[bookmark: _Hlk73479162][bookmark: _Hlk76322004][bookmark: _Hlk44942845][bookmark: _Hlk78184797]EVALUATION OF CYTOKINE RESPONSES TO PLASMODIUM FALCIPARUM TRANSMISSION BLOCKING VACCINE CANDIDATES IN A RODENT MODEL




BY

COLLINS ELI AMAGLO
(10704120)


THIS THESIS IS SUBMITTED TO THE UNIVERSITY OF GHANA, LEGON IN PARTIAL FULFILLMENT OF THE REQUIREMENT FOR THE AWARD OF MPHIL ZOOLOGY DEGREE (APPLIED PARASITOLOGY)



JULY 2020
[bookmark: _Toc78551839]
[image: Text, letter

Description automatically generated]
[bookmark: _Toc78551840]DEDICATION
This work is dedicated to the entire Amaglo family especially my brother’s Dr Joseph Amaglo, Dr John Amaglo. My Sister, Grace Amaglo, my nieces Sandra Aseye Hoedoafia and Kezia Setsoafia.

[bookmark: _Toc78551841]ACKNOWLEDGEMENTS
All praise, glory and thanks go to the almighty God for His mercy and favor He has bestowed upon me in putting this work together. It has been by His supernatural grace all this while. I am forever grateful to Him. I am forever thankful to my supervisors, Dr. Bright Adu of the Noguchi Memorial Institute for Medical Research (NMIMR) of the College of Health Sciences, University of Ghana. Dr. Godfred Futagbi of the Department of Animal Science and Conservation Science (DABCS) of the College of Basic and Applied Science, University of Ghana, Dr. Selorme Adukpo, of the School of Pharmacy, University of Ghana for their love, dedication, support, encouragement, and their invaluable assistance which have successfully contributed to the completion of this work.
My utmost appreciation goes to The Danish Ministry of Foreign Affairs for funding this project (DFC file no. 14-P01-GHA). My heartfelt gratitude goes to Dr. Michael Theisen, Staten’s Serum Institut, Copenhagen, Denmark for providing the antigens for this work. Dr. Joseph Amaglo, Dr. John Amaglo of Joeamah Geomatics Consult for their immerse guidance, support, mentorship, and the huge financial support towards these two years duration. Many thanks also go to Mr. Eric Kyei-Baafour, Mr. Jones Amposah, Mrs. Clara Addo, Ms Patricial Mbeah-Mogabe of Zimbabwe. My lecturers Dr. F. Aboagye-Antwi, Dr. B. Kwansa-Bentum, Dr. Daniel Oduro and Dr. I.F. Aboagye.
I could not have completed this work without the support of all the staff of Immunology Department of NMIMR, Members of North Polaris Church. I am grateful.


[bookmark: _Toc78551842]TABLE OF CONTENTS
DECLARATION	ii
DEDICATION	iii
ACKNOWLEDGEMENTS	iv
TABLE OF CONTENTS	v
LIST OF TABLES	viii
LIST OF FIGURES	ix
LIST OF ABBREVIATIONS	x
ABSTRACT	xii
CHAPTER ONE	1
1	INTRODUCTION	1
1.1	Background of the study	1
1.2	Justification of the study	4
1.3	Study hypothesis	5
1.4	Study objectives	5
1.4.1	General objective	5
1.4.2	Specific objectives	5
CHAPTER TWO	7
2	LITERATURE REVIEW	7
2.1	The malarial disease.	7
2.1.1	The malaria situation in Ghana.	9
2.2	Malaria diagnosis	10
2.3	Treatment of malaria	11
2.4	Control of malaria	11
2.4.1	Prevention of malaria	12
2.4.2	Malaria pathogenesis	13
2.4.2.1	Asymptomatic malaria	13
2.4.2.2	Severe malaria	13
2.4.2.3	Cerebral malaria	14
2.5	Life cycle	15
2.6	Malaria immunity.	18
2.6.1	Innate immunity to malaria	20
2.6.2	Adaptive immunity to malaria	22
2.6.2.1	Humoral immunity to malaria	24
2.6.3	Cellular immunity to malaria	26
2.7	Malaria vaccine development	28
2.7.1	Pre-erythrocyte vaccines	29
2.7.2	Blood stage vaccines	30
2.7.3	Transmission-blocking vaccines (TBV)	31
CHAPTER THREE	34
3	METHODOLOGY	34
3.1	Experimental animals	34
3.2	Ethical statement	34
3.3	Animal care and housing	34
3.4	Study design	35
3.5	Randomization	37
3.6	Preparation of antigen	37
3.7	Bleeds	38
3.8	Luminex:	38
3.8.1	Preparation of the standard cocktail	38
3.8.2	Preparation of microparticle	39
3.9	Statistical analysis	39
CHAPTER FOUR	41
4	RESULTS	41
4.1	Characteristics of study animal and samples analysed	41
4.2	Effect of vaccination on cytokine levels	42
4.3	Difference in type of cytokine responses induced by the same dose of Pfs230 and Pfs48/45-6C	44
4.4	Difference in type of cytokine responses induced by the different doses of Pfs230 and Pfs48/45-6C	45
4.5	Analysis of the pro- and anti-inflammatory cytokine for 1.5mg dose	46
4.6	Analysis of the pro- versus anti-inflammatory cytokine ratios for 6.0 μg dose	47
4.7	Combined and single antigen groups.	48
CHAPTER FIVE	50
5	DISCUSSION	50
CONCLUSION AND RECOMMENDATION	53
5.1	CONCLUSION	53
5.2	RECOMMENDATION	53
REFERENCES	55
APPENDIXES	79
6	PROTOCOLS	79
6.1	Sample collection & storage	79
6.2	Sample preparation	79
6.3	Reagent preparation [image: ]	79
6.4	Diluted microparticle preparation	80
6.5	Diluted biotin-antibody cocktail preparation	81
6.6	Streptavidin-pe preparation	81
6.7	Assay procedure summary	81


[bookmark: _Toc78551843]LIST OF TABLES
Table 1: Immunization schedules of rats inoculated with surface gametocyte antigen………… 52
Table 2: Mean values of pro-inflammatory and anti-inflammatory cytokines…………………. 53



[bookmark: _Toc78551844]LIST OF FIGURES
Figure 1: Worldwide incidence of malaria…………………………………………………….2
Figure 2: Life cycle of Plasmodium falciparum……………………………………………… 17
Figure 3: Adaptive immunity to blood stage malaria………………………………………… 24
Figure 4: Humoral immunity to malaria……….………….……………………………….…. 26
Figure 5: Study design………….……………………...………………………………………35
Figure 6: Cytokine levels after three vaccine doses ….……………………………………..…43
Figure 7: Difference in type of cytokine responses induced by the same antigen doses ……...44
Figure 8: Difference in type of cytokine responses induced by the different doses ………...…45
Figure 9. Comparison of cytokine levels between single antigen vaccines and the combined vaccine ………………………………………………………………………………………… 49
 

[bookmark: _Toc78551845]LIST OF ABBREVIATIONS
ASCs		Antibody Secreting Cells
BCR		B cell Receptors
CDC		Centre for Disease Control
DFID		Department of International Development        
FoBs		Follicular B Cells
GC		Germinal centers
GDP		Gross Domestic Product
GHR		Global Health Report         
GTS		Global Technical Strategy 
IRS		Indoor Residual Spray
LLINs	Long Lasting Insecticide Nets
MBCs		Multiple B cells.
MDG		Millennium Development Goal
MZBs		Marginal Zone B cells
NMCP		National Malarial Control Program
IPTi                 Intermittent Preventive Treatment in Infants
IPT                  Intermittent Preventive Treatment 
ITNs                Insecticide Treated Nets
IRS                  Indoor Residual Spraying
iRBCs		Infected Red Blood Cells
PMI		Presidents Malaria Initiative
RMB		Roll Back Malaria
SDG		Sustainable Development Goal
SSA		Sub-Sahara Africa
TBV		Transmission Blocking Vaccine
USAID	United State Agency for International Development
UNICEF	United Nations Children Fund


[bookmark: _Toc78551846]ABSTRACT
Over the past decades, much progress has been made towards the control and elimination of malaria in endemic regions and great successes have been achieved so far but the insecticide-resistant mosquitoes and drug-resistant parasites pose a major threat to successes achieved so far through these intervention measures. Vaccines that could interrupt the transmission of malaria parasites are being sought as more lasting and effective control measures. Two of the most promising malaria transmission blocking vaccine candidates, Pfs230 and Pfs48/45 have been produced in recombinant forms and tested independently in rodent models sometimes with contrasting findings. This study hypothesized that a combined immunization with equivalent doses of Pfs230 and Pfs48/45-6C would elicit a stronger cytokine response that may favor antibody production than their individual antigens. Levels of interleukins IL-1 beta, IL-1alpha, IL-2, IL-6, IL-10, IL-12, TNF-alpha, IFN-gamma levels with different dosses antigens were assessed. Of the two antigens, Pfs230 induced the stronger cytokine responses while levels measured in rats vaccinated with Pfs48/45-6C were lower than Pfs230/Pfs48/45-6C (p=0.001). For both antigens, it appeared the lower dose (1.5 µg) induced much stronger cytokine responses compared to the higher (6.0 µg) dose (p=0.001). This has led to the formulation of the hypothesis that; the higher dose might have induced a state of immune tolerance in this group of rats thus resulting in a lowered cytokine response. This needs to be tested in future studies. Interestingly, when the single formulations were compared to the combined formulations involving both antigens, the single antigens elicited higher cytokine responses than the combined formulations (p=0.001). Further studies should be carried out to investigate antibody and cytokine responses concurrently in rats vaccinated with different doses of the antigens.  
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[bookmark: _Toc78551848]1.0 INTRODUCTION
[bookmark: _Toc78551849]Background of the study.
Malaria is an infectious disease caused by protozoan parasites of Plasmodium species. Transmission of the parasite is through the bites of infected female Anopheles mosquitoes, called malaria vectors. Species of Plasmodium that are known to infect humans include, P. falciparum, P. vivax, P. ovale, P. malariae, and P. knowlesi. However, majority of deaths are caused by P. falciparum (Kwenti et al., 2017).
In 2019 there were an estimated 229 million cases of malaria worldwide as compared to 228 million cases in the previous year. The estimated number of malarial deaths stood at 409, 000 and 411,000, respectively, in 2019 and in 2018 (WHO, 2020), indicating an increase. A high share of the global malaria burden is found in the WHO African Region. The African region has about 94% of both the malaria cases and malaria deaths, globally, in 2019 (WHO,2021). As high as 99.7% of estimated malaria cases in the WHO African Region (WHO. 2019) was caused by P. falciparum.  
P. falciparum also accounts for majority of cases in the WHO regions of the Eastern Mediterranean (71%), South-East Asia (62.8%), and the Western Pacific (65%) (WHO, 2019). Most people affected are women and children especially pregnant women in rural communities in Ghana and Africa. A total funding of an estimated US$ 3.1 billion was reached for malaria control and elimination in 2017 (WHO, 2019) and governments of endemic countries contributed about 28% (US$ 900 million) of total funding to combat malaria. Figure 1 represents malaria incidence rate worldwide (WHO, 2021).
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Figure 1: Worldwide Incidence of Malaria in 2019 (WHO 2020).
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So far, the parasite has developed resistance to several antimalarial drugs including chloroquine, mefloquine, quinine, quinidine, doxycycline, clindamycin, and artemisinin. The development and circulation of drug-resistant strains of P. falciparum has constrained the success of the currently deployed antimalarial drugs (Satish et al., 2015). The resistance to these drugs has become a public health concern and therefore the need to develop vaccines for the treatment of P. falciparum.
The cycle of the disease begins when an infected female anopheles mosquito bites for a blood meal. During this time, the female anopheles inoculates thousands of sporozoites (WHO, 2018) into the host through its saliva which contains sporozoites into the bloodstream and infects the liver cells. The sporozoites feed on the nutrient-rich cells of the liver and replicate to matured schizont which rapture to become merozoites that invade the red blood cells. In the red blood cells, the merozoites go through the blood stage (ring stage, trophozoite, and schizont) to produce thousands of merozoites that infect other red blood cells. 
During this stage, some of the merozoites that are released from the infected red blood cell differentiate themselves into gametocyte. The gametocytes, male (microgametocytes) and female (macrogametocyte) when ingested by the female Anopheles mosquito during a blood meal, they mate in the gut and continues the cycle of multiplication. After about 2-3 weeks, the sporozoites migrate to the salivary gland of the mosquito. When the vector feeds on an infected human, saliva containing the sporozoites is inoculated into the blood together with an anticoagulant. The sporozoites then migrates to the liver commencing a new cycle. 
For some decades now, work has been on-going on Transmission-Blocking Vaccine (TBV). The aim of TBV is to blocks the transmission of the malaria parasite from an infected human host to mosquitoes and preventing the spread of the disease to an uninfected person.  This distinguishes it from traditional vaccines that protect the recipients from getting the disease and not necessarily blocking transmission.
When vaccine is injected into an individual infected with the parasite, the vaccine stimulates the body to produce antibodies that bind the gametocytes. As another mosquito feeds on the infected individual, it takes up the gametocytes and the antibody, the functional antibodies attack and inhibits the microgamete and macrogamete from becoming an ookinete, then to an oocyst from being picked by another mosquito, which implies that the mosquito is unable to transmit malaria (Huang et al., 2018). 
The antibody responses involved in these TBVs include neutralization and complement-mediated lysis. The TBV is considered a “vaccine of solidarity” and promises to reduce infection of Plasmodium in certain communities without conferring overt protective immunity on the individuals who received it. So far, the most promising TBV candidates have progressed to field clinical trials, in which vaccine-induced antibody production in mosquito-feeding assays has been demonstrated. 
However, since effective antibody responses are short-lived (Elsner et al., 2015), several studies are currently focusing on designing stronger adjuvants for these two main reasons, adjuvants are presently used during clinical trials to: (1) improve the general population's response to a vaccine by increasing mean antibody titers and/or the fraction of recipients who have protective immunity, improve seroconversion rates in those who are less susceptible due to age (both newborns and the elderly), illness, or therapeutic treatment, improve the efficacy of smaller doses of antigen. (Banzhoffe et al., 2009). (2) The goal of including an adjuvant in a vaccination is to change the quality of immune response. Adjuvants are progressively being employed in vaccine development to boost kinds of immunity that are not efficiently induced by nonadjuvanted antigens and give forms of immune response that are functionally suitable. For example, T helper 1 [Th1] cell versus Th2 cell, CD8+ versus CD4+ T cells, specific antibody isotypes (Leroux-Roel et al., 2010).

