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ABSTRACT 

Folates are B vitamins that are required for the synthesis of nucleotides and amino acids, 

and for methylation reactions. A common polymorphism in methylenetetrahydrofolate reductase 

(MTHFR, 677C>T), results in enzymatic deficiency and increased risk for several disorders. This 

polymorphism exists at high frequencies in many populations. Malaria is a parasitic infection that 

affects nearly 200 million people per year. The folate pathway has been a popular pharmacological 

target for anti-malarial therapies for many years and, more recently, there has been increased 

folate intake due to food fortification and vitamin supplementation in many countries. We 

questioned whether genetic or nutritional disturbances in folate metabolism would affect the 

response to malarial infection in mice. 

Mthfr+/- mice fed standard mouse chow were protected against Plasmodium berghei ANKA 

infection (cerebral malaria). These mice survived longer than Mthfr+/+ mice and had tissue-specific 

changes in expression of interferon-γ (IFNγ), peroxisome proliferator-activated receptor-γ (PPARγ) 

and interleukin-10 (IL-10). Mthfr+/- mice also had increases in total splenocytes, total T cells, CD4+ 

and CD8+ T cells, and in CCR4+ NK cells. Uninfected Mthfr+/- mice had changes in immune cell 

distribution and cytokine expression.  

Mice that over-express MTHFR (MTHFRTg) were more susceptible to P. berghei ANKA 

infection when fed standard mouse chow. They died more quickly and had decreases in their NK 

and CCR4+ NK cells, compared with their wild-type littermates. Uninfected MTHFRTg mice had 

decreases in total splenocytes, total T cells, and CD8+ T cells.  
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Mthfr+/- and Mthfr+/+ mice fed amino acid-defined control diets (CD, recommended folate 

level) or folic acid-supplemented diets (FASD, 10-fold higher than recommended) had no survival 

differences. However, FASD mice died more quickly and had higher parasitemia compared with 

CD mice. Infected FASD mice had lower numbers of total splenocytes, total T cells, and lower 

numbers of specific T and NK cell sub-populations. These differences due to diet are similar to 

those seen in the study of genotype differences. FASD mice also had increased brain TNFα and 

increased Bcl-xl/Bak ratios in the liver that suggested they were more susceptible to P. berghei 

ANKA infection.   

We conclude that genetic or dietary disturbances in folate metabolism result in decreased 

parasite replication, an altered immune response and increased resistance to malaria in mice. 

These findings support our hypothesis that MTHFR 677C>T may have reached high frequencies in 

human populations as a result of the selective advantage it may have conferred against malaria. 

This work also has relevance for malaria-endemic regions when considering folic acid fortification 

or supplementation programs. 
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RESUMÉ 

Les folates sont des vitamines B nécessaires pour la synthèse des nucléotides et des acides 

aminés, ainsi que pour les réactions de méthylation. Un polymorphisme fréquent chez plusieurs 

de la méthylènetétrahydrofolate réductase (MTHFR, 677C> T) résulte en un déficit enzymatique 

et un risque accru pour plusieurs problèmes de santé. Cette variante est très fréquente parmi 

plusieurs populations. Le paludisme est une infection parasitaire qui touche près de 200 millions 

de personnes annuellement. Le métabolisme de l'acide folique est une cible pharmacologique 

habituelle pour les thérapies antipaludiques depuis de nombreuses années. Plus récemment, une 

augmentation de l'apport en folate dans de nombreux pays a été observée en raison des 

suppléments  vitaminés et de l'enrichissement des aliments. Nous nous sommes alors demandé si 

des altérations génétiques ou nutritionnelles du métabolisme des folates auraient une incidence 

sur la réponse à l'infection paludéenne chez la souris. 

    Des souris Mthfr+/- nourries avec une diète standard ont été protégées contre 

l'infection par Plasmodium berghei ANKA (paludisme cérébral). Ces souris ont survécu plus 

longtemps que les souris Mthfr+/+  et nous avons noté, dans certains tissus, des changements 

d'expression pour l'interféron-γ (IFN-γ), le récepteur-γ activé par les proliférateurs de 

peroxysomes (PPAR-γ) et l'interleukine-10 (IL-10). Les souris Mthfr+/- ont également une 

augmentation des splénocytes totaux, des cellules T, des cellules CD4+ et CD8+, ainsi que des 

cellules NK CCR4+. D’autre part, la distribution des cellules immunitaires et l’expression des 

cytokines étaient perturbées chez les souris Mthfr+/- non infectées. 
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  Les souris surexprimant MTHFR (MTHFRTg) étaient plus sensibles à l'infection par P. berghei ANKA 

lorsqu’elles recevaient une diète standard. Elles survivaient moins longtemps et avaient moins de 

cellules NK et CCR4+ que leurs congénères Mthfr+/+. Les souris non infectées MTHFRTg ont moins 

de splénocytes totaux, de cellules T totales et de cellules T CD8+. 

   Les souris Mthfr+/- et Mthfr+/+ qui recevaient une diète d’acides aminés contrôlée (CD, taux 

de folate recommandé) ou un régime supplémenté en acide folique (FASD, 10 fois supérieure à la 

norme) montraient un taux de survie similaire. Cependant, les souris FASD sont décédées plus 

rapidement et avaient une parasitémie supérieure aux souris CD. Les souris FASD infectées avaient 

une diminution du nombre de splénocytes totaux, des cellules T totales, et du nombre de cellules 

T spécifiques et des sous-populations de cellules NK. Ces différences dues à l'alimentation sont 

similaires à celles liées au génotype. Les cerveaux des souris FASD avaient également une 

augmentation du niveau de TNFα et du rapport Bcl-xl/Bak dans le foie, suggérant qu’elles sont 

plus sensibles à l'infection par P. berghei ANKA. 

   Nous concluons que des perturbations héréditaires ou alimentaires du métabolisme du 

folate causent : 1) une réduction de la réplication du parasite, 2) une réponse immunitaire 

modifiée et 3) une résistance accrue au paludisme chez les souris. Ces résultats favorisent notre 

hypothèse selon laquelle la mutation MTHFR 677 C>T est si fréquente dans les populations 

humaines en raison d’un avantage sélectif contre le paludisme. Nos résultats pourraient aussi 

influencer les programmes d'enrichissement en acide folique et les programmes de 

supplémentation dans les zones d'endémie.  
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1.1. Folate metabolism 

1.1.1. Roles and biological functions of folate metabolism  

Folate metabolism is an umbrella term used to describe a complex interplay of one-carbon 

transfers that result in many of the basic biological building blocks. Figure 1.1 diagrams basic folate 

metabolism. In mammals, folates and/or folate derivatives from food are absorbed through the 

intestine and metabolized (Ueland and Rozen, 2005). Gut bacteria can synthesize folates de novo, 

and these folates can then be absorbed by the mammalian host.  

 

Figure 1.1 Folate Metabolism  
A simplified schematic of folate metabolism in mammals. Enzymes are in colored circles. Broken 
arrows indicate that a given change has more than one step in the process.  Arrows point in the 
direction of the reaction. DHFR (dihydrofolate reductase); DHF (dihydrofolate); THF 
(tetrahydrofolate); dTMP (deoxythymidine monophosphate); TS (thymidylate synthase); dUMP 
(deoxyuridine monophosphate); MTHFR (5,10-methyleneTHF reductase); BHMT (betaine 
homocysteine methyltransferase); DMG (dimethylglycine); SAM (S-adenosyl methionine); SAH (S-
adenosyl homocysteine); SHMT (serine hydroxymethyltransferase). 
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In the body, all folates must be converted into the useable tetrahydrofolate (THF) form for 

all subsequent reactions.  THF and its derivatives, taken from food or scavenged from gut bacteria 

synthesis, are absorbed in the intestine and further metabolized into needed forms for 

methylation reactions, nucleotide synthesis, etc. Upon consumption, synthetic folic acid is reduced 

by dihydrofolate reductase (DHFR), first to dihydrofolate, and then it is further reduced to 

tetrahydrofolate.  

Once reduced to THF, there are several ways that the THF can be used depending on 

current metabolic requirements.  THF can be converted into 10-formylTHF. 10-formylTHF can be 

used for purine synthesis, or it can be converted to 5,10-methenylTHF and then reduced to 5,10-

methyleneTHF. 5,10-methyleneTHF can donate a carbon to thymidylate synthase (TS) for 

thymidine synthesis, or aid in serine synthesis by serine hydroxymethyltransferase (SHMT), or be 

reduced by 5-10 methyleneTHF reductase (MTHFR) to 5-methylTHF, the primary circulating form 

of folate. 5-methylTHF can reduced by methionine synthase (MTR) and the residual methyl group 

used to re-methylate homocysteine into methionine. Methionine can be used in protein 

production or it can be converted to S-adenosylmethionine (SAM) and used for methylation 

reactions. There are additional metabolites such as choline and vitamin B12 that can feed into the 

pathway. Methionine can also be derived from choline metabolism. Betaine, a choline metabolite, 

can also provide a methyl group to re-methylate homocysteine into methionine.  

The products of folate metabolism are key for in cellular growth and proliferation. Folate 

derivatives are cofactors in the synthesis of nucleotides, which are necessary for the synthesis of 

deoxyribonucleic acid (DNA) and ribonucleic acid (RNA). Folate derivatives are needed to convert 
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the toxic amino acid homocysteine into methionine for use in protein synthesis and SAM-

dependent methylation. Other amino acids used in protein synthesis, such as serine and glycine, 

are also products of folate metabolism.    

1.1.2. Dietary sources of folates 

Fruits, vegetables, legumes, meats and dairy products are all great sources of dietary 

folates (NIH, 2012).  Of these, leafy greens and liver have some of the highest naturally occurring 

folate levels, and yeast is also quite high. By 1998, in an effort to minimize the incidence of neural 

tube defects, the United States (USFDA, 1996) and Canada (Canada, 1998) had fortified cereal and 

grain products with folic acid to boost dietary intake (Boulet, et al., 2008; De Wals, et al., 2007); 

other countries have followed suit (EUROCAT, 2015).  

 

1.2. Dietary folate 

1.2.1. Dietary fortification and folic acid supplementation 

As mentioned, there has been considerable effort in the last few decades to increase folate 

intake to minimize the incidence of neural tube defects and other disorders (reviewed in (Smith, 

et al., 2008)). In 1996 and 1998 respectively, the United States (USFDA, 1996) and Canada (Canada, 

1998) implemented mandatory fortification of cereals and grains to boost folate intake in the 

population. From studies done in the nearly two decades since implementation, it seems that the 

incidence of neural tube defects has decreased (Boulet, et al., 2008; De Wals, et al., 2007). Today, 

folic acid fortification of food is routine in many countries worldwide (EUROCAT, 2015).   
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Periconceptional folic acid supplementation and supplementation throughout pregnancy 

is also recommended (CDC, 1991). Folic acid is a synthetic form of the vitamin that is used in food 

fortification and vitamin supplements. Supplementation during pregnancy may also have other 

benefits such as minimizing anemia during pregnancy (WHO, 2012). Around the world, the daily 

recommended intake of folic acid ranges from 0.2mg - 0.4mg (Krawinkel, et al., 2014), but most 

countries adhere to the WHO’s recommendation of 0.4mg daily (WHO, 2012).  Higher doses, such 

as 4- 5 mg/day (approximately 10-fold higher than the recommended daily intake) are sometimes 

recommended for women with a high-risk pregnancy (CDC, 1991; Wilson, et al., 2007).  

