). In mice infected with T. gondii,
expression of 1P-10 peaked by day 7pi in the gut, liver, spleen, and lung, in contrast with the current
study, T. zimbabwensis mono and co-infected groups, constitutively showed extremely low levels of IP-
10, throughout the duration of the experiments. Trichinella zimbabwensis is an extracellular pathogen,
particularly helminthic parasites, drive polarized Th2 responses. This therefore depicts varied I1P-10
responses in different helminth infections. Antigen-specific CD4"and CD8" T cells recruitment was
controlled by IP-10, which evoked a robust cellular and humoral immune response during Toxoplasma

gondii infection (Han et al., 200).

Immunity to T. gondii is strictly dependent on IFNy production by CD81 T lymphocytes as well as NK
and CD41 T cells (Cohen et al., 2013). Co-infections with HIV virus and other pathogens up regulated
IP-10 beyond that observed in mono-infected patients. Which was contrary to the current study, as IP-10
levels remained extremely low in the T. zimbabwensis co-infected group. However, as described above,

IP-10 levels were elevated on day 7pi in the P. berghei mono-infected group.

In this study, RANTES levels were elevated on day 7pi, in both T. zimbabwensis and P. berghei mono-
infected groups and decreased significantly in the co-infected group, with peak P. berghei percentage
parastaemia. This correlated with a human CM study by (Benesi, et al., 1998) where it was
demonstrated that P. falciparum suppressed circulating RANTES levels due to naturally acquired
monocytes, which was thought to be associated with increased mortalities in patients. As demonstrated
in the present study, there was an inverse relationship between RANTES levels and monocyte
concentration in all experimental groups. Normally, circulating monocytes are short-lived and undergo
spontaneous apoptosis daily (Eubank et al., 2010), which explains the gradual decrease of monocytes in

this study.

Parasites are cleared mainly by monocytes/macrophages either directly by phagocytosis and intracellular
destruction or by the release of toxic mediators (Malaguarnera and Musumeci, 2002; Artavanis-

Tsakonas et al., 2003). Circulating RANTES levels progressively decline in children with increasingly
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severe malarial anemia, and this is significantly associated with suppression of erythropoiesis and
thrombocytopenia (Were et al.,2006). The association between suppression of circulating RANTES and
increasing severity of malarial anemia, along with the significantly positive correlation between
RANTES and Hb, suggests that decreased production RANTES may play a role in the development of
malarial anemia by promoting suppression of erythropoiesis (Perkins et al., 2011). Higher plasma
concentrations of RANTES and IP-10 have been revealed to be related to elevated Hb concentrations
during acute malarial infection (Jain et al., 2008). As stated by Casals-Pascual et al. (2006) malaria
parasites digest Hb as they grow within erythrocytes, and insoluble heme residues are polymerized into

malaria pigment.

Th1 cells are involved in the production IFN-y and activation of mononuclear phagocytes, which
subsequently expels microbes (Abbas et al., 2014). However, Th2 has a contrasting role and varying
sites of invasion and variable migratory capacity to Th2 cells, as it produces IL-4 and IL-5, with
responses dominated by eosinophils and basophils (Austrup et al., 1997). Eotaxin, produced by
phagocytic and epithelial cells, is an efficient and selective chemo-attractant for eosinophils and
basophils, consisting of a high affinity to CCR3 receptors present in basophils and eosinophils
(Tsujimura et al., 2008). However, this was not the case in this study, as basophil levels inversely
correlated with Eotaxin levels in P. berghei mono-infected group, except in the T. zimbabwensis mon-
infected and co-infected groups, as levels were significantly elevated on day 7pi in both Eotaxin and
basophil levels. This therefore suggests that there is a positive correlation between Eotaxin and basophil
levels Trichinella infection. Eotaxin (CCL11) is involved vicissitudes occurring in T regulatory cells
and B cell subsets (Vaqué et al., 2017). In his study, (CCL11) could be involved in the changes
occurring in the B cell. Plasma Eotaxin concentration was lower in P. berghei mono-infected group
compared with T. zimbabwensis mon-infected and co-infected groups on day 7pi, with a significant

increase in the mono-infected group.