[bookmark: _Toc78551850]Justification of the study.
Even though there are efforts to control the spread of malaria, challenges due to resistance against insecticide to control the vector and chemotherapeutic drugs for treatment threaten the successes achieved so far. Antimalarial drug resistance has generally been found in areas with a high number of migrants and near the national borders (Rigwald, 2012). 
The spread of malaria drug-resistant P. falciparum strains to other drugs such as Chloroquine, Proguanil, just to mention a few, has necessitated the development of new vaccines for the control of falciparum malaria (Schwartz. 2012). The Pfs230, Pfs48/Pfs45-6C antigens are the surface protein of P. falciparum predominantly expressed at the gametocyte stage and are targets of antibodies that inhibit the development of parasites inside the mosquito. 
The TBVs based on these candidate antigens may be an important tool for malaria control and elimination. These candidates that are expressed by the parasite are the leading candidates for transmission-blocking. 

[bookmark: _Toc78551851]Study hypothesis.
[bookmark: _Hlk109298184]There is no difference in cytokine response to varied and combined dozes of Pfs230 and Pfs48/45-6C vaccine candidates.
[bookmark: _Toc78551852]Study objectives. 
The objectives of the study were as follows:

[bookmark: _Toc78551853]General objective.
To elucidate the cytokine levels and responses to the malaria transmission-blocking vaccine candidates Pfs230 and Pfs48/45-6C in rats. 

[bookmark: _Toc78551854]Specific objectives.
1.To measure and compare cytokine levels at varied doses between the antigens Pfs230, Pfs48/45- 
2.To determine the mean differences between pro-inflammatory and anti-inflammatory cytokines and the effect of dose of vaccination in response to Pfs230 and Pfs48/45-6C antigens.
 3.To compared the cytokine levels between the individual antigen doses and the combine dose of Pfs230, Pfs48/45-6C and Pfs230/Pfs48/45-6C.
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[bookmark: _Toc78551857]The malarial disease.
Malaria is caused by a Plasmodium parasite that is spread through infected mosquito bites. Malaria severity varies according to Plasmodium species. Infected female Anopheles mosquitoes are the vectors that transmit the parasites to humans through bites. P. falciparum, P. vivax, P. ovale, P. malariae and P. knowlesi are the five Plasmodium species that cause malaria in humans, and P. falciparum and P. vivax are known to pose the greatest threat (Gal et al., 2001). Symptoms of this disease include headache, fever, abdominal, muscular, or whole-body discomfort, chills, tiredness, and fatigue. 
It is a poverty-related protozoan disease that kills thousands of people including women, children, and pregnant mothers in endemic countries. Quite recently there has been an addition of two known species of non-human primate Plasmodium parasite known to have evolved from monkeys and had been recorded in most parts of Asia (Delicat-Loembet et al., 2015). P. knowlesi and the second one being cynomolgi. P. cynomolgi is found to be closely related to P. vivax with similar genotypic characteristics (Ta et al., 2014). 
The emergence of life-threatening zoonotic P. knowlesi infection has contributed to the difficulties of timely and effective diagnosis and surveillance of malaria (Naik, 2020). P. vivax is commonly endemic in mostly Asian countries such as Brunei, Cambodia, India, Malaysia, Myanmar, the Philippines, Singapore, and Thailand (Davidson et al., 2019). Infection with P. falciparum and P. vivax are by far the deadliest types of malaria infection with significant effects on health management. More so, more than one-third of the global population, equivalent to 2.5 billion people, are in danger of P. vivax infection (Howes et al., 2016). Malaria caused by P. falciparum is the most deadly and dominant of all complicated malaria cases in the African regions responsible for nearly all malaria deaths. This indicates that most of all fatalities from extreme malaria result from P. falciparum infections, while P. vivax and P. knowlesi can, however, cause serious illness (Barber et al., 2013). The parasite multiplies rapidly in the hepatocytes and then in the red blood cells of an infected person after about one to two weeks of infection. 
Infection is characterized by the following symptoms, fever, chills, sweating, vomiting headache among others (Cholewinski et al., 2015). Globally, in 2018, there have been approximately 228 million cases of malaria as compared to 251 million cases in 2010. Out of this, 231 million representing 93% were recorded in WHO African region 3.4% in South-East Asia region and 2.1% in WHO East-Mediterranean region recording (WHO, 2019).
 Malaria was endemic in 91 countries worldwide (Md Idris, 2017) and contributes a significant burden on the economy of most countries affecting the cost of livelihood in both rural and urban areas (Mclntyre et al., 2006). In Africa, the economic burden weighs heavily on the individuals and the household, increasing the cost of expenditure at homes, the treatment constitutes a higher economic burden on households and the health system (Onwujekwe, 2013). Research findings have already shown that malaria places considerable burden on the developing nations’ economies (Dillon et al., 2012). It has been projected that the financial burden of malaria on African nations will be as high as US$ 12 billion yearly (Gallup and Sachs, 2011), and that economic expansion in developing countries dropped by 1.3 percent per person annually as a result of malaria between 1965 and 1990, (Purdy et al., 2013) while a reduction in malaria-related economic growth was set at 0.25 percent (McCarthy et al., 2000). Other figures indicate that many developed countries' Gross Domestic Product (GDP) could be reduced due to malaria by 5–6 percent. Data from previous studies have shown that the major economic benefits of malaria reduction or elimination malaria are massive. Experts estimated that around US$ 90–US$120 billion will be needed to achieve malaria eradication by 2040, this indicated that investment to reduce the global malaria burden by 50 percent could yield economic benefits of 36:1 (World Health Organization; 2015).

[bookmark: _Toc78551858]The malaria situation in Ghana. 
In Ghana, P. falciparum is the most prevalent malaria parasite with a prevalence of 98% followed by P. malariae and P. Ovale of 2.9% and 1%, respectively. P. malariae prevalence of 12.7% was reported at the Kwahu south area of Ghana as compared to the national average of 2.9% (Owusu et al., 2017, Williams et al., 2011). Malaria affects the whole of Ghana, and this accounts for 4% of the global burden and 7% of West African malaria burden (WHO, 2020). It accounted for 19 percent of all deaths reported in 2015 in Ghana (Aregawi et al., 2017). 
Mortality has, however, declined dramatically by 50% from 2005 to 2015 (Shretta et al., 2020). It further declined from 15% to 11% between 2010 and 2016 among children below the ages of five years (NMCP, 2009). Malaria transmission in Ghana is seasonal in various regions depending on rainfall patterns, this implies that increasing rainfall indicates a high incidence of malaria transmission. The rise in malaria cases follows the two rainy seasons in Ghana. 
The rainy seasons cause mosquitoes to breed in gutters, empty containers, and forests. All these places serve as a major harboring center of mosquito. Also, some areas in the country are regarded as hot spots for malaria transmission due to nearness to water sources or have weak sanitation systems and reservoirs that support malaria spread (Martens & Hall 2000; Patz et al., 2000). In the northern part of the country, transmission lasts for about six to seven months which is the longest raining season in the northern part of Ghana (Ayaful-torgby et al., 2018) This period falls between May and November recording the highest number of cases. 
The transmission period differs from the southern part of Ghana due to climatic conditions and vegetation. The southern sector goes beyond the six months' periods, entering the nine months with peak periods in May and June (Addison, 2017). However, spatial, and temporal variation in environment, topography and human settlement affects the transmission rates and the risk of infection (Abeku et al., 2004; Snow & Marsh, 2002). 
In Ghana, reports of malaria's financial burden on families and the economic situation are common. Asante and Asenso-Okyere (2003) projected that a 1% rise in malaria mortality rates would decrease economic expansion by around 0.41% and that a malaria episode would cost households US$ 15.79. It has also been projected that a malaria episode would cost families between US$ 10.20 on uncomplicated malaria and US$ 46.62 on severe malaria (Abotsi, 2012). Osafo-Sampong (2019) further found that households in Ghana spent between US$ 5.70 on uncomplicated and US$ 48.73 on severe malaria. 
Ghana and Nigeria, two of Africa's ten nations with the largest malaria burdens, experienced a major absolute increase in cases of malaria in 2018 compared to 2017 (WHO, 2019). Children’s school attendance and academic performance has been affected due to malarial. Malaria is widely known to be responsible for the largest loss of days of healthy living in Ghana, but there is no credible evidence on the impact of malaria on labor productivity and the economy (Zuilkowski & Jukes, 2014). 