1.2.2. Biological consequences of high levels of folic acid 

Many have questioned whether fortification or supplementation with folic acid is actually 

a good idea (reviewed by Crider, et al. (2011) and Smith, et al. (2008)). Unmetabolized folic acid 

appears at greater levels in the circulation, compared to pre-fortification values (Kalmbach, et al., 

2008). Fortification and supplementation has led to increased blood folate in some North 

American sub-groups and in other countries that fortify with folic acid (Britto, et al., 2014; 

Kalmbach, et al., 2008; McDowell, et al., 2008; Morris, et al., 2010; Troen, et al., 2006).  

Studies are emerging that allude to potential negative consequences of high folate intake. 

Though, it is not clear whether the concerns relate to the increase in the total folate pool or to the 

unmetabolized folic acid. Concerns have been raised about immune dysfunction (Troen, et al., 

2006) and increased inflammation (Protiva, et al., 2011). Lower performance in cognitive tests in 

older women has also been reported (Morris, et al., 2010). In a recent paper, it has been suggested 
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that too much folic acid during pregnancy may have an impact on the psychomotor development 

of offspring (Valera-Gran, et al., 2014). 

It has also been suggested that high levels of folic acid in the diet may interact with B12 

metabolism. High levels of serum folate in older patients with B12 deficiency leads to exacerbated 

symptoms (Miller, et al., 2009; Morris, et al., 2007). Subsequent work has demonstrated that high 

serum folate in these elderly individuals impairs the function of at least two B12-dependent 

enzymes (Selhub, et al., 2009).  Studies in India have shown that B12 deficiency and high blood 

folate in utero result in higher levels of adiposity and insulin resistance in offspring (Yajnik, et al., 

2008).   

In our laboratory we have worked with folic acid supplemented diets that are either 10x or 

20x the recommended daily intake values (Reeves, 1997). In murine models, both 20x (Pickell, et 

al., 2011) and 10x (Mikael, et al., 2013a) folic acid intake negatively impact embryonic 

development. Embryonic delays, increases in resorptions, and higher susceptibility to birth defects 

in offspring were observed in mothers fed 10x and 20x folic acid supplemented diets.  Our lab has 

also reported that 10x levels of folic acid in the diet lead to liver injury through alterations of lipid 

metabolism (Christensen, et al., 2015). Others have suggested that in utero exposure to folic acid 

supplementation (2.5x level of the control diet) may increase the risk of offspring later developing 

mammary tumors (Ly, et al., 2011), but may decrease their risk of developing colorectal tumors 

(Sie, et al., 2011). The 10x folic acid diet used in our lab (Christensen, et al., 2015; Mikael, et al., 

2013a), results in a 3-fold increase in plasma folate (Mikael, et al., 2013a), the same degree of 
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increase that has been reported in the United States since mandatory fortification was 

implemented (Pfeiffer, et al., 2012). 

 

1.3.  Methylenetetrahydrofolate reductase (MTHFR) 

1.3.1. Mutations and polymorphisms in MTHFR 

MTHFR (EC 1.5.1.20) is the enzyme responsible for the reduction of 5,10-methyleneTHF to 

5-methylTHF, the primary circulating form of folate in mammals. 5-MethylTHF will then go on to 

re-methylate homocysteine into methionine, which can in turn be used for protein synthesis or 

converted to the ubiquitous methyl donor SAM. 

Deficiency in MTHFR results in the build-up of excess homocysteine in the blood 

(hyperhomocysteinemia) and global DNA hypomethylation in humans and mice (Chen, et al., 2001; 

Friso, et al., 2013). Hyperhomocysteinemia is associated with pro-inflammatory responses, 

oxidative stress and other cellular disturbances (Lazzerini, et al., 2007; Mikael, et al., 2013b; 

Papatheodorou and Weiss, 2007). Altered nucleotide ratios have also been reported in MTHFR 

deficiency (Lawrance, et al., 2009).  

In humans, MTHFR is located on chromosome 1p36.3 (Goyette, et al., 1994). Since its 

mapping in 1994, mutations of varying severities have been reported (Goyette, et al., 1996; 

Goyette, et al., 1995; Leclerc, et al., 2005). Mutations in MTHFR are the most common inborn 

errors in folate metabolism (Rosenblatt, et al., 1992). As with most enzymes, the severity of the 

phenotype is a function of where the mutation occurs in the enzyme. Those mutations in 
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functional domains or those that truncate the protein tend to cause more severe phenotypes than 

minor changes in non-functional domains.  

There are many clinical reports of patients with severe MTHFR mutations. Severe 

deficiency is classified as mutations that lead to less than 20% residual enzyme activity and result 

in excess homocysteine in the blood (homocysteinemia) and the urine (homocystinuria) 

(Rosenblatt and Fenton, 2001). Each clinical presentation varies, but in general homocystinuria is 

associated with neurological symptoms including developmental delays, motor and gait 

abnormalities, seizures and other psychiatric features (Thomas and Rosenblatt, 2005). There are 

a few reported cases of asymptomatic patients with severe mutation in MTHFR (Goyette, et al., 

1994; Haworth, et al., 1993).   

In addition to the mutations known to cause severe MTHFR deficiency, there are several 

known polymorphisms (Ueland and Rozen, 2005). Each polymorphism has associated clinical 

implications, and their frequencies vary across populations.  

1.3.2. MTHFR 677 C T in humans 

Of the human polymorphisms, the 677 CT mutation (c.665CT, rs1801133) is the best 

characterized (Frosst, et al., 1995). This mutation is a base pair change from a cytosine (C) to a 

thymine (T). The DNA change results in an amino acid change at the 222nd amino acid position in 

the MTHFR protein, substituting an alanine for a valine (p.Ala222Val). This amino acid change 

result in a thermolabile enzyme with reduced activity (Frosst, et al., 1995; Kang, et al., 1988).  

The frequency of the 677TT genotype is high in southern Europe along the Mediterranean 

(15-20%), most notably in Spain and Italy. The highest frequencies have been recorded in 
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populations of Hispanic descent in the United States, Mexico and Colombia (~25-30%) (Figure 1.2) 

(Gueant-Rodriguez, et al., 2006; Leclerc, et al., 2005; Meadows, et al., 2014). Although limited, 

there are some data available for African populations. Algeria (Houcher, et al., 2010) and Tunisia 

(Rouissi, et al., 2009) in northern Africa have higher frequencies (~14% and ~11% respectively) 

than Benin (Gueant-Rodriguez, et al., 2006), Burkina Faso (Angius, et al., 2007) and Ghana 

(Rosenberg, et al., 2002) (all <1%) in sub-Saharan Africa.  The polymorphism is part of a common 

haplotype shared among diverse populations, suggesting a shared ancestral history; selective 

advantage could have assisted in spreading the variant through populations (Rosenberg, et al., 

2002). 

 
 

Figure 1.2 MTHFR 677 TT frequencies around the world  
Reported MTHFR 677TT frequencies from around the world (Alfthan, et al., 2003; Meadows, et 
al., 2014). Circles indicate the frequencies reported for sub-populations or regions in a given 
country. Uncolored countries have no reported data. (Meadows, et al., 2014) 
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MTHFR 677CT results in mild hyperhomocysteinemia, and it was identified as the first 

genetic risk factor for spina bifida (van der Put, et al., 1995). This polymorphism has also been 

linked to many other disorders including other birth defects, pregnancy complications and adverse 

reproductive outcomes (Bozovic, et al., 2011; Guan, et al., 2005; Hobbs, et al., 2000; Naidu, et al., 

2007; Rah, et al., 2012; Rajkovic, et al., 2000; Shotelersuk, et al., 2003). There is evidence that it 

increases risk for some neuropsychiatric disorders (Bjelland, et al., 2003; Joober, et al., 2000) and 

Alzheimer’s disease (Bi, et al., 2009).  Increased risk for vascular and blood disorders are also 

reported (Choi, et al., 2003; Frosst, et al., 1995).  

The role of MTHFR677CT in cancer is complicated and risk varies between populations 

and studies, and is dependent on individual folate status as well.  MTHFR677CT has also been 

reported to increase the risk for some types of cancers, including breast (Ergul, et al., 2003; Gao, 

et al., 2009; Hosseini, et al., 2011), pancreatic (Li, et al., 2005a), and esophageal (Langevin, et al., 

2009) cancers. In contrast, the 677 variant may reduce the risk of other cancers, including 

colorectal cancer (Chen, et al., 1996; Cohen, et al., 2003) and certain types of leukemia (Skibola, 

et al., 1999) when dietary folate is adequate.  

Despite its known negative consequences on human health, the high frequency of the 

MTHFR 677CT allele in many populations has been largely unexplained. One report suggested 

that during periods when there is low availability of dietary folate, 677TT may have provide 

protection against megaloblastic anemia of pregnancy (Green and Miller, 1999). Additionally, it 

has been suggested that, with sufficient folate levels, mutation in MTHFR diverts 

methylenetetrahydrofolate towards nucleotide synthesis increasing nucleotide pools for DNA 
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synthesis or repair (Ueland, et al., 2001). There is a clinical report that young people in West Africa 

with the MTHFR 677CT allele are protected against chronic hepatitis B (Bronowicki, et al., 2008). 

This report suggests that positive selection for protection against infection (such as hepatitis B) 

may be a potential selection mechanism.  In any case, there is little experimental evidence to 

support these hypotheses for the persistence of 677T in human populations. 

1.3.3. MTHFR mouse models  

1.3.3.1. Mthfr-deficient mice 

To study the effects of Mthfr deficiency, a murine model has been developed. In mice, the 

Mthfr gene maps to chromosome 4 (Frosst, et al., 1996). A neor insertion into the Mthfr gene was 

used to create a null Mthfr allele (Chen, et al., 2001). The Mthfr knockout mouse model has been 

backcrossed onto both a BALB/c (Chen, et al., 2001; Schwahn, et al., 2004) and C57Bl/6J (Knock, 

et al., 2008) background. Both heterozygous offspring (Mthfr+/-) and homozygous knockout 

offspring (Mthfr-/-) are viable, but there are strain differences in the survival rate of the 

homozygous knockout mice (Lawrance, et al., 2011). Mthfr-/- mice are more viable on a C57Bl/6J 

background.  