The low levels found in P. berghei mono-infected group on day 7pi, were unexpected considering the
high parastaemia observed on this day, however according to Michizuri et al. (1998) Eotaxin and
RANTES are produced by Th2 cells, not Thl cells during T. zimbabwensis infection. This is not in
agreement with findings by Onkoba et al. (2016), who stated that non-encapsulated T. zimbabwensis
parasite plays a role in immunomodulating host Th1/Th17 type responses during chronic infection. In
contrast, it suggests that the extent of Th1 responses induced by Plasmodium species is higher in mono-
infected group, hence the significant negative correlation of Eotaxin with P. berghei parastaemia. There

was no significant difference between Eotaxin levels in the co-infected and control groups on day 7 and
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14pi. However, higher levels Eotaxin were observed on day 0 in the co-infected group, as a response to

T. zimbabwensis parasite, as Plasmodium was only induced on this day. HIV and malaria co-infection
studies reported that Eotaxin prevented hematopoietic cell differentiation by obstructing signaling, by
suppressing cytokine expression (Ong’echa et al., 2011). Furthermore, in the same study, HIV-1-
exposed and HIV-1-positive patients presented with elevated Eotaxin and anemia. Levels of Hb were
inversely proportional to Eotaxin levels in all experimental groups, throughout the current study and this
agreed with Ong’echa et al. (2011), whereby during malaria infection it was noted that IFN-y was a
significant positive predictor of Hb, and Eotaxin had a significant inverse predictor of Hb (Ong’echa et
al., 2011).

Th1 responses in mice infected with Helicobacter. felis showed elevated MIP-1p, RANTES, 1P-10
levels in their stomachs, which were exponentially decreased by concurrent helminth infection (Fox et
al., 2000). However, Th2 immunity resulted in preeminent expression of Eotaxin. There is paucity of
information of concurrent Trichinella and Plasmodium co-infections, however co-infection studies have
been previously reported between other helminths. As stated by Fox et al. (2000), Helicobacter infection
in both humans and C57BL/6 mice is associated with a Th1-like immune responses, which correlates

with P. berghei expression in the current study.

In contrast, BALB/c mice respond to the gastric Helicobacter infection with a Th2-like response and
develop minimal gastritis despite the presence of dense colonization with H. felis. However, in
Schistosoma and Plasmodium co-infection Th2 response to Schistosome eggs is likely extend to
sporozoite- and liver stages of plasmodia. In analogy, it has been demonstrated that pre-treatment to tip
the cytokine balance towards a Th1 response significantly reduces the malaria parasite load in the liver
(Waknine-Grinberg et al., 2010). According to Ademola and Odeniran. (2016) mice co-infected with P.

berghei and Trypanosoma brucei resulted in increased malaria and trypanosomiasis severity.
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Conclusion:

From the current study, it was found that T. zimbabwensis predisposes male Sprague-Dawley rats to
increased P. berghei percentage parastaemia, as observed in the co-infection, which may aggravate the
course of disease in the host. However, mono-infected groups with P. berghei resulted in slower P.
berghei development and decreased percentage parasitaemia. However, co-infection, resulted in T.
zimbabwensis parasite load similar to that of the mono-infected group. Plasmodium berghei and T.
zimbabwensis co-infection resulted in significantly elevated basophils and neutrophils levels during
acute stages of infection, as a result of high phagocytosis activity to induce parasite clearance. Which
coincided with upregulated Eotaxin in all groups as a Th2 immune response and a downregulation pro-
inflammatory chemokine 1P-10. However, peak P. berghei percentage parastaemia resulted in an
upregulation on IP-10 in the P. berghei mono-infected group as a Th1 immune response. An inverse
correlation was observed between pro-inflammatory (IP-10) and anti-inflammatory (EOTAXIN)

chemokines during co- and mono-infection with T. zimbabwensis and P. berghei.
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