[bookmark: _Toc78551859]Malaria diagnosis.  
Even though some of the symptoms of malaria are found in other diseases, some of the physical findings are attributed to malaria infection including perspiration, tiredness, and high body temperature. The gold standard for detecting this parasite is by staining a blood sample from the patients with a Giemsa stain and examining it under the microscope. Various antigen detection techniques such as rapid diagnostic test and immunochromatographic test are also available. 


[bookmark: _Toc78551860]Treatment of malaria. 
Malaria is an infection that can be avoided. It is treatable and the primary aim of treatment is to ensure a full cure by rapidly and fully clearing the parasite from the patient before it could progress from uncomplicated malaria to serious disease, end fatally or become chronic infection leading to malaria-related anaemia. For public health reasons, treatment is intended to reduce the spread of the disease to healthy individuals, by reducing the contagious reservoir and by avoiding the development and spread of antimalarial resistance (WHO, 2015). Artesunate-amodiaquine Combined effect is the combination drug of choice for uncomplicated malaria treatment. This implies that additional ACTs are used in individuals who may not tolerate a combination of Artesunate -Amodiaquine usage of Oral Quinine or a mixture of oral quinine and clindamycin (Sikora et al., 2019). 

[bookmark: _Toc78551861]Control of malaria.
The effort to combat malaria in Ghana started in the 1950s and it was planned to alleviate the burden of malaria until it is no more of public health significance (Trape et al., 2002). This was also understood that malaria cannot be managed by the healthcare sector alone, so multiple approaches with other health-related sectors were being followed.
 Against that backdrop, measures were set up to help contain the deadly disease and some of the measures implemented at the time included deployment of residual insecticide toward adult mosquitoes, mass chemoprophylaxis with salt medicated with Pyrimethamine and enhancement of drainage network. Yet malaria remained the country's number one cause of morbidity (Awine et al., 2017). 
The country then dedicated itself to the Roll Back Malaria (RBM) initiative in 1999 and developed a strategic framework to guide its implementation. Generally, the Ghana RBM stresses the strengthening of health services through multi- and inter-sectoral partnerships and expanded strategies towards treatment and prevention. Reducing malaria specific morbidity and mortality by 50% was its goal. 
To achieve this goal, efforts and programs were put in place to curb the spread of the disease, these strategies include; Equipping malaria testing facilities (microscopes or RDTs) for all health facilities and supplying effective antimalarial drugs, reinforcement of human resource through in-service training, expanding community-based treatment of malaria through the home-based care of malaria patients, targeting children under five years living in rural areas and deprived communities

[bookmark: _Toc78551862]Prevention of malaria. 
In Ghana, activities relating to malaria are geared towards malaria prevention are on a national scale, these policies and methods include widespread education, free distribution, and promotion of insecticide-treated (ITNs) or long-lasting insecticide nets (LLINs) for all populations, and indoor residual spraying (IRS), Intermittent Preventive therapy (IPT) for pregnant women that is given on an as-needed basis, Intermittent malaria prevention in newborns, as well as the enhancement of health services and the scientific community through the planning and hosting of seminars on malaria and other topics (Scates et al., 2020).
Smaller towns are joining the battle against malaria in addition to the established efforts. AngloGold Ashanti, for example, conducted an integrated malaria initiative in Obuasi, a neighboring town in the country's center, in 2005. The initiative included a huge area in Obuasi town, including mining homes and infrastructure, as well as private residences and structures (AngloGold, 2009)
	
[bookmark: _Toc78551863]Malaria pathogenesis.
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In general, malaria is graded as asymptomatic, uncomplicated, or extreme. The infections persistence could be due to the asymptomatic cases. Asymptomatic or sub-clinical malaria signifies the process of malaria parasite residing in the blood without symptoms. Initially, it was expected that areas where malaria transmission is high there is the risk of sub-clinical infection, but during recent research conducted in highly endemic regions of Africa, it was realized that population that have low infection are also at risk of asymptomatic malaria (Bousema et al., 2014). Submicroscopic carriers can become the source of about 20–50 percent of all transmission in low-transmission areas (Okell et al., 2012). In a population, the presence of many asymptomatic carriers is a challenge that impacts malaria control programs negatively (Lindblade et al., 2013). All species of Plasmodium can cause uncomplicated malaria. Symptoms usually occur within 7-10 days after infection. Common symptoms include headache, vomiting, fatigue, mild to extreme trembling chills, profuse sweating, nausea, diarrhea, and anaemia.

[bookmark: _Toc78551865]Uncomplicated malaria. 

Uncomplicated malaria is defined as a patient with malaria symptoms and a positive parasitological test (microscopy or RDT), but no signs of severe malaria (Aregawi et al., 2017). The lack of parasitological tests and parasitological negative results patients can be checked for alternative reasons of fever or treated using community case management (CCM) principles, according to Ethiopian national standards (Argaw et al., 2019). 
The uncomplicated malaria is rarely observed malarial attacks and last between 6-10 hours and has three main stages: A cold stage (sensation of cold, shivering), A hot stage (fever, headaches, vomiting; seizures in young children); and finally, a sweating stage (sweats, return to normal temperature, tiredness). 
Treatment; Formerly, uncomplicated malaria was mainly treated with artemisinin-based combination therapy (mainly artesunate – amodiaquine and quinine sulphate was used to rescue people suffering from uncomplicated malaria with P. falciparum infection. In addition, Children who had severe anemia were given blood transfusions, those who had hypoglycemia were given intravenous glucose, and those who had severe dehydration were given intravenous fluid (Aregawi, et al., 2017) 

Severe malaria.
Severe malaria is defined as malaria that has been differentially diagnosed as been caused by P. falciparum, not by any alternative cause, and can end fatally if not treated. Severe malaria has been typically caused by P. falciparum infection although P. vivax or P. knowlesi may also cause it less frequently. Normally, severe malaria comes from delayed diagnosis of uncomplicated malaria. 
The clinical or laboratory evidence for vital organ dysfunction defines this stage of the disease and it comes with hyperparasitamia and has high mortality rate. Its associated complications are cerebral malaria, severe anaemia, pulmonary complications, hyperpnoeic syndrome and oedemia, acute kidney injury or hypoglycemia. P. falciparum infections accounted for almost all deaths recorded from extreme malaria, though P. vivax and P. knowlesi can also cause serious illness. 

[bookmark: _Toc78551866]Cerebral malaria.
Cerebral malaria represents the far more serious neurological chronic condition of P. falciparum infection with children in sub-Saharan Africa being the hardest hit with over 575,000 cases annually. Remaining surviving patients have an increased uncertainty of neurocognitive deficiencies, behavioral issues and epilepsy. Cerebral malaria is therefore a primary cause of neurodisability among children in the region. Neuro-cognitive sequelae pathogenesis occurs but the mechanisms are yet to be unraveled. Coma occurs by various mechanisms, although there may be many brain damage mechanisms. In tropical countries, falciparum malaria is a leading cause of ill health, neuro-disability, and death. 
WHO recognizes cerebral malaria as just a medical condition defined by coma at least 1 hour after the end of a seizure or hypoglycemia correction (WHO, 2000). Cerebral malaria's clinical hallmark is impaired consciousness, with the most severe manifestation being coma. It is believed to be caused by cerebral microcirculation sequestered red blood cells (RBCs) (Clark, 2009). Coma sometimes develops unexpectedly after 1-3 days of fever, with seizure onset. Following gradual weakness and prostration a few children develop coma. Swelling of the brain, intracranial hypertension, retinal changes, and signs of the brainstem are generally observed. 
Certain systemic complications such as anaemia, metabolic acidosis, deficiency of electrolytes, and hyperpyrexia, or high blood sugar and shock, are normal. Severe prognosis is associated with severe metabolic acidosis, trauma, low blood sugar and repeated seizures in patients who are deeply comatose. In adults, cerebral malaria is a part of a multi-organ disease with patients gradually experiencing fever, headache, body ache and delirium and coma. Adults experience less seizures of the papilledema and retinal changes compared to African children, and coma resolution is slower (Idro et al., 2005 & Newton, 2000). 

[bookmark: _Toc78551867]Life cycle. 
Human infection starts with the bite of a female infected Anopheles mosquito. More than 70 percent of the approximately 460 Anopheles mosquitoes transmit falciparum malaria (Rios-Velásquez et al., 2013). During feeding, sporozoites (the infective stage), released from the salivary glands through the proboscis of an infected female Anopheles mosquito, enter the bloodstream of the victim. In the saliva released by the mosquito in are antihemostatic and anti-inflammatory enzymes, which prevent pain reaction and interfere with blood clotting. 
Each contaminated bite normally contains 20–200 sporozoites. (Garcia et al., 2006). In 30 minutes, the immune system clears most of the sporozoites from circulation, however, some escapes and rapidly enter the hepatocytes (Geralds et at., 2011). The Sporozoites travel by gliding in the bloodstream, which is propelled under their cell membrane by motor composed of proteins actin and myosin (Kappe et at., 2004). Following this preliminary proliferation throughout the liver, in erythrocytes, the parasites undergo asexual multiplication. 
The parasite loses its apical complex and surface coat when reaching the hepatocytes and transforms into a trophozoite. It undergoes 13-14 rounds of multiple divisions inside the hepatocyte parasitophorous vacuole, which creates a syncytial cell called a schizont. This multiple division is known as schizogony. A schizont contains tens of thousands of nuclei. Up to 90,000 merozoites can be produced during the liver stage (Vaughan & Kappe, 2017), which are ultimately released into the bloodstream (Sturn, 2006). In the blood stream, infected erythrocytes are often sequestered in various human tissues and organs of the body.  
Trophozoites in the ring stage develop into schizonts that divide to produce more merozoites. The parasite then goes through all the stages of development from fertilization to sporogony. For the parasite to successfully complete its life cycle, the parasite goes through two hosts, the vertebrate, and the invertebrate host. Free merozoites in the bloodstream start 48-hour cycles of RBCs invasion, schizogony. Per microliter of blood, parasitemia sometimes reaches the densities of more than 50,000 infected RBCs (iRBCs). IRBC lysis releases numerous parasite products that correspond with the emergence of malaria symptoms. 
Merozoites drastically transform the RBC membrane during RBC infection, presenting multiple parasite-encoded proteins on the iRBC surface. (Miller et al., 2002). P. falciparum erythrocyte membrane protein 1s (PfEMP1s) encoded by P. falciparum var genes (Miller et al., 2002) are essential elements among these. The genome of parasites contains about 60 var genes which encode antigenically distinct genes. PfEMP1 proteins are clonally expresses by the parasite. PfEMP1s attach to a range of endothelial cell ligands and act to sequester iRBCs in the blood vessels of different tissues, thereby saving iRBCs from spleen entry, where they could be killed. The PfEMP1-mediated sequestration of iRBCs in tissues like the brain and placenta is involved the development of severe malaria in pregnant women and children. 
When the erythrocyte is raptured, it releases merozoites into the system, the erythrocytic parasites differentiates into male and female gametocyte, these are the sexual stage of the parasite, this later enter the mosquito midgut during blood meal. When the gamete fuses, it forms a zygote which propagates the sexual stage of the malaria life cycle. When the zygote matures, it differentiates into ookinate, oocyst and sporozoite. Meiotic oocyst division occurs and sporozoites are produced, which then migrate to the female Anopheles mosquito's salivary glands, ready to begin the transmission cycle in humans (Figure 2).  

[image: Plasmodium falciparum - ScienceDirect]
Figure. 2: The life cycle of Plasmodium falciparum. Adapted from Science Direct.com (Maier et al., 2018).