In humans, 677TT results in partial deficiency of MTHFR and mild hyperhomocysteinemia 

(Frosst, et al., 1995). In mice, Mthfr+/- animals experience a similar enzymatic deficiency and 

elevated plasma homocysteine (Chen, et al., 2001). Mthfr-/- mice are a model for severe MTHFR 

deficiency (Rosenblatt, et al., 1992).  
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1.3.3.2. MTHFR-overexpressing mice 

To comparatively study the effect of MTHFR expression, whether over-expression or 

under-expression, a transgenic murine model has also been developed by the Rozen lab (Celtikci, 

et al., 2008). The MTHFR transgenic mice (MTHFRTg) have a copy of human MTHFR inserted into 

the HPRT locus on the X-chromosome. MTHFRTg mice have been back-crossed onto a C57Bl/6J 

background (Celtikci, et al., 2008). MTHFRTg mice express both human and murine MTHFR. As their 

expression of murine MTHFR is similar to Mthfr+/+ mice, the total MTHFR expression in MTHFRTg 

mice is approximately 2-fold higher than MTHFRWt littermates.  MTHFRWt mice have similar MTHFR 

levels to Mthfr+/+ mice. Due to the incorporation of the MTHFR gene on the X-chromosome, only 

male mice are used in experiments to ensure that the over-expression of MTHFR is uniform across 

all mice.   

1.3.4. Diet models  

There is a complex relationship between dietary folate status and mild MTHFR deficiency 

(reviewed by Jacques and Choumenkovitch (2005)).  Defined diets with variable amounts of folic 

acid and other one-carbon metabolites have been used extensively in our lab and others. In the 

Rozen lab, we regularly use folic acid deficient diets (Li, et al., 2005b), 20x high (Pickell, et al., 2011) 

and 10x high (Mikael, et al., 2013a) folic acid diets, and choline deficient diets (Chan, et al., 2010b). 

All diets are based on the recommended daily intake guidelines (Reeves, 1997). Typically the 

dietary formulas used in our lab contain succinylsulfathiazole, and antibiotic that targets bacteria 

residing in the gut, to ensure that the folates being consumed are taken from the diet and not 

scavenged from gut bacterial production de novo (Sepehr, et al., 2003). 
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1.3.5. Studies using the Mthfr, MTHFR and dietary mouse models 

Using the Mthfr+/- mouse model, the role of Mthfr deficiency and how it may be affected 

by folates and one-carbon metabolites in the diet has been studied for many of the disorders 

linked to MTHFR 677CT. Many of the murine studies of Mthfr-deficiency and/or high or low 

dietary folate support the observations of human clinical studies. Murine studies also allow for 

exploration of potential mechanisms.  

 In pregnancy studies, Mthfr-deficient mice on folate deficient diets (7x lower than 

recommended daily intake (Reeves, 1997))  experienced more embryonic losses, birth defects, 

and other pregnancy complications than their wild-type littermates or those mice on folate 

sufficient diets (Li, et al., 2005b; Pickell, et al., 2009). It has also been shown that high levels of 

folic acid in the diet (either 10x or 20x over the recommended daily intake (Reeves, 1997)) results 

in embryonic losses, pregnancy delays and cardiac defects (Mikael, et al., 2013a; Pickell, et al., 

2009). Deficiency of choline, another one-carbon metabolite, also resulted in cardiac defects and 

restriction of embryonic growth (Chan, et al., 2010b). In another study, it was demonstrated that 

high levels of folic acid in utero results in glucose intolerance and insulin resistance in male 

offspring (Huang, et al., 2014).  

In studies of coronary artery disease, Mthfr–deficient mice were shown to be more at risk 

for atherosclerosis, likely due to changes in cholesterol metabolism (Mikael, et al., 2006). High folic 

acid (10x over the recommended daily intake (Reeves, 1997)) has also been shown to alter lipid 

metabolism in Mthfr-deficient mice (Christensen, et al., 2015). Studies of brain morphology and 

cognitive development have shown that mice with severe Mthfr-deficiency have behavioral 
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anomalies, memory impairments and structural changes in their brains (Jadavji, et al., 2012). High 

levels of folic acid in pregnancy have been shown to affect brain-development genes, and offspring 

exhibit anxiety-like behavior and hyperactivity (Barua, et al., 2014).  

Mthfr-deficiency may also affect fertility as in fertility studies, strain differences in Mthfr-

deficient mice have been described. BALB/c mice who are Mthfr-deficient are infertile, but Mthfr-

deficient C57Bl/6J mice are not, despite having decreased sperm counts and changes in testicular 

morphology (Chan, et al., 2010a). Treatment with betaine, the one-carbon donor for folate-

independent homocysteine remethylation partially rescues infertility in Mthfr-deficient BALB/c 

mice (Kelly, et al., 2005). Paternal folate deficiency has been shown to result in cranio-facial birth 

defects (Lambrot, et al., 2013). 

Murine studies have also been used to investigate the effects of Mthfr-deficiency and/or 

low dietary folate on cancer incidence and progression. In colon cancer studies, the Rozen lab has 

shown that low dietary folate results in spontaneous tumor development and that Mthfr-

deficiency enhances the tumor development (Knock, et al., 2006). Others have shown that folic 

acid supplementation had little to no effect on inflammation or tumorgenesis in a colitis-induced 

cancer model (MacFarlane, et al., 2013). The Rozen lab also showed that in mice that are 

predisposed to colon cancer, low dietary folate in combination with Mthfr-deficiency resulted in 

lower tumor numbers (Lawrance, et al., 2009). Others, working with the same genetically 

predisposed mice, have made similar observations. They have found that feeding these mice 

methyl donor deficient diets (including folate) also results in lower tumorgenesis (Kadaveru, et al., 

2012). These studies suggest that as in humans, murine cancer is quite a complex phenotype. 
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These differences may be related, in part, to the high metabolic requirement of folates for tumor 

growth and proliferation. Dietary folate seems to be most important once tumorgenesis has 

already occurred (Lawrance, et al., 2009). 

The MTHFRTg mice were generated to study the effect of MTHFR dose on methotrexate 

response; methotrexate is a DHFR inhibitor used to treat certain cancers and inflammatory 

disorders (Celtikci, et al., 2008). The MTHFRTg mice were shown to have similar RBC changes after 

treatment with methotrexate that Mthfr-deficient mice did, but they were protected from 

methotrexate-induced hyperhomocysteinemia. Due to the close relationship between host and 

metabolism and that of different pathogens, the mice were also used to investigate the hypothesis 

that the 677CT variant may increase resistance to murine cytomegalovirus (mCMV) infection 

(Fodil-Cornu, et al., 2009). In these experiments, Mthfr-/- mice were shown to be more resistant to 

mCMV infection than wild-type or Mthfr+/- mice. Mthfr-/- and Mthfr+/- mice had significantly lower 

viral titers in the spleen than wild-type animals. The numbers of immune cells were significantly 

increased in Mthfr-/- mice as compared to wild-type. MTHFRTg had higher viral titers and were 

more susceptible to mCMV infection than the wild-type. Together, these results suggested that 

low levels of Mthfr activity provide protection against this viral pathogen.   

 

1.4. Malaria 

1.4.1. Global burden of malaria 

Malaria, caused by Plasmodium parasites, is endemic to wet environments near the 

equator. The parasites have complex life cycles with part of the cycle in the gut of Anopheles 
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mosquitoes and other stages in the bloodstream and organs of infected mammalian hosts. A 

mammalian host is infected when an infected female Anopheles mosquito takes a blood meal. 

Once in the host, parasites infect the red blood cells (RBCs) where they replicate, grow, mature, 

and infect other RBCs (Fortin, et al., 2002b). During this process of growth and replication, the 

host’s RBCs are destroyed. During the blood stage, hosts are able to infect other Anopheles hosts 

during a blood meal. At maturity, parasites are able to infect other organs, especially the liver. In 

some Plasmodium strains, the parasite also sequesters itself inside various tissues (Franke-Fayard, 

et al., 2010; Longley, et al., 2011).   Malaria is also a complex disease; its presentation (phenotype) 

is influenced by interactions between the host’s genes and the parasite’s genes. The infection 

outcome is also dependent upon the social and political environment when the infection occurs; 

access to quality medical care vastly improves the outcome of infection (Fortin, et al., 2002b; 

WHO, 2014).  

In 2013 (the most recent year for which complete data are available), there were 198 

million reported cases of malaria, and of those there were approximately 584,000 fatal cases 

(WHO, 2014). These numbers are an improvement from earlier reports, but malaria’s impact on 

economic growth and its relationship to poverty still exists (Sachs and Malaney, 2002). Malaria 

transmission regularly occurs in the 97 countries that have been identified as being malaria-

endemic; leaving an estimated 3.2 billion people at risk of being infected with malaria and 

developing disease (WHO, 2014). Children, pregnant women, and poverty-stricken individuals are 

at greatest risk for poor outcomes (Nzila, et al., 2014; WHO, 2014). Organizations such as the WHO 

are working to protect these poor and vulnerable communities, but the more the disease is 

understood, the more effective interventions will be.  



 
35 

 

1.4.2. Malaria in humans 

 There are five strains of malaria that can infect humans: P. falciparum, P. vivax, P. ovale, 

P. malariae, and P. knowlesi. Of these strains, P. falciparum and P. vivax are most common, with 

the majority of complications in patients with P. falciparum infection. Uncomplicated cases of 

malaria results in cyclical fevers, mild anemia and the aches, pains and “flu-like” symptoms that 

typically accompany febrile illnesses (WHO, 2015). Diagnosis is confirmed when a thin-layer smear 

of blood is Giemsa stained and parasites identified within patient’s red blood cells (RBCs).  

Complications may arise when the infection is left untreated particularly in patients with 

P. falciparum infection, or in pregnant women and small children. In pregnancy, maternal death, 

miscarriage, stillbirth and low birth weight are additional complications that may arise (WHO, 

2015).  Normal malaria complications include severe anemia, splenomegaly or possible spleen 

rupture, kidney and liver failure, respiratory failure, cerebral malaria, and death. Cerebral malaria 

encompasses such symptoms as paralysis, seizure, brain hemorrhage and/or death.  

1.4.3. Malaria and genetics 

Pathogens such as malaria, often kill quickly and in the prime of life. Due to this nature, 

they are thought to be one of the leading selective forces that have helped to shape the human 

genome. Several genetic mutations with negative health consequences have persisted in human 

populations because they confer protection against infections, which exerts positive selection on 

these negative traits.  

Malaria in particular has often been reported to be a positive selection factor, to the extent 

that it has been called “the greatest selective pressure on the human genome in recent history” 
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(Kwiatkowski, 2005). The classic example of such a mutation is sickle cell hemoglobin, the gene 

responsible for sickled hemoglobin (HS). Originally observed and hypothesized based on lower 

infection rates in patients with HS (Allison, 1954), it was later shown experimentally (Beutler, et 

al., 1955) that HS offers protection from malaria infection. Other hemaglobinopathies have also 

been shown to offer protection against malaria including α-thalassemia (Flint, et al., 1986), β-

thalassemia (Willcox, et al., 1983), and glucose-6-phosphate dehydrogenase deficiency (Ruwende 

and Hill, 1998). It has been proposed that these genes have maintained prevalence in the 

Mediterranean, a once malaria-rich region, because they protect against the disease (Fortin, et al., 

2002b). Other factors such as the Duffy surface antigen on RBCs (Miller, et al., 1976), HLA type 

(Hill, et al., 1991), and pyruvate kinase deficiency (Berghout, et al., 2012) have also been shown to 

improve the outcome of malaria infections. Results of genome-wide studies of malaria 

susceptibility in humans have been mixed (Culleton, et al., 2005; Griffiths, et al., 2005; Timmann, 

et al., 2007); many of the mutations, such as sickle cell trait,  classically associated with protection 

from malaria have not shown up in most genome-wide studies. Instead, significant findings from 

these genome-wide studies have helped us to start unraveling the complex interactions between 

the host and pathogen (reviewed in Khor and Hibberd (2011)). 
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Figure 1.3 World distribution of malaria, from mid-19th century to 2007  
World map of the changing distribution of malaria as the WHO and others have moved towards 
control and eradication of the parasite (Mendis, et al., 2009) 
 

Many of the genes associate with malaria protection have high frequencies in the 

Mediterranean region.  Historically, the malaria endemic region was much wider than it is today 

(Figure 1.3) and included the Mediterranean region. Improvements in medical care and sanitation, 

combined with targeted efforts to control and eradicate mosquito carriers in specific regions have 

helped to narrow the malaria endemic region (Mendis, et al., 2009). In the last few generations, 

most severe cases of malaria are found in sub-Saharan Africa and Southeast Asia, where the 

parasite still kills hundreds of thousands each year (Mendis, et al., 2009; WHO, 2014). Despite its 

currently more contained region, the malaria parasite has left lasting effects on the genomes of 

those from the Mediterranean and in other regions where it once thrived.  
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1.4.4. Malaria mouse models  

Many of the human diseases thought to persist in populations due to positive selection 

have been confirmed using murine genetic studies. Confirming human studies in sickle cell (Allison, 

1954; Beutler, et al., 1955), malaria survival positively correlates with the level of Hs expression in 

transgenic Hs mice (Hood, et al., 1996). Mice that express Hs are also protected against cerebral 

malaria (Ferreira, et al., 2011). Murine studies in β-thalassemic mice (Roth, et al., 1988) also 

confirm human studies (Willcox, et al., 1983). Conversely, murine studies originally identified 

pyruvate kinase deficiency as protective in mice (Min-Oo, et al., 2004; Min-Oo, et al., 2003) and 

human studies later confirmed this finding (Ayi, et al., 2008; Berghout, et al., 2012).   

To better understand malaria and its variable phenotypes, mouse models have been 

developed to study them experimentally. P. falciparum, the malaria infection that most commonly 

causes complications in humans, is studied using two different murine parasites, P. chabaudi AS 

and P. berghei ANKA. The susceptibility of the mouse to infection is dependent upon the strain of 

the mouse and the parasite; the phenotype (outcome of infection) is similarly strain dependent. 

Murine studies have identified many resistance and susceptibility loci to these parasites, but not 

all of the mechanisms have been elucidated (reviewed by Fortin, et al. (2002a) and Longley, et al. 

(2011)). 

In C57Bl/6 mice, the outcome of P. berghei ANKA infection results in cerebral malaria, a 

severe complication of P. falciparum. In such susceptible mouse strains, cerebral malaria 

symptoms may include paralysis, seizures, brain hemorrhages and death. The onset of cerebral 

symptoms is between 5 and 7 days post-infection (dpi), and most susceptible mice succumb to 
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infection between 8 and 10dpi (Hood, et al., 1996; Min-Oo, et al., 2003; Roth, et al., 1988). If 

infected mice survive the cerebral phase, they will eventually die from severe anemia (around 21 

dpi). The prevailing theory from experimental evidence is that cerebral malaria results, at least in 

part, from the dysregulation of the immune response mounted by the host (Hunt and Grau, 2003; 

Lamb, et al., 2006; Patel, et al., 2008). The immune response is characterized by extremely high 

levels of pro-inflammatory cytokines such as interferon- (IFN) and tumor necrosis factor α 

(TNFα), while expression of anti-inflammatory cytokines such as interleukin-10 (IL-10) and 

transcription growth factor β (TGFβ) are often decreased (Hunt and Grau, 2003).  

Genetic manipulation and neutralization of these cytokines have been used to help 

elucidate their relationships and how the immune response leads to cerebral malaria symptoms. 

High levels of TNFα are present in early stages of infection and in vivo neutralization of TNFα can 

also prevent cerebral malaria symptoms by down-regulating the expression of endothelial 

receptors (Grau, et al., 1987). As might be expected, mice with a genetic knockout of TNFα-

signaling were also resistant to cerebral malaria (Rudin, et al., 1997a). In vivo neutralization of 

IFN, in mice that are susceptible to infection, protects susceptible mice by helping to neutralize 

downstream expression of TNFα (Grau, et al., 1989a). Experiments with P. berghei ANKA in IFN 

knockout mice, showed that IFN was required to induce cerebral pathology (Rudin, et al., 1997b). 

IL-10-deficiency in resistant strains rendered deficient mice susceptible to P. berghei ANKA 

infection, and administration of recombinant IL-10 in susceptible mice protected against cerebral 

symptoms by down-regulating IFN, but not TNFα, expression (Kossodo, et al., 1997).  
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Modulation of other cytokines and immune regulators have also been shown to protect 

against cerebral malaria. Treatment of patients with rosiglitazone, a PPAR agonist, not only 

improves the clearance of parasitized red blood cells (pRBCs) and the outcome of P. chabaudi 

chabaudi infection, but it also decreases the inflammatory response and improves the outcome of 

P. berghei ANKA infection (Serghides, et al., 2009).  A genome-wide analysis of inbred mouse 

strains following P. berghei ANKA infection also points to Ppar as a locus important in malaria 

survival (Bopp, et al., 2010). Knockouts of ATP-binding cassette sub-family A, member 1 (Abca1), 

Abca1-/-, have fewer pro-inflammatory microparticles that have been shed from endothelial cells 

and are circulating in the plasma. They also have decreased brain TNFα compared with wild-type 

littermates and are protected from cerebral malaria (Combes, et al., 2005). In general, it appears 

that disruption of many of the pathways that drive inflammation will lead to a more preferable 

outcome in cerebral malaria (Berghout, et al., 2010; Campanella, et al., 2008; Lu, et al., 2006; Patel, 

et al., 2008; Schmidt, et al., 2011). 

1.4.5. Folate metabolism in malaria 

As in mammals, folate metabolism in the parasite is a requisite to synthesize nucleotides 

and amino acids and for methylation reactions (Muller and Hyde, 2013), and involves many similar 

enzymes. One of the most striking differences between malaria and its hosts is that, unlike its 

hosts, the malaria parasite can, if necessary, synthesize folate de novo from other precursors 

(Muller and Hyde, 2013; Nzila, et al., 2005a; Nzila, et al., 2005b). The parasite’s dihydrofolate 

reductase (DHFR) enzyme also has a synthetase domain that the mammalian host does not have. 
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For many years, anti-folate drugs have been used to inhibit growth of pathogens, including 

the malarial parasite (reviewed in (Muller and Hyde, 2013)).  Two folate-dependent enzymes, 

DHFR and dihydropteroate synthase (DHSP) are popular targets in malaria (Muller and Hyde, 2013; 

Nzila, et al., 2005a). Mammals do not have a DHSP enzyme, so it is also an ideal target for anti-

malarial drugs. Blocking these enzymes inhibits de novo folate synthesis in the parasite and these 

drugs are used in combination therapy with other drugs derived from artemisinin to target 

parasites within the RBCs (WHO, 2014). Unfortunately, resistance to drugs that target folate 

synthesis has developed in some malaria-endemic regions. The latest reports of drug efficacy and 

resistant malaria strains is included in the WHO’s annual malaria report (WHO, 2014).  

1.4.6. Folic acid supplementation and anti-malarial drugs 

The WHO recommends that the anti-malarial drugs targeting folate metabolism be 

prescribed in combination therapy with an artemisinin derivative (WHO, 2014). To limit the impact 

of this disease, one preventative strategy has been the prescription of folate-blocking anti-

malarials to late-term pregnant women and to children during routine health care screenings 

(Nzila, et al., 2014; WHO, 2014). In these preventative strategies, a combination therapy of 

sulfadoxine and pyrimethamine (SP) is administered. Both drugs target folate metabolism, but at 

different parts of the pathway; sulfadoxine is a competitive inhibitor in the synthesis of the folate 

backbone, while pyrimethamine directly targets DHFR function.  The latest reports show that these 

prevention programs are not reaching the desired level of efficacy and dissemination (WHO, 

2014). This may be due, in part, to increased frequency of folic acid fortification (EUROCAT, 2015) 

and the folic acid supplementation also recommended by the WHO during pregnancy (WHO, 
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2012). Fortification and supplementation rely on folic acid, a stable, synthetic folate with high 

bioavailability. Folic acid may actually inhibit folate-dependent enzymes and transporters (Smith, 

et al., 2008). Several malaria-endemic countries such as Ghana and Cote d’Ivoire have already 

implemented dietary fortification programs (EUROCAT, 2015). There is considerable over-lap of 

malaria-endemic countries and those that have implemented mandatory folic acid fortification 

(Figure 1.4).  There is a growing body of clinical evidence that suggests folic acid fortification and/or 

supplementation may interfere with malaria treatment (and subsequent eradication efforts) 

(Carter, et al., 2005; Dzinjalamala, et al., 2005; Mulenga, et al., 2006; Nzila, et al., 2014). Further 

studies are needed to help better inform these practices. ‘ 

 

Figure 1.4 On-going malaria transmission and folic acid fortification 
Map comparing over-lap of countries with on-going malaria transmission (WHO, 2014) and 
mandatory folic acid fortification (EUROCAT, 2015) around the world. Countries in grey do not 
have reported malaria transmission nor mandatory folic acid fortification.  
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THESIS RATIONALE 

Although the importance of folate metabolism during malaria infection has been known 

for many years, the effect of a genetic disturbance in folate metabolism during infection has not 

been studied. A common polymorphism in an important enzyme in folate metabolism, MTHFR 

677CT, exists at high frequencies in many populations. Despite association with many health 

consequences, a mechanism for positive selection of this polymorphism has not been illustrated. 

It is possible that mild Mthfr-deficiency, as experienced in MTHFR 677TT individuals, can provide 

protection against pathogens, suggesting a possible mechanism of positive selection. Clinical 

studies have recently pointed to extensive folate supplementation as having a negative impact on 

the outcome of malaria infection, but experimental evidence is slim. The use of murine studies 

avails us the opportunity to explore potential mechanisms involved.  

In humans, P. falciparum infection causes the majority of malaria-related mortality and 

morbidity in humans. In mice, this infection is studied using two different murine parasites, P. 

chabaudi AS (models blood-stage infection) and P. berghei ANKA (models the cerebral malaria 

complication), because each parasite models different aspects of the human infection. In this 

thesis, the P. berghei ANKA parasite will be used because of its easy availability from collaborators 

and because its pathology is known to be related to inflammation and host immune response. 