[bookmark: _Toc78551868]Malaria immunity.
[bookmark: _Hlk60487269]Malaria immunity is an intrinsic trait of the host, an instant refractory inhibitory reaction to the parasite's invasion of the body that is not necessarily reliant on past infection. Immunity can be active or passive when it is acquired. The intrinsic trait of the host, the refractory state or the instantaneous reaction to the entry of the parasite, is natural (innate) immunity to malaria, not contingent on any previous infectious disease (Gowda et al., 2018). The immunity gained can be either passive or active. Acquired active immunity is an increase in the host's defense system as a result of a prior experience with the parasite or its parts. Passive acquired immunity is achieved by prenatal or postnatal transfer of protective substances from mother to child or inoculation (Gowda et al., 2018). Age and the extent of exposure to malaria determines the level of immunity to clinical malaria, but the most vulnerable of this disease are children below the age of five years.  Simon et al. (2015) suggested that children are at a higher risk of being prone to the disease than adult since they are not much exposed to the disease and the level of their immune system is very low. The host develops antibodies against the asexual stage, that is the sporozoite, liver-stage, gametocyte, and blood stage. 
Sexual stage antibodies are developed quickly after infection and are rather common in gametocytaemic people. After primary infections in young infants, functional transmission reducing activity (TRA) is detected, and it appears to be dependent on current rather than cumulative exposure. Gametocyte exposure declines with age, most likely because of asexual-stage immunity, which regulates asexual parasite load (Bousema et al., 2006). The antibodies acting on the antigens drastically reduce malaria infection, they obstruct merozoites attack in the erythrocyte after two weeks of being detected in the serum upon malarial infection (Niang et al., 2014).  The antibodies targeting the sexual stages of the malaria has the potential of reducing malaria transmission. 
B lymphocytes (B cells) and CD4 positive T lymphocytes (CD4 cells) play crucial rolls in immune response against asexual blood stage of malaria parasite infection by slowing down the rate of parasite replication and clearance. CD8 positive T lymphocytes are also activated during pre-erythrocytic stage of the parasite life cycle (Chandele et al., 2011; Good & Doolan ,1999; Jayawardena et al., 1982). In spite of the function of CD8 cells, CD4 cells have demonstrated protective immunity against the liver stage of the Plasmodium life cycle by helping B cells generate antimalarial antibodies that help induce responses to CD8 cells and indirectly inhibit the formation of liver stage parasites (Carvalho et al., 2002; Tsuji & Zavala, 2003; Vampouille et at., 2010). Antigens on the surface of sporozoites and merozoites are possible targets for malarial vaccines, among these antigens are Pfs230, Pfs48/45 (Draper et al., 2018). 
Naturally, immunity against this parasite can be because of the release of cytokines that acts against every stage of the parasite and the action of cytotoxic T-cells which are directed towards the liver stages. CD8 positive T cell immune responses remain controversial (Miyakoda et al., 2008). Some studies suggest that CD8 T cells are the basis of protective immunity to asexual blood stage parasite infection while others found no such associations (Chandele et al., 2011; Langhorne et at., 1998; Miyakoda et al., 2008; Mogil et al., 1987; Vinetz et al., 1990). 
In contrast, studies from rodent model Plasmodium berghei ANKA proves that CD8 T Cells are major contributive factors to parthenogenesis of severe malaria especially severe malaria and malaria mortality (Belnoue et al., 2002; Miyakoda et al., 2008; Nitcheu et al., 2003; Renia et al., 2006). Other studies in outbred-rat model have indicated that by removing uninfected erythrocytes, CD8 cells dependent on parasite clearance and erythrocyte removal in the spleen could predispose individuals to severe malaria anaemia (Safeukui et al., 2015). 
At the molecular level, many protein antigens from P. falciparum have been characterized, and several of the characterized antigens have the common feature that they are recognized by immune sera from people living in endemic areas of malaria.

[bookmark: _Toc78551869]Innate immunity to malaria.
The innate immune response is one of the two key mechanisms found in vertebrate animals, the other one being adaptive immunity. The innate immune system is an old evolutionary defense response and the leading mechanism of the immune system known in fungi, plants, insects, and multicellular organisms that are primitive (Janeway et al., 2001). 
It focuses on non-specific defenses that come into action in the body immediately or in hours after an antigen appears. Such mechanisms involve physical barriers including skin, blood chemicals and cells of the immune system that target foreign cells within the body. Macrophages involve in innate immunity include, alveolar macrophages in the lung, connective tissue histocytes, liver cells of Kupffer, bone osteoclasts, kidney mesangial cells and brain microglial cells (Divangahi et al., 2021). Each subset phenotype is special in its specific surface molecular expression rates, such as chemokine or Fc (immunoglobulin) receptors (Divangahi et al., 2021). 
Chemical properties of the antigen activate the innate immune response. Erbs & Newman (2012) also suggest that the innate immunity depends on the recognition in many microorganisms of conserved molecular patterns observed. A variety of signal processing receptor classes are responsible for activating innate immune reactions. Toll-like receptors as well as other information processing receptors with leucine-rich repeat domains play a significant role of pathogen detection in the innate immune system. 
By producing some innate cytokines, especially type 1 interferons (IFNs) almost all cells may contribute towards innate immunity, and by reacting to specific cytokines to trigger new and enhanced molecular intracellular pathways to fight infection (Biron, 2016). However, the principal cells known for innate immunity are macrophages, DCs, and NK cells. NK cells hold unique sensors which activate and inhibit receptors. The combination of these receptors’ activity serves to defend normal cells against the negative impacts of NK cells while triggering them to destroy target red blood cells infected with the parasite. 
Macrophages and DCs bear PRRs that react to PAMPs, mutual motives for broad groups of pathogens and often absent in eukaryotic species. In response to parasites, immune responses triggered by the innate immune system play an essential role mostly in the production of protective immunity and in pathogenesis (Angulo et al., 2002; Afolayan et al., 2020). In Africa, studies of naturally acquired immunity to P. falciparum malaria have demonstrated that the defense of antibodies specific to parasite-encoded clonal variant antigens (VSA) expressed on the surface of infected erythrocytes is important. (Perlmann, P., & Troye-Blomberg, M. 2002) 
Early pro-inflammatory responses control the production of antiparasitic Th1 and encourage the role of effector cells to effectively remove infections. Typically, pro-inflammatory responses are steadily down regulated as infection progresses with simultaneous increases in anti-inflammatory responses (Fox et al., 2000). This contributes to the increase in Th2 cells, leading to stable Th1/Th2 responses and pro-/anti-inflammatory and resistance to pathogenesis (Schofield & Grau. 2005). Shortly after infection, before the liver the innate immune system detects parasites and respond by triggering pro-inflammatory cytokines and chemokines. 
Phagocytes are primed by cytokines while effector cells for successful infection clearance are assisted by chemokines to get to the sites where parasites are sequestered. Gametocytes that are found in infected erythrocytes and gametes inside the midgut of the mosquito from erythrocytes express phase specific antigen on their surfaces (Bargieri et al., 2016). These antigens play a role in the fertilization or sporogonic growth of the malaria parasites. (Teboh-Ewungken et al., 2021) In the human host, a percentage of gametocytes die in the host, thus exposing sexual phase antigens to the body's immune system. It is possible to trigger sexual stage-specific antibodies against any of these antigens by inhibiting fertilization or developing sporogonic stage parasites in mosquitoes and may be a factor in transmission-blocking immunity in the host (Boudin, C., 1993; Bousema, J., 2006; Femando et al., 2003). 
The prevalence of malaria in human populations can be decreased by these antibody responses. Therefore, a better understanding of naturally acquired sexual immunity is important to the control of malaria, as it may form the basis for the production of vaccines that block the transmission of malaria. Pfs230 and Pfs48/45 are major surface gametocyte and gamete antigens that cause antibody responses in people who are naturally exposed. 
In both the Anopheles mosquito vector and the human host, immunological responses to the P. falciparum malaria parasite are multifaceted and stage-specific. Immune responses may also lead to the pathophysiology of human disease (Malaguarnera et al., 2002). In comparison to the pre-erythrocytic stage, immune attack participation is strong in the erythrocytic stage, and CD8+ T cells and antibodies are significant immune players in the pre-erythrocytic and erythrocytic stages, respectively (Hisaeda et al., 2005).

[bookmark: _Toc78551870]Adaptive immunity to malaria.
Adaptive immunity, also known as the acquired immunity, belong to a subsystem of the immune system made up of specialized cells and mechanisms that remove or prevent infections from growing thereby preventing disease. It is one of two basic immunity methods seen in vertebrates (Holmgren et al., 2005). Adaptive immune response is a unique class of second-line host defense which is initiated during the innate immune response days to weeks after infection with pathogenic microbe or its antigens (Paul, 2018). Adaptive immunity defenses and mechanisms include (1) humoral immunity, mediated by B lymphocytes against extracellular pathogens and toxins and (2) cell-mediated immunity, mediated against intracellular pathogens by T lymphocytes. CD4 + T lymphocytes mainly orchestrate the adaptive immune responses. Native CD4 + T cells, triggered by microbial pathogens, coordinate the immune responses by differentiating into T-helper (Th) cells which produce distinct cytokines. 
By tailoring their responses to the character of the danger, Th cells distinguish between activating cells of the innate immune system and aiding B cells and CD8 + cytotoxic T cells of the adaptive immune system (Kabir & Joy, 2018). Pfs230 and Pfs48/45 are major surface antigens of gametocytes and gametes that cause antibody-mediated responses in people who are naturally exposed (Woldearegai, 2018). that are liked to functional transmission-reducing immunity (Bouseman et al., 2006). 
Malaria specific antibodies can block the invasion of merozoites and the sequestration of infected erythrocytes. Antibodies mediate complementary cytolysis of extracellular gametes and prevent gametes from being fertilized and zygotes developed (Abeku, 2004). Merozoites for lysis are also labeled by complement (Biron, 2016). In the erythrocytic level, the function of CD8+ T cells is negligible (Dennison et al., 2015). In order to produce proinflammatory cytokines that activate macrophages, CD4+ T helper cells are also essential. They also mediate the stimulation of clones of B cells (Bertolino & Bowen, 2015) for adaptive immunity (Figure 3).
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Figure 3. Adaptive immunity to Malaria	
Regulation of adaptive immunity to blood-stage malaria by cytokines produced by cells of the innate immune response: Source: Mary M. Stevenson & Eleanor M. Riley (2004). 