Both inflammation and immune function have been shown to be altered by mild Mthfr-deficiency 

and dietary folate, so a parasite also sensitive to such changes provides an interesting avenue of 

study.  
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The objectives of this thesis are to explore the effect of Mthfr-deficiency during P. berghei 

ANKA infection using Mthfr+/-mice (mice with a single null allele in Mthfr) and measuring 

immunological parameters. We will also explore immune changes in uninfected Mthfr+/-mice.  We 

will then explore the effect of MTHFR-overexpression during P. berghei ANKA infection using 

MTHFRTg mice (mice with an additional human MTHFR gene) and measuring immune cell 

populations. We will also explore immune changes in uninfected MTHFRTg mice. Finally, we will 

then explore the effect of high levels of folic acid during P. berghei ANKA infection using Mthfr+/-

mice fed folic acid supplemented diets, and measuring various immunological parameters. 
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CHAPTER II 

MATERIALS AND METHODS 
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2.1. Animals  

All animal use protocols were approved by the Montreal Children’s Hospital Animal Care 

Committee and in accordance with the guidelines adopted by the Canadian Council on Animal 

Care. We used Mthfr+/+ and Mthfr+/- mice (Chen, et al., 2001) backcrossed on a C57BL/6 

background (Charles River Laboratory, St. Constant, Quebec, Canada) for at least 15 generations 

(Knock, et al., 2008). We also used MTHFR transgenic (MTHFRTg) C57BL/6 mice with an extra copy 

of human MTHFR (Celtikci, et al., 2008) and their wild-type littermates.  Mthfr+/+ and MTHFRWt 

mice are both wild-type C57BL/6 mice, although they are differentially designated based on their 

littermates. Genotypes were determined by PCR (Celtikci, et al., 2008; Chen, et al., 2001) prior to 

infection and confirmed after death.   All animals were housed in clean facilities with 12 hours 

light/dark cycles and fed ad libitum.  

 

2.2. Diets  

At birth and post-weaning, all mice were fed a diet of standard mouse chow diets (2920x 

Irradiated Teklad Global Soy Protein-Free Extruded Rodent Diet, Harlan Laboratories Inc., 

Madison, WI, USA). Mouse chow is a diet made from soy and other natural food products, so the 

folates are naturally-occurring derivatives. As it is not an amino acid-defined diet, it contains higher 

quantities of several other methyl donors including B12, choline and methionine. Prior to 

irradiation, it reportedly contains approximately 4mg/kg folate. Irradiation leads to loss of 

approximately 15% of folate (personal communication, supplier). In genotype experiments, the 

mice were fed mouse chow diet from weaning until death.  
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For dietary experiments, five weeks prior to infection, 2-3-month-old mice were randomly 

assigned to groups fed mouse chow or one of the folate-defined diets: 1) CD + SST, an amino acid-

based Control Diet that contained succinylsulfathiazole (SST), an antibiotic that prevents folate 

synthesis by intestinal flora. This diet contains the recommended amount of folic acid for rodents 

(2mg/kg diet) (TD.090704 Folic Acid Control Diet, a modified version of TD01369 (Li, et al., 2005b), 

Harlan Laboratories, Inc., Madison, WI, USA); 2) CD, the same Control Diet without SST (TD.130565 

Folic Acid Control Diet, Harlan Laboratories, Inc., Madison, WI, USA); 3) FASD (Folic Acid-

Supplemented Diet), a diet identical to CD without SST but supplemented with folic acid at 10 

times the amount in the CD diet (20 mg folic acid/kg diet, TD.130998, a modified version of 

TD.09258 (Mikael, et al., 2013a), Harlan Laboratories, Inc., Madison, WI, USA). All diets had their 

vitamin levels (including folic acid) adjusted to allow for irradiation (as recommended by the 

supplier), so that vitamin levels were at the desired levels post-irradiation.  

 

2.3.  Plasmodium berghei ANKA infection 

After 5 weeks on diets or at 2-3 months of age, mice were randomly administered an 

inoculum of 200µl phosphate-buffered saline with 105 parasite-infected red blood cells (pRBCs), 

delivered by intravenous tail injection. Parasites were maintained through infection of naïve mice 

and inoculums prepared fresh on the day of infection.  

The parasite dosage best suited for these experiments was determined experimentally. 

Three dosages were tested (104, 105 and the standard 106) to determine which was useful in 

elucidating the differences between our genotype groups (data not shown). The dosage that 
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showed the best separation between genotypes was the 105 dose, so this was the dose used for 

all subsequent experiments. Prior to infection, animals were genotyped by PCR (Celtikci, et al., 

2008; Chen, et al., 2001), and genotypes were confirmed after death.  

Following infection, animals were closely monitored several times a day until death or until 

they reached a pre-defined endpoint (loss of ability to use hind limbs, complete loss of mobility 

and/or difficulty breathing). At the endpoint, animals were euthanized by CO2 asphyxiation. For 

the purpose of tracking survival, if an animal was euthanized, the recorded time of death was 

rounded to the next time the animal would have been monitored.  

 

2.4. Measurement of blood parasites 

At various time points during infection, blood was collected via tail pricks from infected 

mice and smeared into a very thin layer on microscope slides. Slides were stained with the 

Hemacolor© kit (Harleco, EMD Millipore, USA) to differentiate pRBCs and normal RBCs. 

Parasitemia was determined by calculating the ratio of pRBCs to total RBCs.  

 

2.5. Tissue collection 

Animals were infected as described above and sacrificed as noted, at 6 or 7 days post 

infection (dpi). Uninfected animals were age-matched at time of sacrifice. In random order, 

animals were asphyxiated in a CO2 chamber, and blood was collected via cardiac puncture and 

processed in serum separation tubes (Sarstedt, St. Léonard, Quebec, Canada). Whole brain 
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hemispheres, liver and spleen were harvested by dissection and tissues were frozen at -70°C until 

use. Bloods were sent to the McGill Animal Resource Centre for complete blood counts and 

differentials.  

 

2.6. Measurement of serum homocysteine and IFN 

Serum homocysteine was measured using a colorimetric enzyme assay (A/C Enzymatic HCY 

Assay Kit, A/C Diagnostics, San Diego, CA, USA). The kit was used as suggested by the 

manufacturer. Serum IFN was measured using an ELISA kit (BD OptEIA™ Mouse IFN-gamma ELISA 

Kit, BD Biosciences, CA, USA). The kit was used as suggested by manufacturer, with samples diluted 

1:2.5.  

 

2.7. Assessment of immune cell populations 

Infected animals were sacrificed at 6 or 7 dpi and spleens were harvested. Uninfected 

animals were sacrificed when age-matched to the infected mice. Spleens were macerated using a 

70m strainer and strained again through a clean 70m strainer to remove debris. RBCs were lysed 

using ammonium-chloride-potassium (ACK) lysis buffer. Splenocytes were counted using a 

hemocytometer and trypan blue solution, and then seeded at 5.0x106 for incubation with 

GolgiStop™ (BD Biosciences, Mississauga, ON, Canada) for 3 hours. 1x106 cells were stained for 

viability with either eFluor®780 viability dye (eBioscience, San Diego, CA, USA) or Live/Dead® 

Fixable Aqua Stain (LifeTechnologies, Burlington, ON, Canada). After washing, cells were stained 
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with a mix of surface antibodies: APC-eFluor® 780 anti-CD4 (eBioscience, San Diego, CA, USA) or 

V500 anti-CD4 (BD Biosciences, Mississauga, ON, Canada), FITC anti-DX5 (BioLegend, San Diego, 

CA, USA), PE anti-CD194/CCR4 (BioLegend, San Diego, CA, USA), APC anti-CD183/CXCR3 

(BioLegend, San Diego, CA, USA), and eFlour®450 anti-CD8 (eBioscience, San Diego, CA, USA) or 

APC-eFlour®780 anti-CD8 (eBioscience, San Diego, CA, USA).   

Cells were fixed and permeabilized (BD Cytofix/ Cytoperm™ Fixation and Permeablization 

Kit, BD Biosciences, Mississauga, ON, Canada). After permeabilization, cells were intracellularly 

stained with a mix of antibodies: PE/Cy7 anti-IFNγ (BioLegend, San Diego, CA, USA) and PerCP-

eFluro®710 anti-CD3 (eBioscience, San Diego, CA, USA).  Samples were run on a BD Canto Flow 

Cytometer (BD Biosciences, Mississauga, ON, Canada) and 2.0x105 events were recorded. Data 

were analyzed with FlowJo software (Treestar Inc, Ashland, OR, USA). 

 

2.8. Immunoblot measurement of tissue cytokines 

Cytokines in tissues were measured by immunoblotting. Protein lysates were prepared for 

electrophoresis, and immunoblotting was performed as previously described (Mikael, et al., 2006). 

Primary antibodies against -actin (Sigma-Aldrich, Oakville, ON, Canada), PPAR (Abcam, 

Cambridge, MA, USA), IFN (Sigma-Aldrich, Oakville, ON, Canada), IL-12 (Abbiotech, San Diego, CA, 

USA) , TNFα (Abcam, Cambridge, MA, USA) and IL-10 (Abbiotech, San Diego, CA, USA) were used. 

Secondary antibodies were horseradish peroxidase-coupled anti-rabbit IgG (Amersham, GE 

Healthcare Life Sciences, Piscataway, NJ, USA) and horseradish peroxidase-coupled anti-goat IgG 

(Santa Cruz Biotechnology Inc., Dallas, TX, USA), as prescribed. The ECL Plus chemiluminescence 
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system (Amersham, GE Healthcare Life Sciences, Piscataway, NJ, USA) was used for signal 

detection. The signal was visualized by film exposure. Proteins were quantified by densitometry 

using Quantity One 4.1.0 software (Bio-Rad Laboratories, Mississauga, ON, Canada); -actin was 

used as internal control. Wild-type or CD mice were used to generate a mean value that was 

designated as 1. Values for mutant or FASD mice were calculated as a ratio of the mean wild-type 

or CD value for each blot. 

 

2.9. RNA extraction and quantitative reverse-transcriptase-PCR 

     RNA was extracted from frozen liver (~15mg) using the RNeasy Tissue Mini Kit (Qiagen, Toronto, 

ON, Canada) according to the manufacturer’s instructions. Reverse transcription was performed 

as previously described (Knock, et al., 2006). Quantitative PCR reactions were performed using 

Platinum SYBR® Green master mix (Invitrogen™, Burlington, ON, Canada), with primers described 

in Table 2.1, using the Roche Lightcycler® 480 II (Roche Life Science, Laval, QC, Canada). Primers 

were designed using NCBI PrimerBLAST (Ye, et al., 2012). Expression of target genes was 

normalized to Gapdh and Ywhaz using a normalization factor calculated by geNorm v.3.4 

(Vandesompele, et al., 2002).  
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Table 2.1: Primers for quantitative real-time RT-PCR 

Gene Direction Primer Sequence 
Amplicon 

Size 
Tm 
(°C) 

Reference 

Gapdh Forward CAGGAGCGAGACCCCACTAACAT 74 62 (Leclerc, et al., 2013) 

 Reverse AAGACACCAGTAGACTCCACGAC    

Ywhaz Forward TGCTGGTGATGACAAGAAAGGA 119 60 (Garcia-Crespo, et al., 2009) 

 Reverse TGAGGGCCAGACCCAGTCT    

Bak Forward TATTAACCGGCGCTACGACAC 109 60 (Garcia-Crespo, et al., 2009)  

 Reverse CTTAAATAGGCTGGAGGCGATCTT    

Bcl-xl Forward GGTAGTGAATGAACTCTTTCGGGAT 131 60 (Garcia-Crespo, et al., 2009)  

 Reverse TCCGACTCACCAATACCTGCAT    

Abca1 Forward CGTTTCCGGGAAGTGTCCTA 78 60 (Brunham, et al., 2006)  

 Reverse CTAGAGATGACAAGGAGGATGGA    

 

The table includes expected amplicon size, melting temperature (Tm) and reference source. 
Housekeeping genes (Gapdh and Ywhaz) were used to generate the normalization factor.  

 

 

2.10. Statistical analyses 

     Statistical analyses, including log-rank analysis of survival, analysis of variance (ANOVA), 

correlations and unpaired t-tests were performed using GraphPad v5 or v6 (GraphPad Software 

Inc, La Jolla, CA, USA). Following ANOVA, Tukey post-hoc tests were used for pair-wise 

comparisons.  Grubb’s test was used to identify potential outliers; outliers, if they were present, 

were removed. In comparative graphs, data are presented as mean ± standard error of the mean 

(SEM). When combining experiments, wild-type or CD mice in each experiment were standardized 

to a mean expression level or intensity ratio of 1, and the values for mutant or FASD mice were 

calculated as a proportion of the value for wild-type or CD mice.  
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CHAPTER III 

INCREASED RESISTANCE TO MALARIA IN MICE WITH 

METHYLENETETRAHYDROFOLATE REDUCTASE (MTHFR) DEFICIENCY SUGGESTS A 

MECHANISM FOR SELECTION OF THE MTHFR 677C>T (C.665C>T) VARIANT 

 

Published in part as:  

Increased Resistance to Malaria in Mice with Methylenetetrahydrofolate Reductase 

(Mthfr) Deficiency Suggests a Mechanism for Selection of the MTHFR 677C>T (c. 

665C>T) Variant 

Danielle N. Meadows, Michal Pyzik, Qing Wu, Sabrina Torre, Philippe Gros, Silvia M. 

Vidal and Rima Rozen 

Human Mutation (2014) 35(5): 594-600 
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3.1. Summary 

A polymorphism in methylenetetrahydrofolate reductase (MTHFR, 677C>T (c.665C>T, 

p.Ala222Val, rs1801133)) results in mild enzymatic deficiency and increased risk for several 

complex traits including adverse reproductive outcomes, birth defects, and heart disease. Despite 

these deleterious effects, homozygosity is high (5 – 15%) in many populations, and among the 

highest in Mediterranean regions, where malaria was historically endemic and may have conferred 

a selective advantage for other mutations. We infected Mthfr-deficient (Mthfr+/-) mice with 

Plasmodium berghei ANKA to induce cerebral malaria. Mthfr+/- mice survived longer (p<0.02, log-

rank test) after infection compared with wild-type littermates. IFNγ and PPARγ immunoreactive 

protein was increased in brain of Mthfr+/- mice and IFNγ was increased in spleen as well.  

Immunoreactive IL-10 proteins was decreased in brain of Mthfr+/- mice compared to wild-type 

littermates. Flow cytometry revealed increased lymphocyte populations and increased CCR4+ 

natural killer (NK) cells in spleen of infected Mthfr+/- mice. Uninfected Mthfr+/- mice had changes 

in distribution of immune cell populations, specifically increases in the proportion of CCR4+ NK 

cells and IFNγ+ NK cells. They also have changes in their brain IFNγ and IL-10 immunoreactive 

proteins, with decreases in IFNγ and increases in the inactive form of IL-10. These findings suggest 

that MTHFR deficiency alone may alter immune response. We suggest that mild MTHFR deficiency 

protects against malarial infection and that this phenomenon may have led to the high frequency 

of the 677 CT variant in human populations.  
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3.2. Introduction 

Methylenetetrahydrofolate reductase (MTHFR, EC 1.5.1.20,) synthesizes 

methyltetrahydrofolate, the primary circulatory form of folate. Several common variants of 

MTHFR (607093) have been reported (Leclerc, et al., 2005). Of these, the 677CT polymorphism 

(c.665C>T, p.Ala222Val, 607093.003, rs1801133) has been studied the most extensively, with over 

3600 citations for our original report (Frosst, et al., 1995).  The 677TT genotype results in an 

approximate 70% loss of enzyme activity and mild hyperhomocysteinemia (Frosst, et al., 1995).  

This polymorphism is the first identified genetic risk factor for spina bifida (van der Put, et 

al., 1995). Other reported associations include increased risk for adverse reproductive outcomes, 

birth defects, vascular disease, and some neuropsychiatric disorders (Ueland and Rozen, 2005). 

Despite its known negative consequences on human health, the high frequency of the MTHFR 

677TT genotype in many populations has been largely unexplained. Some hypotheses have been 

proposed (Green and Miller, 1999) (Ueland, et al., 2001), but none of these hypotheses have been 

investigated. In this study, we endeavored to find a mechanism that might explain the high 

frequency of this polymorphism. 

Pathogens are often cited as one of the selective forces that help shape the human genome 

through positive selection. Several mutations with negative health consequences have persisted 

in human populations because they confer protection against infections, malaria in particular. 

Hemoglobinopathies and other factors such as the Duffy-coat antigen, HLA type, and pyruvate 

kinase deficiency (Berghout, et al., 2012; Fortin, et al., 2002b) have also been shown to improve 

the outcome of malaria.  
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The frequency of the 677TT genotype is high in southern Europe (15-20%), notably Spain 

and Italy, with the highest frequencies in populations of Hispanic descent in the United States, 

Mexico and Colombia (~25-30%) (Figure 1.2) (Gueant-Rodriguez, et al., 2006; Leclerc, et al., 2005). 

Although data are limited for African populations, Algeria (Houcher, et al., 2010) and Tunisia 

(Rouissi, et al., 2009) in northern Africa have higher frequencies (~14% and ~11% respectively) 

than other nations in sub-Saharan Africa (all <1%) (Angius, et al., 2007; Gueant-Rodriguez, et al., 

2006; Rosenberg, et al., 2002).  The polymorphism is part of a common haplotype shared among 

diverse populations, suggesting a shared ancestral history; selective advantage could have assisted 

in spreading the variant through populations (Rosenberg, et al., 2002).  

Malaria is caused by Plasmodium parasites that are carried in the saliva of Anopheles 

mosquitoes. Several strains of Plasmodium that infect humans, but most severe infections in 

humans are caused by Plasmodium falciparum.  Uncomplicated malaria results in cyclical fevers, 

mild anemia and the aches and pains that typically accompany fever. Complications may arise, 

including severe anemia, splenomegaly and cerebral malaria. Symptoms of cerebral malaria 

include paralysis, seizure, brain hemorrhage and death. To study cerebral malaria in mice, P. 

berghei ANKA is used (Fortin, et al., 2002b). Mouse models of infection have been used to show 

that mutations in hemoglobin offer protection against malaria; these models include mice with 

sickle cell hemoglobin (Hood, et al., 1996) or with β-thalassemia (Roth, et al., 1988).  

In earlier work, we generated an Mthfr-deficient mouse (Chen, et al., 2001). The 

heterozygous knockout mouse (Mthfr+/-) serves as a model for the 677TT genotype, since both 

677TT humans and Mthfr+/- mice have a mild enzyme deficiency.  Mthfr-/- mice serve as a model 
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for the inborn error of metabolism, homocystinuria (Rosenblatt, et al., 1992), and were not studied 

here since they manifest many other abnormalities, including changes in brain morphology (Chen, 

et al., 2001; Lawrance, et al., 2011). 

To determine whether the 677 polymorphism may have conferred a selective advantage 

against malaria, we used mice with decreased MTHFR expression and infected them with P. 

berghei ANKA to induce cerebral malaria. We observed increased resistance, and demonstrate 

some changes in immune cell populations and cytokines that could explain the increased 

resistance in MTHFR deficiency. We also examined some of the same parameters in uninfected 

mice with decreased MTHFR to determine whether some of the immune changes observed were 

independent of the infection model.  

 

3.3. Results 

3.3.1. Survival and parasitemia of Mthfr+/- mice during Plasmodium berghei ANKA infection  

Male Mthfr+/+ and Mthfr+/- mice were infected intravenously with 105 P. berghei ANKA 

parasites. Animals were monitored over a two-week period until death or until they lost the ability 

to use hind limbs, experienced complete loss of mobility and/or difficulty breathing. Survival was 

recorded. Mthfr+/- mice survived longer than their wild-type littermates, with onset of mortality in 

both groups at the end of 6 dpi (Figure 3.1 A; p<0.02, log-rank test).  

The day before the onset of mortality in the majority of animals, thin-layer blood smears 

were collected from each animal. Slides were stained to determine percent parasitemia by 
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calculating the ratio of infected RBC to total RBC. There was a trend for Mthfr+/- mice to have lower 

percent parasitemia compared to wild-type littermates at 6 dpi (Figure 3.1B; p=0.067, t-test), but 

it is not clear whether this difference has biologic significance. Nevertheless, the lower parasitemia 

is consistent with the increased resistance to infection observed in mutant mice.   

 

Figure 3.1 Survival and parasitemia in Mthfr+/- mice intravenously infected with 105 P. berghei ANKA.  
(A) Mthfr+/- mice (dotted line) survived longer than Mthfr+/+ mice (solid line) (n=17 Mthfr+/+, n=30 
Mthfr+/-, 3 combined infections; p<0.02, log-rank test). (B) Mthfr+/- mice (white bar) had lower 
percent parasitemia compared with Mthfr+/+ mice (black bar) (n=17 Mthfr+/+; n=37 Mthfr+/-, 3 
combined infections; borderline significant by t-test, p=0.067).  