[bookmark: _Toc78551871]Humoral immunity to malaria.
The humoral immune system is associated with antigens shade from pathogenic microbes which are in circulation (Pasala et al., 2015). Humoral immunity is also known as antibody-mediated immunity.  B cells produce antibodies that bind to antigens, neutralizing them, or causing lysis or phagocytosis. Humoral immune response is of great significance, both beneficial and deleterious for health and disease. Pathogen-specific antibodies may also aid immune processes or drive pathology (Rampuria & Lang, 2018).
[bookmark: _Hlk76022719] Lack of immune response is associated with the development of self-reactive antibodies which can make the disease worse, and loss of control of growth can lead to several forms of B cell malignancy (Hoffman et al., 2018). It is an established fact that cell-mediated responses only functions in combination with the humoral immunity responses, especially with the assistance of the complement-mediated responses (Achkar & Cassadeval, 2013). 
[bookmark: _Hlk73104256]The establishment of an imbalance of cytokine profile in P. falciparum is an essential pathogenetic factor in development of severe and recurring forms of malarial disease because the development of a dysfunctional immune response to parasite antigens contributes to negative effects (Wykes & Lewin, 2018). It has become evident that CD 1d restricted Natural Killer T (NKT) cells can improve T-dependent and T-independent immunity. 
[bookmark: _Hlk74208626]In addition, NKT cells promote the memory of B cells and the longevity of plasma cells which secrete antibody. NKT cells may have significant implications for the production of vaccines and for studying the immune system response to pathogens. (Rampuria & Lang, 2018). Heath et al, 2019 suggested that in humoral immunity, activation of B cells occurs when a B cell comes into contact with an antigen which is bound to the receptor and is taken by endocytosis inside the B cell (Avalos & Ploegh, 2014). 
[bookmark: _Hlk74208594]It is then processed by MHC-II protein and distributed on the B cell for binding by the support of TH cells. Upon binding, TH cells are activated causing the release of cytokines and the rapid multiplication of B cell clones, daughter cells become either plasma or memory B cells. Upon encounter with the same antigen due to reinfection, the memory B cells become activated. The plasma cells on their part secrete large number of antibodies that are freely released into the circulatory system waiting to meet to encounter any antigen in the circulatory system. It can either interact with cytokines between host or foreign cells or can build bridges between their antigenic sites that may hinder their efficient functioning. Their presence may cause macrophages or killer cells to invade and ingest them (figure 4).
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Figure.4. Schematic diagram of humoral immunity to malaria. Source: https://biologydictionary.net/humoral-immunity/ (Knapp. 2020). Retrieved on 09/01/2021

[bookmark: _Toc78551872]Cellular immunity to malaria.
Cell-mediated immunity tends to be the principal immunological element in infectious resistance, though humoral antibody undoubtedly also plays a protective role (Divangahi et al., 2021). T cells are now understood to play a crucial role in the acquisition and maintenance of immunological memory. CD4+ T Cell subset playing a significant function in both animal and human models (Farouk, 2004). CD4+ T cells have been found to provide protection against malaria on their own (Lumsden et al., 2011). With regards to defensive roles, TH1respond by releasing IFN-ÿ, in addition to its defensive role. Cell-mediated immunity mediates favorable resistance to diverse microbial agents such as viruses, bacteria, and fungi or adverse conditions such as allergic dermatitis, autoimmune disorders. Cell-mediated immune responses are widely studied because of their importance in the effective defenses against pathogens (Zajack et al., 2017). 
Appreciably, much knowledge of cell-mediated immunity, such as the basic principles of inhibition, tolerance, T-cell diversity, and immunological memory of major histocompatibility complex (MHC), has been established by the study of immune responses to virus. Cellular immunity is complex, diverse and exhibit a wide variety of phenotypical and functional features. (Zajac & Harington, 2014). 
Severe combined immunodeficiency (SCID) mice were reconstituted using T cells from immune donors. T cells have been shown to inhibit parasite development. Mice that are deficient of B-cells are able to suppress parasitemia just as normal mice (Wijayalath et al., 2014). When the mice were depleted of CD4+ T cells the ability to control parasitemia was reduced. This suggests that CD4+ T cells can function autonomously of B cells in parasite resolution (Farouk, 2004). 
Through cytokine production and B-cell assistance, CD4+ T cells play a key role in modulating immunological responses to P. falciparum asexual blood stages (Troye-Blomberg et al., 1994), infestation of erythrocytes, and the cascade development of immune response (Hansen et al., 2007). P. falciparum malaria is marked by a reduction in T cell response, the degree of which varies depending on the severity of the disease (Khodzhaeva et al., 2019). 


[bookmark: _Toc78551873]Malaria vaccine development.
The development of vaccines is complicated, complex, extremely risky, and expensive and requires clinical outcomes, process development and advancement of assays. In several parts of the world, malaria is an epidemic of concern to public health. There is currently no reliable way to eliminate malaria, so it remains an essential priority to create safe, successful, and cost-effective vaccines against this disease. 
Present literature on malaria vaccines focuses on the production of vaccines targeting parasites of the pre-erythrocytic stage and parasites of the blood stage, or on the development of a vaccine that prevents transmission. But the risk is too great because most candidates for the vaccine fail in pre-clinical or early clinical testing. Vaccine production involves strong management and control systems among scientist and engineers, as well as required skills sets. Clinical research includes studies of the health, immunogenicity, and efficacy effects of vaccines on patients through a phased approach (Zhang et al., 2013). 
Phase 1, early protection, and small numbers of immunogenicity; phase 2, health, dose range, and immunogenicity in 200 to 400 subjects; Occasionally phase 2b, proof-of-concept non-licensing (preliminary demonstration of effectiveness in animal models or humans) test; and phase 3, licensing health and effectiveness research. Production of assays includes identifying different methods for checking the purity of raw materials, safety and potency of the vaccine drug, and immunological and other parameters for predicting vaccine effectiveness. Technology activities in clinical, procedure, and assay must be closely integrated. 
The role of vaccines in combating infectious diseases cannot be overemphasized. Over the years, the production and use of the vaccines have reduced the number of diseases and illnesses diseases substantially. Better understanding of immune defense and a massive leap in genetic engineering has allowed a number of new forms of vaccines to be produced by manipulating DNA, RNA, proteins, and sugars (Yadav et al., 2014). The development of attenuated mutants, the production of possible antigens in live organisms, and the purifying and specific antigen synthesis in new technologies have greatly improved vaccine technology (Yadav et al., 2014). 
The Field of vaccinology now covers both infectious and non-infectious disease. The proliferation of new vaccines has made it possible to reach entire communities for vaccination, as well as treat and eliminate viruses and bacteria from their natural hosts. Nevertheless, as with historic infections such as malaria and new cases such as HIV, a powerful vaccine is elusive which poses a major challenge for the scientific world. Due to the perceived weakness of anti-mosquito approaches in reducing incidence and geographic distribution, vaccine production has been on an accelerated track (Martin et al., 2016).
But the intricacy of the parasite, including its ability to change target antigens, makes malaria vaccine development a very arduous mission. Currently, no malaria vaccine has been licensed for commercial use. Progress has been made recently of a phase 3 trial of RTS, S/AS01 vaccine candidates and reviewed by WHO and the agency for European medicine (Afolayan et al., 2020). The transmission of P. falciparum from one infected individual to the next victim depends on the generation of gametocytes in the human host, which can be picked and transmitted via a mosquito (Drakeley et al., 2006).

[bookmark: _Toc78551874]Pre-erythrocyte vaccines. 
These are also referred to as anti-infective vaccines and are specifically aimed at P. falciparum spores. During liver cell proliferation, they elicit unique antibodies that destroy parasitized hepatocytes or interact with the P. falciparum spores, the production and discharge of infectious merozoites is thereby inhibited and infection prevented. To have a true preventive benefit, vaccines that are directed towards pre-erythrocytic Plasmodium must have a safety score of 100 percent. 
The focus of majority of pre-erythrocytic malaria vaccine research is on the development of parasite protein sub-unit vaccines such as the liver stage antigen (LSA), the Pf circumsporozoite protein (PfCSP) and the adhesion protein linked to thrombospondin (TRAP). PfCSP Vaccines, found as a 40-60 kDa pre-erythroid antigen on the surface of mature sporozoite, play a crucial role in the colonization of liver cells by sporozoite (Vijavan et al., 2020). 
The DNA vaccine against CSP, which is known to be an easy and stable vaccine, has been studied for years so far, but the condition of the DNA vaccine in the human body is still in the production and testing stage. A new lead recombinant candidate vaccine against malaria is RTS, S/AS01 (Leroux-Roels et al., 2014). After vaccination with RTS, S, defensive immune responses rely primarily on antibody responses against the central repeat region. (Chaudhury et al., 2017). In a phase III trial, the RTS, S/AS01 vaccine, which had been observed to shield African children from clinical malaria and severe disease (Agnandji et al., 2011), was tested and obtained a favorable rating from the European Medicines Agency.

[bookmark: _Toc78551875]Blood stage vaccines. 
Clinical signs and symptoms may arise, including recurring fever, after Plasmodium parasites circulate as blood-stage parasites in the erythrocytes. Extreme pathology and even death are caused by the involvement of certain phases (merozoites, loops, trophozoites, schizonts, and gametocytes). 
The surface protein of the Pf merozoites will stay in the red blood cell membranes after joining human red blood cells from the liver and be directly exposed to the immune system of the host. B cells and T cells may be activated by this to create immune responses. Study by Inoue, et al., (2012) found that IFN-γ and IgG2a in γδ T-cell-depleted mice were substantially lower than in control mice when infected with the parasite. This indicates a role for γδ T-cell in immunity to Plasmodium malaria.

[bookmark: _Toc78551876][bookmark: _Hlk78455575]Transmission-blocking vaccines (TBV). 
Transmission-blocking vaccines (TBV) are engineered to prevent transmission of sexual stage of the parasite from the human host to the mosquito vector. Major developments have been made in the production of TBV. Subsequent experiments have demonstrated that it is possible to target early antigens expressed in the parasite after fertilization (Long et al., 20l6). The earlier the target antigens in the parasite’s life cycle the better it is to prevent clinical disease.
[bookmark: _Hlk109385263] It has been observed that TBVs may decrease parasite intensity and in salivary glands of the mosquito, thus improving the efficacy of the pre-erythrocytic vaccine (Sherrard et al., 2018). The goal of the malaria transmission blocking vaccine (MTBV) is to ultimately stop the spread of malaria at the population level, thus leading to the eradication of malaria. Transmission-blocking immunity at various stages of development in model systems have been demonstrated by leading TBV candidates such as include Pfs25, Pfs48/45, and Pfs230. Several MTBV candidates were identified for transmission-blocking activity and monoclonal antibodies are produced against falciparum mosquito stages (Singh et al., 2014). Part of the members of the six-cysteine (6-Cys) s48/45 protein family are Pfs48/45 and Pfs230, which contain three and fourteen 6-Cys domains sequentially (Gerloff et al., 2005).  
Each of the 6-Cys domain contain up to six cysteine residues involved in intra-domain disulfide bond formation and results in conformational antibody epitope. The Pfs48/45 C-terminal 6-Cys domain contains the conformation epitope I, targeted by the TB monoclonal antibody mAb45.1 (Roeffen et al., 2001). Lactococcus lactis expression system was used for the production of C-terminal of 6-Cys domain of Pfs48/45 (6C) as a fusion protein (R0.6C) with the N-terminal Glutamine-rich protein (GLURP-R0) region (Singh et al., 2017). 
The resulting fusion protein produced properly folded monomeric protein and stimulated a high level of antibodies against TB. In rodent models, they can independently produce transmission blocking (TB) antibodies (Singh et al., 2015). Immediately after the parasite have been picked up by a blood-feeding female Anopheles mosquito, macro- and microgametes emerge from the RBC. The motile male microgamete fertilizes the female macrogamete to form zygotes.  Pfs48/45 is highly expressed on both male microgametes and female macrogametes and it is bound by a GPI anchor to the plasma membrane (Kocken et al., 1993). 
Some studies have shown that, humans gain acquired immunity to P. falciparum gametocytes (Drakeley et al., 2006; Bousema et al., 2006) and antibodies to Pfs230 and Pfs48/45-6C have been correlated with TB activity (Sigh 2017). Pfs48/45 and Pfs230 are members of six-cysteine (6-Cys) protein family (Gerloff et al., 2005). P48/45, P47 and P230 are known to play an important role in gamete fertility (Van Dijk et al., 2010). Due to challenges in achieving appropriate folding of the protein, the presence of many disulfide bridges in the 6-Cys domains of P48/45 has impeded assessment of the immunogenicity of the recombinant P48/45. Each domain of 6-Cys contains up to six cysteine residues that are involved in the forming of intra-domain disulfide bonds that result in epitopes of conformational antibodies. The Pfs48/45 C-terminal 6-Cys domain includes the conformational epitope I, which is targeted by mAb45.15.15, the most potent TB monoclonal antibody described to date (Roeffen et al., 2001). 
According to a recent study, the resulting fusion protein was observed to generate high yields of perfectly folded monomeric protein that induced significant concentrations of TB antibodies in small rodents (Singh et al., 2015, 2017). The C fragment covering the N-terminal pro-domain and the first three 6-Cys domains was found to evoke the most potent TB antibodies in the case of Pfs230 (Singh et al., 2019). 