 

 

3.3.2. Complete blood counts in infected Mthfr+/- mice 

Blood was collected from mice at 5 and 6 dpi. They were sent for complete blood counts 

and differential counts. Results are summarized in Table 3.1. There were no differences of note 

between the Mthfr+/+ and Mthfr+/- mice at 5 or 6dpi.  
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Table 3.1 Complete blood counts and differentials from Mthfr+/- mice 5 and 6 dpi1, 2 

DPI: 5 6 

GENOTYPE: Mthfr+/+ Mthfr+/- Mthfr+/+ Mthfr+/- 

RBCs (x 1012/L) 13.06 ± 0.09 12.09 ± 0.50 12.56 ± 0.70 12.21 ± 0.30 

Hematocrit (L/L) 0.595 ± 0.004 0.554 ± 0.021 0.569 ± 0.032 0.552 ± 0.010 

Hemoglobin (g/L)  191 ± 1 178 ± 6 193 ± 8 188 ± 3 

MCV (fL) 45.5 ± 0.3 45.7 ± 0.3 45.3 ± 0.3 45.4 ± 0.2 

MCH (pg) 14.7 ± 0.1 14.9 ± 0.1 15.4 ± 0.4 15.4 ± 0.2 

MCHC (g/L) 321 ± 1 325 ± 1 339 ± 6 340 ± 3 

WBCs  (x 109/L) 2.5 ± 0.3 2.5 ± 0.2 2.6 ± 0.2 2.0 ± 0.2 

neutrophils % 15 ± 1 14 ± 2 13 ± 8 11 ± 2 

lymphocytes % 85 ± 1 85 ± 3 86 ± 7 89 ± 2 

neutrophils (x 109/L) 0.37 ± 0.06 0.36 ± 0.08 0.29 ± 0.10 0.22 ± 0.04 

lymphocytes (x 109/L) 2.10 ± 0.26 2.18 ± 0.18 1.78 ± 0.33 1.80 ± 0.15 

platelets (x 109/L) 215 ± 26 254 ± 50 291 ± 150 102 ± 17 
 

1 n=4 Mthfr+/+ and n=6 Mthfr+/- 
2 Mean ± SEM 
 

3.3.3. Serum homocysteine and IFN in infected Mthfr+/- mice 

To confirm that the infected Mthfr +/- mice had moderate increases in homocysteine levels, 

we measured level at 6 dpi.  Mthfr +/- mice have increased homocysteine levels after infection 

(Figure 3.2A; p=0.07, borderline significant, t-test). Homocysteine levels were only measured on a 

small number of mice since these results are consistent with previous reports of moderate 

elevation in uninfected Mthfr+/- mice (Chen, et al., 2001; Devlin, et al., 2004; Mikael, et al., 2012; 

Schwahn, et al., 2003). 

      Cerebral malaria is caused by dysregulation of the immune response mounted by the host in 

an effort to eliminate Plasmodium pathogens (Spence and Langhorne, 2012).  A pro-inflammatory 

response that includes IFNγ is required for the development of cerebral malaria (Grau, et al., 

1989a; Rudin, et al., 1997b). However, mice that are more resistant to malaria have been reported 
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to have lower levels of IFNγ in serum compared with susceptible mice (Ishih, et al., 2008; Schmidt, 

et al., 2011). To confirm that our resistant mice had lower levels of serum IFNγ, as suggested in 

the literature, we measured IFNγ by ELISA. We found that Mthfr+/- mice had lower serum IFNγ 

concentrations than Mthfr+/+ mice: 88.7±27.3 pg/mL (Mthfr+/-) compared with 217.1±49.6 pg/mL 

(Mthfr+/+) (Figure 3.2B; p<0.05, t-test). 

 

 

Figure 3.2: Homocysteine and IFN concentrations in serum of Mthfr+/- mice intravenously infected 
with 105 P. berghei ANKA at 6 dpi Values are presented as mean ± SEM. (A) Homocysteine levels 
are moderately increased in Mthfr+/- mice (white bar) compared with Mthfr+/+ mice (black bar) (n=5 
Mthfr+/+, n=5 Mthfr+/- ; one infection; p=0.07, t-test). (B)  Mthfr+/- mice had significantly decreased 

IFN concentrations compared with Mthfr+/+ mice (n= 10 Mthfr+/+, n= 10 Mthfr+/-; two combined 
infections; *p<0.05, t-test).  
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Figure 3.3: IFNγ and IL-10 immunoreactive protein in brain of Mthfr+/- mice intravenously infected 
with 105 P. berghei ANKA at 6 dpi. Representative Western blots are shown for IFNγ (A) and IL-10 
(B). (C) Mthfr+/- animals (white bars) had significantly increased levels of IFNγ in brain compared 
with wild-type littermates (black bars) (3 infections combined, n=10 mice per genotype, **p<0.01, 
t-test). (D) Mthfr+/- mice had significantly reduced levels of IL-10 (2 infections combined, n=7 
Mthfr+/+, n=8 Mthfr+/-, *p<0.05, t-test).  
 
 
 

3.3.4. Brain cytokines during infection: TNFα, IFN, IL-10, IL-12, and PPAR  

Since the brain is the primary tissue of interest in a cerebral malaria infection, we 

performed immunoblotting in whole brain to measure levels of cytokines that may be of interest 

during infection. High levels of TNFα have been described as detrimental in cerebral malaria (Grau, 

et al., 1987; Grau, et al., 1989a; Rudin, et al., 1997a). TNFα levels were the same in Mthfr+/- animals 

compared with Mthfr+/+ mice (data not shown).  

We measured brain IFNγ (Figure 3.3A) and IL-10 (Figure 3.3B). Mthfr+/- animals had an IFNγ 

level of 1.84±0.16 compared with 1.00±0.15 in Mthfr+/+ mice (Figure 3.3C, p<0.01, t-test). Mthfr+/- 
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animals had an IL-10 level of 0.73±0.07 compared with 1.00±0.10 in Mthfr+/+ mice (Figure 3.3D, 

p<0.05, t-test). These observations revealed an approximate 2-fold increase of IFNγ and an 

approximate one-third decrease of IL-10 in Mthfr+/- mice compared with wild-type animals. 

Expression levels of IL-12, a cytokine related to IFNγ (Rudin, et al., 1997b), were similar in Mthfr+/- 

and Mthfr+/+ mice (data not shown).  

A genome-wide association study of mouse strains that were resistant and susceptible to 

P. berghei infection, identified a protective locus that contained Ppar-gamma (Bopp, et al., 2010). 

In addition, other studies have shown that therapeutic administration of an agonist of PPAR, 

rosiglitazone, is protective and improves the outcome of cerebral malaria (Serghides, et al., 2009). 

With this in mind, and the knowledge that a similar molecule, PPARα, can be affected by 

disturbances in folate metabolism (Leclerc, et al., 2013; Mikael, et al., 2012), we measured brain 

PPAR using immunoblot (Figure 3.4). We found that Mthfr+/- animals had a PPARγ level of 

1.67±0.15 compared with 1.00±0.11 in Mthfr+/+ mice (Figure 3.4, p<0.01, t-test).  

Figure 3.4: PPAR  immunoreactive protein in the brain of Mthfr+/- mice intravenously infected with 

105 P. berghei ANKA 6dpi Representative Western blot are shown for PPAR in brain (A) and 
quantification (B). Values represent means ± SEM. Mthfr+/- animals had significantly increased 

levels of PPAR in brain compared with wild-type littermates (2 combined infections; n=10 mice 
per genotype; **p<0.01, t-test).  
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3.3.5. Spleen cytokines during infection: IFN and IL-10 

In the spleen of P. berghei ANKA infected mice, IFN expression increases in Mthfr+/- mice 

(Figure 3.5A,B; p<0.01, t-test) while ELISA measurement showed that expression of total IL-10 also 

had a trend to increase in the spleen of Mthfr+/- mice (Figure 3.5C; p=0.081,t-test). The 

inconsistencies between measurements of IL-10 in the brain and spleen may be due to an ELISA’s 

inability to differentiate between active and inactive forms of the cytokine. Active IL-10 is a 

homodimer, while the inactive form is a monomer of the protein (Mikael, et al., 2013b). IL-10 

immunoblots in spleen could not be interpreted. The IFN changes in brain and spleen are 

consistent with one another, but distinct from those in serum. This may suggest that inflammation 

in tissue is important for resistance. IL-10 and IFN are thought to act in concert with one another 

in cerebral malaria with IL-10 acting in an immunomodulatory capacity. 
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Figure 3.5: IFN and IL-10 immunoreactive protein in the spleen of Mthfr+/- mice intravenously 

infected with 105 P. berghei ANKA at 6dpi Representative Western blots are shown for IFN (A). 

Values are presented as mean ± SEM. (B) Mthfr+/- animals had significantly increased levels of IFN 
in spleen compared with wild-type littermates (2 infections combined, n=10 mice per genotype, 
**p<0.01, t-test). (C) ELISA measurements show Mthfr+/- mice had a trend toward increased levels 
of IL-10 (1 infection, n=4 Mthfr+/+, n=4 Mthfr+/-, p=0.081, t-test). 
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Figure 3.6: Cell population changes at 6 dpi in Mthfr+/- mice infected with 105 P. berghei ANKA. Two 
different infections are shown. (A). Mthfr+/- animals (white bar) had a trend toward increased 
viable splenocyte counts compared with Mthfr+/+ (black bar) littermates (p=0.072, ANOVA). (B) 
Viable splenocyte numbers were higher in Mthfr+/- cultures after incubation with GolgiStop™ 
(p=0.058, ANOVA).  Mthfr+/- mice had significantly increased (C) total T cells/spleen (p<0.05, 
ANOVA), increased (D) CD4+ T cells/spleen (p=0.054, ANOVA), significantly increased (E) CD8+ T 
cells/spleen (p<0.05; ANOVA), and significantly increased (F) CCR4+ NK cells /spleen (p<0.05; 
ANOVA), compared to Mthfr+/+ littermates.  



 
66 

 

 

3.3.6. Immune cell population changes in infected Mthfr+/- mice 

To identify potential mechanisms for increased resistance in Mthfr+/- mice, we isolated 

splenocytes and first counted the number of viable cells. Mthfr+/- mice had a trend toward higher 

splenocyte numbers compared with wild-type littermates (Figure 3.6A; p=0.072, ANOVA). Equal 

numbers of viable splenocytes (5.0 x 106 cells) were then incubated for 3 hours with GolgiStop™ 

to inhibit cytokine secretion and stained for viability. Again, Mthfr+/- mice had a trend toward 

increased numbers of viable cells (Figure 3.6B; p=0.058, ANOVA). 

Surface staining (CD4, CD8, DX5 (CD49b), CXCR3 (CD183), CCR4 (CD194)) and intracellular 

staining (CD3 and IFNγ) were performed to identify various immune cell populations (T cells, NK 

cells, NK T cells). Cells were analyzed by flow cytometry; only significant population differences are 

shown (Figure 3.6C-F).  Mthfr+/- mice had increased T lymphocyte populations (Figure 3.6C; p<0.05, 

ANOVA), and increased numbers of CD4+ (Figure 3.6D; p=0.054, ANOVA) and CD8+ (Figure 3.6E; 

p<0.05, ANOVA) T cells. They also had increased numbers of CCR4+ NK cells (Figure 3.6F; p<0.05, 

ANOVA).  

3.3.7. Brain IFN and IL-10 in uninfected Mthfr+/- mice 

In whole brain of uninfected and age-matched mice, IFN expression is decreased in 

Mthfr+/- mice (Figure 3.7A, C; p<0.001, t-test) while expression of the IL-10 monomer was 

increased in brains of Mthfr+/- mice (Figure 3.7B, D; p<0.01, t-test). There was no genotype 

difference in expression of the active homodimer (data not shown).  IL-10, when active, is a 

homodimer (Mikael, et al., 2013b) and at 6dpi when the infection is well-underway, brain of 
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Mthfr+/- mice show decrease in the active homodimer (Figure 3.3). The increase in the inactive IL-

10 monomer seen in uninfected Mthfr+/- mice, may suggest that have a greater potential to 

express active protein when challenged.  