[bookmark: _Toc78551877]CHAPTER THREE
3.0 [bookmark: _Toc78551878]METHODOLOGY
3.1 [bookmark: _Toc78551879]Experimental animals.
A total of 30 Wister Hanover female rats aged 6-8 weeks were randomized into groups of 5 to receive the different vaccines (Pfs230, Pfs48/45-6C and a combination of Pfs230 and Pfs48/45-6C) at different doses. For each vaccine, two doses (1.5 μg and 6.0 μg) were tested in 5 groups each, making a total of 10 rats per vaccine. Rats were bled at baseline (pre-bleed) and 14 days after each vaccination. Blood was collected into anticoagulant-free tubes to obtain serum samples for immunological analysis. These rats, not only were they suitable for the work but also readily available from the Centre for Scientific Research on Plant Medicine of Ghana (Akuapem Mampong), a nearby NMIMR-approved vendor. At least a week before immunization began, rats were transported to the NMIMR Animal Experimentation facility to give them a period to acclimatize to their new environment. All animals have been screened and certified to be disease-free and of comparable weight and age. 

3.2 [bookmark: _Toc78551880]Ethical statement. 
The study was approved by the Scientific and Technical Committee and the Institutional Animal Care and Use Committee of the Noguchi Memorial Institute for Medical Research (NMIMR).

3.3 [bookmark: _Toc78551881]Animal care and housing. 
Rat was fed on a standard rodent pellet chaw (15%) low fibre, 20% protein, and 5-10% fat. They were fed on 5g of feed per 100g body weight and water was consumed at 10mL per 100g body weight. Housing was maintained at 22-27oC and regular ventilation was provided. The rats were placed in a container containing infrared lamp to warm them and to allow the flow of blood. They were later restrained to immobilize them for blood draw and immunization (figure 5).



3.4 [bookmark: _Toc78551882]Study design.
[image: ]
Figure. 5 Immunization days from day zero to day 73.
Immunization schedules: -10 day to day 0 collection of pre-bleeds, day 0 first immunization, day 21 second immunization, day 42 third immunization. Three weeks intervals bleeding time points and three weeks interval between immunization time points, but one day interval between bleeding and immunization for "Pfs230" only, the "Pfs48/45-6C" only and the " Pfs230/Pfs48/45-6C " combination were the three distinct antigen formulations. A two-tier dose formulation, respectively, 1.5μg and 6μg, was used for each test antigen.



Each animal was assigned to one of two sets of groups at random. Two separate groups of five rats were included in the first group. The set consists of three different test groups, one for each antigen formulation, with two different dose-subgroups of 5 rats in each test group. The "Pfs230" only, the "Pfs48/45-6C" only and the " Pfs230/Pfs48/45-6C " combination were the three distinct antigen formulations. A three-tier dose formulation, respectively, 1.5μg and 6μg, was used for each test antigen. All doses were given through the subcutaneous route (s.c) (Table 3.1).
Table 3.1: Experimental design.
	Cage number
	Group
	Dose (µg)/rat
	Number of rats

	1
	Pfs230
	1.5
	5

	2
	
	6.0
	5

	3
	Pfs48/45-6C
	1.5
	5

	4
	
	6.0
	5

	5
	Pfs230/Pfs48/45-6C 
	1.5/1.5
	5

	6
	
	6.0/6.0
	5

	Total
	30





3.5 [bookmark: _Toc78551883]Randomization.
A total of 30 rats were used for the study, and were immunized with different doses of Pfs230, Pfs48/45-6C and a combination of Pfs230 and Pfs48/45-6C. The physical randomization method was used to assign rats to the various experimental groups to test for a systematic variance. This was done by assigning numbers between 1 and 5 on separate pieces of paper written five times (for the 5 rats per group). These were then physically shaken to mix the papers in an appropriate jar (such as a small box of Styrofoam). 
A piece of paper was removed from the container when the first animal was taken (without replacing it) to show which of the six classes it was allocated to, and so on. Similarly, in a random way, all treatments were performed. For example, all the groups of rats were immunized during immunizations in such a random sequential order that rats in both groups had the same probability of being treated first or last, to prevent the situation where last-treated rats appear to benefit from enhanced skills with the technician or experimenter's experience. Cages were positioned in such a way that both control and test cages were distributed equally in terms of light, temperature, air, human incursion, etc. conditions.

3.6 [bookmark: _Toc78551884]Preparation of antigen.
The Pfs230 and Pfs48/45-6C were gifts from Dr. Michael Theisen, Staten’s Serum Institut, Copenhagen, Denmark. The antigens expressed using Lactococcus lactis expression system via the 3D7 P. falciparum strain (Singh et al., 2019) was tested at two dose levels. Each of 1.5μg and 6.0μg was reconstituted to 3μg and 12μg in sterile phosphate-buffered saline (1xPBS) under a sterile condition in a biosafety cabinet. Each of the antigens was diluted using equal volume of Alhydrogel (alum), an adjuvant, to give a final concentration of the antigen to 1.5μg and 6μg, respectively. By vortexing, the mixture was vigorously mixed to ensure homogeneity. The preparation was stored at 40C for one week preceding the immunization. The antigen formulations were filter-sterilized using a 0.22μm microporous filter before inoculation.
3.7 [bookmark: _Toc78551885]Bleeds.
[bookmark: OLE_LINK1][bookmark: _Hlk78216886]Using a surgical blade, a small nick was made at the ventral tail to puncture the tail veins and about two milliliters (2.0mL) of blood was drawn, this serves as the pre-bleed. A week interval was allowed after the primary blood samples was taken, the rats were then inoculated with 1.5μg of Pfs230 with a booster, the blood samples were later taken. In the fourth week, 6.0μg of Pfs230 was inoculated into a different sub-group after which the blood samples were taken. On the sixth week, 1.5μg of Pfs48/45-6C was inoculated and blood samples taken. Six micrograms (6.0μg) of Pfs48/45-6C plus a booster was inoculated on the eighth week and on the tenth week, the rats were inoculated with 1.0μg and 6.0μg of Pfs230, Pfs48/45-6C after which the rats were euthanized, and the tissues harvested.

3.8.0 [bookmark: _Toc78551886]Luminex:
3.8.1 [bookmark: _Toc78551887]Preparation of the standard. 
Experimental procedure was done according to the manufacturers protocol (Appendix).
[bookmark: _Hlk62381331]Rat standard cocktail was reconstituted with 0.8ml of calibrator diluent and was pipetted into a test tube and was gently agitated on a shaker at 300 rmp for about 15 minutes which serves as the standard. The standard was serially diluted three (3) fold from (500µL) to (166.7µL) in polypropylene tubes.

3.8.2 [bookmark: _Toc78551888]Preparation of microparticle and cytokine measurement.
The microparticle (cytokine coupled beads) was resuspended by snap centrifugation for 30 seconds at 1000g followed by gentle vortexing to resuspend the microparticle taking precaution not to invert the vail. Coupled beads were diluted 10x by picking 500μl of beads into a 5ml of assay diluent RD1W (provided by the manufacturer) covered with foil to prevent the micro particle from fluorescing and vortexed gently for 1 minute. Fifty (50) μl/well of the sample was added to a 96-well microplate with 50μl/well of the coupled beads. Positive and negative control samples as well as standards (IFN gamma-145550pg/ml, IL-1 beta-3760pg/ml,) were also added at 50μl/well. Plate was incubated for 2 hours at room temperature on a shaker at 800 rmp.
The plate was washed with washed buffer concentrate, it was warmed to room temperature and vortexed gently until crystals have completely dissolved. 20ml of the wash buffer concentrate was pipetted into a 480ml deionized or distilled water to prepare a 500ml was buffer.
The plate was washed by removing the liquid from each well, the well was then filled with a 100µl/well of wash buffer employing a magnetic device which is made to accommodate a microplate which attracts the beads and prevents the beads from being washed away. Plates were washed 3x, by adding 100μl/wells of wash buffer reagent (provided by Manufacturer). A time of 1 minute was allowed before removing the washed buffer each time for the three washes. The antibody cocktail was centrifuged for 30 seconds at 1000g and was gently vortexed taking precaution not to invert the vial, the biotin-antibody cocktail was diluted in assay diluent RDIW 10x and added at 50µl/well and incubated for one hour at RT on the shaker at 800 rmp.
Then streptavidin phycoerythrin -PE was centrifuged for 30 seconds at 1000g and was gently vortexed taking precaution not to invert the vail, it was diluted in wash buffer at 24x and added to 50ul/well and incubated with for 30 minutes at RT on a shaker at 800 rpm. The plates were washed 3x and 100μl/well wash buffer added after which they were incubated for 2 minutes on a shaker at 800rmp and read using Luminex 200 for analyzing IFN-gamma, IL-1 alpha, IL-1beta, IL-2, IL-6, IL-10, TNF-alpha. Median fluorescent intensities were normalized before analysis. 
				
3.9.0  Statistical analysis.
The data generated was normalized using the formula: 
Normalized sample MFI = , where:
MFI = Median fluorescence intensity and PC = positive control. Sidak’s comparative analysis test was used to determine whether there were significant differences in cytokine levels between bleeds. All statistical analysis was done using Graph pad prism software, version 8.
[bookmark: _Hlk77153832]

[bookmark: _Toc78551890]CHAPTER FOUR
4.0 [bookmark: _Toc78551891]RESULTS
4.1 [bookmark: _Toc78551892]Characteristics of study animal and samples analysed.
In this current study, a total of 45 sera samples were available for analyses from the different time points (bleed 1 = 13; bleed 2 = 12 and bleed 3 = 20) (Table 4.1). In addition, 5 baseline sera samples were included for baseline comparisons.
Table 4.1 Characteristics of samples analysed in the current study.
	Vaccine (Dose group)
	Number of rats

	
	bleed 1
	bleed 2
	bleed 3

	[bookmark: _Hlk77152953]Pfs230 (1.5 μg)
	2
	0
	5

	Pfs230 (6.0 μg)
	2
	4
	5

	Pfs230-Pfs48/45-6C (1.5 μg)
	1
	0
	2

	[bookmark: _Hlk77153128]Pfs230-Pfs48/45-6C (6.0 μg)
	2
	5
	1

	[bookmark: _Hlk76989569]Pfs48/45-6C (1.5 μg)
	2
	1
	5

	[bookmark: _Hlk77152794]Pfs48/45-6C (6.0 μg)
	4
	2
	2

	Total samples
	13
	12
	20





4.2 [bookmark: _Toc78551893]Effect of vaccination on cytokine levels.
[bookmark: _Hlk109795986][bookmark: _Hlk111530528]To determine whether vaccinations induced cytokine responses in the rats, the levels of 7 cytokines (IFN-gamma, IL-1 alpha, IL-1beta, IL-2, IL-6, IL-10, TNF-alpha) were measured and compared between bleed 3 and baseline sera samples. For Pfs48/45-6C (1.5 μg), IFN-gamma, IL-6, and TNF-gamma level at bleed 3 were all significantly different from baseline levels. For Pfs48/45-6C (6.0 μg), only IFN-gamma and TNF-alpha were the only significant cytokine among the other. For Pfs230-Pfs48/45-6C (1.5 μg), IFN-gamma and TFN-alpha were significantly higher. For Pfs230 (1.5 μg) and Pfs230 (6.0 μg) IFN-gamma, IL-10, IL-1 alpha, IL-6, and TNF-alpha were significantly high as compared to the baseline. Pfs230/Pfs48/45-6C (6.0 μg) has only IFN-gamma and TNF-alpha being significantly high. The Most significantly high cytokine between the baseline and final bleed for all groups are IFN-gamma and TNF-alpha. There was a significantly high response when rats were immunized with the antigens but some responses in the initial cytokine levels were minimal (Figure 6).

	


[bookmark: _Hlk78553346][bookmark: OLE_LINK2]Figure 6. Cytokine levels after three vaccine doses. P-values were calculated for each, comparison between bleed 3 and baseline using Sidak’s multiple comparison test. Asterisks indicate P <0.05 (*), P-value <0.01 (**) P-value <0.001 (***) P-value < 0.0001 (****). Panel A=Pfs48/45-6C 1.5 μg dose, Panel B=Pfs48/45-6C 6.0 μg, Panel C=Pfs230, Pfs48/45-6C 6.0 μg, Panel D=Pfs230 1.5 μg dose, Panel E=Pfs230 6.0 μg, Panel F=Pfs230/Pfs48/45-6C 6.0 μg. Error bars represent standard deviations of the mean. 
,







4.3 [bookmark: _Hlk77602461][bookmark: _Toc78551894]Difference in type of cytokine responses induced by the same dose of Pfs230 and Pfs48/45-6C. 
[bookmark: OLE_LINK3]Final bleeds (Day 71) were used for this study and comparison between cytokine levels induced for the same vaccine dose of the different antigens were made (Figure 7). For the 6.0 μg dose, levels of IFN-gamma and IL6 were significantly higher in rats vaccinated with Pfs230 than those with Pfs48/45-6C except TNF-alpha in the 6 mg dose group, were higher in the Pfs48/45-6C vaccinated rats compared to the Pfs230 rats (Figure 7B). In the 1.5 μg dose group, level of IFN-gamma and TNF-alpha were higher among the cytokines but there is no significant difference between the antigens Pfs230 and Pfs48/45-6C 1.5 μg dose groups vaccinated rats (Figure 7A).





[bookmark: _Hlk78553434][bookmark: _Hlk77171905]Figure 7. Difference in type of cytokine responses induced by the same antigen doses. There was a significant difference among the 6.0 μg dose groups. Asterisks indicate P <0.05 (*), P-value <0.01 (**) P-value <0.001 (***) P-value < 0.0001 (****).  (Sidak’s multiple comparison test). Error bars represent standard deviations of the mean.  

4.4 [bookmark: _Toc78551895]Difference in type of cytokine responses induced by the different doses of Pfs230 and Pfs48/45-6C.
[bookmark: _Hlk77348531][bookmark: _Hlk78408435]For this study, final bleeds (Day 71) used and comparison between cytokine levels induced by different doses of the same antigens were made (Figure 8). For the Pfs230 dose group, levels of IFN-gamma and IL6 were significantly higher in rats vaccinated with 6.0 μg than those with 1.5 μg (Figure 8A). For Pfs48/45-6C antigen group, IFN-gamma, and IL-6 levels were significantly higher in the 1.5 μg dose group compared to the 6 μg dose group. On the contrary, TNF-alpha levels were lower in the 1.5 μg dose group compared to the 6.0 μg dose group (Figure 8B). There was no difference in any of the cytokine levels between the two doses in the combined antigen group (Figure 8C)



[bookmark: _Hlk78553519]Figure 8. Difference in type of cytokine responses induced by the different doses. P-values were computed with the Sidak’s multiple comparison test between the different doses of each antigen. Asterisks indicate P <0.05 (*), P-value <0.01 (**) P-value <0.001 (***) P-value < 0.0001 (****). Standard deviations of the mean are represented by the error bars.   


4.5 [bookmark: _Hlk77602751][bookmark: _Toc78551896]Analysis of the pro- and anti-inflammatory cytokine for 1.5μg dose.
[bookmark: _Hlk77765741]Mean differences between the bleed 3 serum levels of pro-inflammatory cytokines and the anti-inflammatory cytokine (IL-10) levels were measured for each antigen separately (Table 4.2). For the Pfs48/45-6C, the levels of IFN-gamma, IL-1alpha and IL-1 beta were significantly high than IL10. There was no significant difference in the levels of IL-2, and TNF-alpha and IL-10 in this dose group for Pfs48/45-6C. For Pfs230, levels of IFN-gamma, IL-1, and IL-6 were significantly higher than IL-10 levels. The levels of the other cytokines were comparable to that of IL-10 in the rats vaccinated with this dose of Pfs230. 
Table 4.2. Mean of pro-inflammatory and anti-inflammatory cytokines.
	
	Pfs48/45-1.5 μg 
	Pfs230-1.5 μg 

	
	Mean Diff. (95% CI of diff.)
	Adjusted P Value
	Mean Diff. (95% CI of diff.)
	Adjusted P Value

	  IL-10 vs IFN-gamma
	 -7810 (-12034 to -3587)
	0.0057
	-6833 (-10078 to -3588)
	0.0035

	  IL-10 vs. IL-1alpha
	-510.7(-963.2 to -58.30
	0.0335
	-327.5 (-725.0 to -70.08)
	0.0914

	  IL-10 vs. IL-1 beta
	-370 (229.9 to 511.0
	0.0015
	415.0 (236.0 to 594.1)
	0.0023

	  IL-10 vs. IL-2
	-51.76 (-207.7 to 104.1
	0.6161
	-2.690 (-85.38 to -80.00
	0.9998

	  IL-10 vs. IL-6
	-3584 (-7422 to 254.3
	0.0623
	-2816 (-4226 to -1407)
	0.0043

	  IL-10 vs. TNF-alpha
	-139.3 (-493.6 to 214.9)
	0.4912
	40.13 (-884.2 to 964.5)
	 0.997


[bookmark: _Hlk77351129][bookmark: _Hlk77318535]Pro- and anti-inflammatory cytokine. P-value that are statistically significance are in bold. P <0.05 is considered significant.                  



4.6 [bookmark: _Toc78551897]Analysis of the pro- versus anti-inflammatory cytokine ratios for 6.0 μg dose.
[bookmark: _Hlk77315022][bookmark: _Hlk77803351]Mean differences between the bleed 3 serum levels of pro-inflammatory cytokines and the anti-inflammatory cytokine (IL-10) levels were calculated for each antigen separately (Table 4.3). For the Pfs48/45-6C, the levels of IFN-gamma, IL-2, TNF-alpha were significantly high than IL10 levels. There was no significant difference in the levels of IL-beta, and IL-6. For Pfs230, levels of IFN-gamma, IL-1 beta, and IL-6 were significantly higher than IL-10 levels. The levels of the other cytokines were comparable to that of IL-10 in the rats vaccinated with this dose of Pfs230. 
[bookmark: _Hlk77353581]Table 4.3. Mean of pro-inflammatory and anti-inflammatory cytokines.
	
	Pfs48/45-6.0 μg 
	Pfs230-6.0 μg 

	
	Mean Diff. (95% CI of diff.)
	Adjusted P Value
	Mean Diff. (95% CI of diff.)
	Adjusted P Value

	[bookmark: _Hlk77805134]  IL-10 vs. IFN-gamma
	 -3628 (-6701 to -555.7)
	0.0363
	-7384 ( -9048 to -5720)
	0.0007

	  IL-10 vs. IL-1alpha
	-305.9 (-899.9 to 288.2
	0.1697
	-370.8 (-889.0 to 147.4)
	0.1172

	  IL-10 vs. IL-1 beta
	18.67 (-29.13 to 66.47)
	0.2680
	288.8 (-361.1 to 938.7)
	0.0023

	  IL-10 vs. IL-2
	-178.9(-253.4 to -104.4
	0.0090
	-133.8 (548.0 t0 2804)
	0.5288

	  IL-10 vs. IL-6
	-852.5 (1797 to 92.49)
	0.0609
	-2908 (-4502 t0 -1313)
	0.0093

	  IL-10 vs. TNF-alpha
	3628 (-6701 to -555.7)
	0.0363
	-6.304 (-663.8 to 6512.20
	 1.00


Pro- and anti-inflammatory cytokine P-value that are statistically significance are in bold. P <0.05 is considered significant.  



4.7 [bookmark: _Toc78551898]Combined and single antigen groups. 
To assess the cytokine levels between the individual antigen doses, varied doses and the combine dose of Pfs230, Pfs48/45-6C and Pfs230/Pfs48/45-6C to understand the effect of dosage and combined dosage on cytokine responses to the antigens. Figure 9 shows the difference between single antigens Pfs230 or Pfs48/45-6C (1.5 μg and 6.0 μg doses) and the combined antigen Pfs230/Pfs48/45-6C (1.5 μg and 6.0 μg doses) For the 1.5 μg dose, IFN-gamma levels in the Pfs230 antigen group were significantly higher compared to the combined antigen group. On the other hand, TNF-alpha levels for the combined antigen group were higher than the Pfs230 antigen group (Figure 9A). For the 6.0 μg dose, IFN-gamma, and IL-6 levels in the Pfs230 antigen group were significantly higher compared to the combined antigen group. However, TNF-alpha levels in the combined antigen group were significantly higher than in the Pfs230 antigen. (Figure 9B). For the comparison between Pfs48/45-6C and the combined antigen groups, IFN-gamma and IL-6 levels were significantly higher in the 1.5 μg dose vaccinated rats in the former group compared to the later. However, TNF-alpha levels were significantly higher in the combined antigen group than in the Pfs48/45-6C antigen group. (Figure 9C). There was no significant difference in the levels of the measured cytokines between the combined antigens group and the Pfs48/45-6C for the 6.0 μg dose (Figure 9C).





[bookmark: _Hlk77781792]Figure 9. Comparison of cytokine levels between single antigen vaccines and the combined vaccine. P-values were obtained using the Sidak’s multiple comparison test. *, P<0.05; **, P < 0.001; ***, P<0.0001. Standard deviations of the mean are represented by the error bars





[bookmark: _Toc78551899]CHAPTER FIVE
5.0 [bookmark: _Toc78551900]DISCUSSION
[bookmark: _Hlk77929893]In this study, the in vivo cytokine responses to the malaria transmission blocking vaccine candidate antigens Pfs230, Pfs48/45-6C and their combined formulations (Pfs230-Pfs48/45-6C) were investigated. We assessed the effect of the dose of vaccination on cytokine levels and the differences in cytokine levels between the individual antigens and the combined formulations. Several studies have extensively assessed the antibody induction against these antigens and functionality in preventing the development of oocyts. However, to date not much has been reported on their cytokine responses. 
Here, comparisons were made between cytokine responses at baseline (pre-bleed blood sample) and blood samples taken 14 days after the third vaccine dose (bleed 3) in rats. We found that IFN-gamma and TNF-alpha levels were higher among the Pfs230 1.5 μg and Pfs48/45-6C 1.5 μg dose groups. Also, pro-inflammatory cytokine levels were found to be higher in the Pfs230 1.5 μg and Pfs48/45-6C dose groups suggesting that vaccination with these antigens tend to induce more of pro-inflammatory than anti-inflammatory cytokines. 
 The presence of disease trigger the release of pro-inflammatory cytokines such as IL-2, IL-6,IL- 10 which are generally regulate growth, cell division, differentiation and homing of the immune cells to the site infected with the aim of controlling and eradication of intracellular pathogens but over secretion of the pro-inflammatory cytokine  will lead to tissue damage and apoptosis hence the need for anti-inflammatory cytokines such as IL-4 and IL-10 counter-balance the pro-inflammatory cytokine in the system (Nortz et al., 2020).
[bookmark: _Hlk78292787]This observation agrees with the findings of a previous study where vaccination with a low dose antigen (1.5 μg dose) elicited higher IFN-gamma and IL-6 than a higher dose (Serafini et al. 2004). Several factors may explain such a phenomenon; however, it is possible that higher antigen doses may induce a state of immune tolerance resulting in a dampened response (Sykes et al., 2005). This may imply that in an immunization protocol for these antigens, it would be critical to establish the minimal effective dose to elicit the most desired level of immune response. Of the two antigens studied, Pfs230, irrespective of the dose appeared to have elicited more broader and higher cytokine responses above baseline levels compared to Pfs48/45-6C. This may help explain observations from previous studies where Pfs230 was shown to be more immunogenic than Pfs48/45-6C (Susheel et al., 2019) since these cytokines may facilitate antibody production in B cells.  
When the levels of cytokines between the same vaccine dose for the different antigens were compared, there were differences in the cytokines elicited by the two antigens for the 6 µg but not the 1.5 mg dose. Of the cytokines that were different between the antigens, IFN-gamma and IL-6 levels were higher in Pfs230 while TNF-alpha levels were higher in Pfs48/45-6C. This suggests that there may be differences in the mechanisms of cytokine induction by these two antigens which may also explain their different immunogenicities. 
To further explore the difference in the type of cytokine responses induced by these antigens, we compared the different dose (1.5 μg and 6.0 μg) groups. The study showed that IFN-gamma levels were significantly higher in rats immunized with the Pfs230 6.0 μg dose than in the 1.5 μg dose group. For the antigen Pfs48/45-6C, it was observed that IFN-gamma and IL-6 levels were higher in the 1.5 μg dose compared to the 6.0 μg dose. In contrast, TNF-alpha levels were higher in the 6.0 μg dose than in the 1.5 μg dose group. This observation is consistent with the notion that high vaccine dose may trigger an immune tolerance state with a consequent reduction in cytokine response as discussed above. Further, this is similar to findings from the malaria vaccine RTS,S/AS01 study where children vaccinated with a lower dose had higher cytokine response than those in the higher dose group (Datoo et al., 2021). 
Pro- and anti-inflammatory cytokines levels in rats vaccinated with the 1.5 μg dose of Pfs230 and Pfs48/45-6C were compared to assess whether there was a preferential expression of one over the other. TNF-alpha levels were significantly high than those of IL10. Overproduction of TNF-alpha is known to contribute to an overactive inflammatory response and tissue damage. However, a rise in TNF-alpha is frequently compensated for by the production of an anti-inflammatory cytokine IL-10. IL-10 inhibits the production of several inflammatory cytokines and thus suppressing the production of different activating and regulatory mediators (Shmarina et al., 2001). Also, receptor antagonistic proteins involved in the production of pro-inflammatory cytokines may inhibited the production of anti-inflammatory cytokines (Standifort, 2000). This cytokine antagonism may explain the reasons why there was a skewness in the levels of pro- and anti- inflammatory cytokine induced by these antigens.
There was no significant difference between the combined antigen Pfs230-Pfs48/45-6C 1.5 μg dose and 6.0 μg dose for most of the cytokines compared. It is possible that the fewer samples available for analysis in the combined antigen group may have contributed to the lowered power to detect associations. However, for most of the cytokines where a significant difference was observed between the groups, the lower dose (1.5 µg) elicited a stronger cytokine response than the higher 6.0 µg dose. This is in direct variance with a study by Kusi et al, 2009, where rats immunized with alleles of AMA1:3D7, FVO, HB3, and a mixture of these three antigens elicited a high level of cross-reactive cytokines to the mixture of antigen compared to the single allele immunization. It is not clear what could have accounted for these differences. However, the two studies used antigens targeting different stages of the parasite (asexual stage antigens - Kusi, et al 2009 versus sexual stage antigens used here) and immune responses to these may be fundamentally distinct. Further studies would be needed to adequately assess whether the combined formulation used here would elicit a much stronger response if the same dose is compared with the individual antigens. This is especially important since the current study did not include many samples from the combined antigen formulation group. 
Limitations; Due to insufficient data, it was impossible to carry out all the analysis on all the bleeds, especially bleed 1, bleed 2, there was not enough anti-inflammatory cytokine to be analysed and the limited reagent available cannot be used to test for all the bleeds i.e., pre-bleed bleed 1 and 2.

[bookmark: _Toc78551901][bookmark: _Hlk61934715]CONCLUSION AND RECOMMENDATION
5.1 [bookmark: _Toc78551902]CONCLUSION.
[bookmark: _Hlk78440204]This study has shown that P. falciparum sexual stage antigens, Pfs230 and Pfs48/45-6C, induce diverse cytokine responses in rats. Of the two antigens, Pfs230 induced the stronger cytokine responses than Pfs48/45-6C. It appeared the lower dose (1.5 µg) induced much stronger cytokine responses compared to the higher (6.0 µg) dose. Also comparing pro-inflammatory and anti-inflammatory cytokines, the antigens seemed to have induce stronger pro-inflammatory cytokine response than anti-inflammatory cytokine response. 
Additionally, single antigens doses elicited higher cytokine responses than the combined formulations. Nonetheless, further studies are needed since fewer samples in the combined vaccine formulation group were available for analysis compared to the single antigen groups. Taken together, these findings of the study have important implications in the design of future malaria transmission blocking vaccines aimed at combining these two antigens into a single formulation.
5.2 [bookmark: _Toc78551903]RECOMMENDATION.
1. Further studies should be carried out to investigate antibody and cytokine responses concurrently in rats vaccinated with different doses of the antigens. 
2. More pro- and anti-inflammatory cytokines should be included to investigate their relationships with antibody responses against these antigens, 
3. Further investigation should be carried out about the IL-10/TNF-gamma ratios of the same dose and the combined formulation and its implications on antibody production during vaccinations with these antigens. 
4. Also, the dynamics of cytokine levels with booster doses should be investigated since there was not much data available for this study to carry out such analysis.
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[bookmark: _Toc78551905]APPENDIXES
6.0 [bookmark: _Toc78551906]PROTOCOLS
6.1 [bookmark: _Toc78551907]Sample collection & storage
[bookmark: _Hlk62304329][bookmark: _Hlk62304121]Cell Culture Supernatants - particulates was removed by centrifugation and assayed immediately or aliquot and samples was stored at s -20 oc. Repeated freeze-thaw cycles was avoided.
Serum - Blood samples was allowed to clot for 2 hours at room temperature before centrifuging for 20 minutes at 2000 x g. Serum was removed and assayed immediately or aliquot and store samples at s -20 oc. Repeated freeze-thaw cycles was avoided.
Plasma - Plasma was collected using EDTA or heparin as an anticoagulant and was Centrifuged for 20 minutes at 2000 x g within 30 minutes of collection. It was Assayed immediately or aliquot and stored samples at [image: ] -20 oC. Repeated freeze-thaw cycles were avoided.
6.2 [bookmark: _Toc78551908]Sample preparation
Polypropylene tubes were used in the preparation.
ALL fresh and previously frozen serum and plasma samples was centrifugation at 16,000 x g for 4 minutes immediately prior to use or dilution.
Cell culture supernate, serum, and plasma samples had 2, 20 and 10-fold dilutions

6.3 [bookmark: _Toc78551909]Reagent preparation [image: ]
All reagents were brought to room temperature before use.
Wash Buffer – crystals were formed in the concentrate, so it was warmed to room temperature and mix gently until the crystals have completely dissolved. 20 mL of Wash Buffer Concentrate was added to 480 mL of deionized or distilled water to prepare 500 mL of Wash Buffer.
Standard: The standards cocktails were Reconstituted with Calibrator Diluent RD6-52 and was allowed to sit for a minimum of 15 minutes with gentle agitation prior to making dilutions. polypropylene tubes were used to Pipette 500 111- of the reconstituted Standard Cocktail into a tube labeled Standard I 200 NL of Calibrator Diluent RD6-52 was pipetted into the remaining tubes. Standard 1 was used to produce a 3-fold dilution series (below). Each tube was mixed thoroughly before the next transfer. Standard 1 serves as the high standard. Calibrator Diluent RD6-52 serves as the blank.

1_IL

Standard Cocktail Standard 1͕ Standard Cocktail 2, Standard Cocktail 3, Standard cocktail 4, Standard Cocktail 5, Standard Cocktail 6.

6.4 [bookmark: _Toc78551910]Diluted microparticle preparation
1. The Microparticle Cocktail vial was centrifuged for 30 seconds at 1000 x g prior to removing the cap.
2. The vial was gently vortexed to resuspend the microparticles, taking precautions not to invert the vial.
3. The Microparticle Cocktail was diluted using Assay Diluent RDIW in the mixing bottle provided.
The microparticles was protected from light during handling and was Prepared within 30 minutes of use. 
6.5 [bookmark: _Toc78551911]Diluted biotin-antibody cocktail preparation
1. The Biotin-Antibody Cocktail vial was Centrifuged for 30 seconds at 1000 x g prior to removing the cap. The vial was gently vortexed, taking precautions not to invert the vial.
2. The Biotin-Antibody Cocktail was diluted in Assay Diluent RDIW and was mixed gently.

6.6 [bookmark: _Toc78551912]Streptavidin-pe preparation
The Streptavidin-PE concentrate was diluted in Wash Buffer to the desired concentration.
	
6.7 [bookmark: _Toc78551913]Assay procedure summary
1. All reagents were prepared as instructed.
2. [bookmark: _Hlk62380189]50 µL of standard or sample was added to each well.
3. [bookmark: _Hlk62380543][bookmark: _Hlk62380274]50 µL of diluted Microparticle Cocktail to each well. Incubate for 2 hours at RT on a shaker at 800 rpm.
4. [bookmark: _Hlk62380436]The plate was washed by removing the liquid from each well, filling with 100 µL. Wash Buffer, and removing the liquid again. The wash was performed 3 times.
5. 50 µL of diluted Biotin-Antibody Cocktail was added to each well and was
6. Covered and incubated for 1 hour at RT on the shaker at 800 rpm.
7. [bookmark: _Hlk62380626]The plate was washed by removing the liquid from each well, filling with 100 µL. Wash Buffer, and removing the liquid again. The wash was performed 3 times.
8. [bookmark: _Hlk62380657]50 µL of diluted Streptavidin-PE was to each well.
9. And incubated for 30 minutes at RT on the shaker at 800 rpm.
10. The plate was washed by removing the liquid from each well, filling with 100 µL Wash Buffer, and removing the liquid again. The wash was performed 3 times.
11. 100 µL of Wash Buffer was added to each well and was
12. Incubated for 2 minutes at RT on the shaker at 800 rpm.
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Countries with indigenous cases in 2000 and their status by 2017 Countries with zero indigenous cases over
at least the past 3 consecutive years are considered to be malaria free. All countries in the WHO European

Region reported zero indigenous cases in 2016 and again in 2017. In 2017, both China and El Salvador
reported zero indigenous cases. Source: WHO database.
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