 

Figure 3.7: IFNγ and IL-10 immunoreactive protein in the brain of uninfected Mthfr+/- mice 

Representative Western blots are shown for IFN (A) and IL-10 (C). (B) Mthfr+/- animals (black bars) 

had significantly decreased levels of IFN in brain compared with wild-type (white bars) littermates 
(2 experiments combined, n=10 mice per genotype, ***p<0.001, t-test). For each experiment, the 
wild-type mice (n=10) were used to generate a mean value that was designated as 100%. Values 
for each Mthfr+/- mouse were calculated as a percentage of the mean wild-type value. (D) Mthfr+/- 

mice had significantly increased levels of IL-10 monomer (1 infection, n=5 Mthfr+/+, n=5 Mthfr+/-, 
**p<0.01, t-test). The values were calculated as described for (C). 

 

3.3.8. Immune cell population changes in uninfected Mthfr+/- mice 

Having found so many immune changes in the malaria-infected Mthfr+/- mice, we wanted 

to see whether there were any baseline changes in uninfected Mthfr+/- mice.  Using the same flow 

cytometry panel, we stained the splenocytes of age-matched Mthfr+/- and Mthfr+/+ mice. There 



 
68 

 

were no differences in total cell numbers before or after incubation with GolgiStop™. Of interest 

though, while the total number of cells was not increased, in uninfected Mthfr+/- mice there was 

an increased percentage of CCR4+ NK cells (Figure 3.8A, p<0.05, ANOVA) in the total population. 

Uninfected   Mthfr+/- mice also had increased percentages of IFN+ NK cells (Figure 3.8B, p<0.01, 

ANOVA) in the total population.  

 

Figure 3.8: Cell population changes in uninfected Mthfr+/- mice Male Mthfr+/+ (black bar) and 
Mthfr+/- (white bar) mice age-matched to those used in infection experiments (~3 months) were 
sacrificed and splenocytes stained for flow sorting. n=10 Mthfr+/+ and n=10 Mthfr+/-. Two different 
infections are shown. Means ± SEM are indicated for each group. (A) Mthfr+/- mice had an 
increased population percentage of CCR4+ NK cells (p<0.05, ANOVA) and (B) they also had an 

increased population percentage of IFN+ NK cells (p<0.01, ANOVA)  
 
 
 
3.4. Discussion 

An interaction between folate metabolism and the malarial parasite has been known for 

some time; anti-folate drugs have been used as anti-malarial treatments for many years (Goodwin, 

1956; Muller and Hyde, 2013). Folates are required for synthesis of nucleotides, conversion of the 

toxic amino acid homocysteine into methionine and the supply of one-carbons for methylation 
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reactions. MTHFR deficiency results in hyperhomocysteinemia and global DNA hypomethylation 

in humans and mice (Chen, et al., 2001; Friso, et al., 2013). Hyperhomocysteinemia is associated 

with pro-inflammatory responses, oxidative stress and other cellular disturbances (Lazzerini, et al., 

2007; Mikael, et al., 2013b; Papatheodorou and Weiss, 2007). A variety of these afore-mentioned 

folate-related functions could affect the response to an infection.  

Several murine models have been used to study survival in the context of cerebral malaria 

and genetic protection. The survival curves we observed for wild-type animals were similar to 

those reported for wild-type mice in other studies examining transgenic mouse models infected 

with cerebral malaria, including sickle cell (Hood, et al., 1996), pyruvate kinase (Min-Oo, et al., 

2003) and β-thalassemia (Roth, et al., 1988). Parasite levels for our wild-type mice were also in the 

expected range. These observations suggest that our model was effective, even with the slightly 

lower parasite dose. We did not see any changes in the RBCs or the WBCs in the complete blood 

counts or the blood differentials of Mthfr+/- mice at 5 or 6 dpi, but this may be due to the sensitivity 

of such a clinical assay.  

We observed increased total splenocyte populations in infected mice with Mthfr 

deficiency. Mthfr deficiency would result in increased levels of the substrate, 

methylenetetrahydrofolate, which is required for thymidine production; consequently enhanced 

thymidine synthesis could lead to increased numbers of viable splenocytes in Mthfr+/- mice.  We 

also observed increased populations of CD4+ and CD8+ T cells, which are critical for the response 

to cerebral malaria. The host relies on a delicate interplay between CD4+ and CD8+ cells to control 

infection, as they have both protective and pathogenic roles (Hafalla, et al., 2006; Spence and 
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Langhorne, 2012; Villegas-Mendez, et al., 2011). The increase in these populations may have also 

been due to increased thymidine production, but additional studies to determine specific T cell 

sub-types would be useful to determine their role in protection.  

We observed increased CCR4+ NK cell numbers in Mthfr-deficient mice. In humans, CCR4+ 

NK cells have been shown to be IFNγ producers, but their exact function in mice is unknown 

(Pandya, et al., 2011). However, the findings of increased CCR4+ NK cell numbers in Mthfr-deficient 

mice are consistent with the increase in immunoreactive IFNγ in brain.  

IFNγ and IL-10 are thought to act in concert, with IL-10 acting in an immunomodulatory 

capacity (Hunt and Grau, 2003). Although IL-10 can be involved in suppression of cerebral 

pathology, IL-10 deficiency in a murine P. berghei ANKA model prolonged survival in infected mice 

(Kossodo, et al., 1997).  Despite the many studies with cytokine levels in murine serum, there are 

limited reports on IFNγ and IL-10 levels in infected brains. One study using ELISA did not find 

differences in IL-10 (de Miranda, et al., 2011), nor did we in our spleen IL-10 ELISA. Our analyses 

using immunoblotting should be more specific. Our observations suggest that there may be 

enhanced production or migration of IFNγ-containing lymphocytes into brain and spleen that 

could contribute to increased resistance in mutant mice. The decrease in IL-10 might facilitate a 

stronger or longer-acting IFNγ response. This proposed increase in IFNγ -containing lymphocytes 

in tissues could contribute to the decreased IFNγ in the circulation. This concept has been 

suggested for several different infections i.e. the “spill-over” of cytokines into peripheral blood is 

not indicative of the interactions that occur within primary tissues (reviewed in (Tisoncik, et al., 

2012)).  
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We also see baseline immune changes in the uninfected Mthfr+/- mice. Increases in the 

population percentage of CCR4+ NK cells in uninfected mice are consistent with our findings of 

increased numbers of these cells during infection. This suggests that the role and function of these 

cells in Mthfr-deficiency should be further explored. These cells are known to be IFN-producing 

cells in humans (Pandya, et al., 2011), and perhaps they are contributing to the pro-inflammatory 

responses, oxidative stress and other cellular disturbances (Lazzerini, et al., 2007; Mikael, et al., 

2013b; Papatheodorou and Weiss, 2007) that are known to be associated with 

hyperhomocysteinemia. The finding of increases in the population of IFN+-producing cells is also 

consistent with the finding of increased CCR4+ NK cells. There is also differential expression of 

brain IFNγ and IL-10. In uninfected Mthfr+/- mice, brain IFNγ is decreased and the IL-10 inactive 

monomer is increased. These findings suggest that uninfected Mthfr+/- mice may have a greater 

potential to respond to infection when challenged.  

Taken together, our data suggest that Mthfr+/- deficiency confers resistance to malaria. The 

differences between genotypes in our mice are subtler than those seen in most other murine 

models of malarial resistance, since the latter are often mice with null alleles. In our model, there 

is a mild enzymatic deficiency in Mthfr+/- mice, with a similar decrease in 677TT individuals. Hood 

et al, using a different cerebral malaria parasite, showed that even a modest increase in sickle cell 

hemoglobin resulted in longer survival and obtained a survival curve that looked similar to that in 

our model (Hood, et al., 1996).  

There are several mechanisms related to MTHFR disturbances that can contribute to 

resistance. MTHFR deficiency leads to DNA hypomethylation in humans (Friso, et al., 2013) and 
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mice (Chen, et al., 2001), which can modify gene expression.  It is also associated with increased 

methyleneTHF, required for thymidine synthesis, as mentioned above; this increase could 

potentially enhance DNA synthesis and replication of lymphocytes (Bagley and Selhub, 1998; 

Celtikci, et al., 2009). MTHFR variants are known to be modulated by folate intake and there are 

several nutrients that interact at various steps in folate metabolism eg. choline, vitamin B12 

(Ueland and Rozen, 2005). It is therefore possible that the outcome of infection is also influenced 

by the intake of these nutrients.  

Our findings are consistent with our earlier report, in which we demonstrated increased 

resistance of mice with a complete knockout of Mthfr (Mthfr-/- mice) to murine cytomegalovirus 

(Fodil-Cornu, et al., 2009). However, this work is the first demonstration that mild MTHFR 

deficiency, as seen in MTHFR 677TT individuals, confers a degree of protection against a pathogen 

associated with selection. We suggest that a selective advantage against malaria may have 

maintained the 677 polymorphism in human populations. 
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CHAPTER IV 

DECREASED RESISTANCE TO MALARIA IN MICE THAT OVER-EXPRESS 

METHYLENETETRAHYDROFOLATE REDUCTASE (MTHFR) 

 

Taken in part from: 

Increased Resistance to Malaria in Mice with Methylenetetrahydrofolate Reductase (Mthfr) 

Deficiency Suggests a Mechanism for Selection of the MTHFR 677C>T (c. 665C>T) Variant 

Danielle N. Meadows, Michal Pyzik, Qing Wu, Sabrina Torre, Philippe Gros, Silvia M. Vidal and 

Rima Rozen 

Human Mutation (2014) 35(5): 594-600 
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4.1. Summary 

MTHFR is the enzyme that catalyzes the breakdown of 5, 10-methyleneTHF to 5-

methyTHF. Genetic deficiency in this enzyme due to a common polymorphism at the 667th base 

pair (677CT (c.665CT, p.Ala222Val, rs1801133)) has been linked to increased risk for several 

complex traits. Despite these associated risks, homozygosity is high (5 – 15%) in many populations, 

particularly in Mediterranean regions where malaria was historically endemic, and may have 

conferred a selective advantage for other mutations. In the previous chapter, we infected Mthfr-

deficient (Mthfr+/-) mice with Plasmodium berghei ANKA to induce cerebral malaria. Mthfr+/- mice 

survived longer after infection compared with wild-type littermates. They also had changes in their 

lymphocyte populations and increased CCR4+ NK cells in the spleen. Uninfected mice had changes 

in distribution of immune cell populations as well. To confirm that MTHFR expression affected the 

outcome of malaria infection, we infected mice that over-express MTHFR, MTHFRTg, with 

Plasmodium berghei ANKA. These mice were more susceptible to infection (p<0.05, log-rank test). 

They also had decreases in total NK cells (p<0.05, t-test) and in CCR4+ NK cells (p<0.01, t-test). 

Uninfected MTHFRTg mice had decreased total splenocytes and decreases in total T cells and in 

CD8+ subsets (p<0.05, t-test). Our findings, in light of our observations in Mthfr-deficient mice, are 

consistent with our hypothesis that mild MTHFR deficiency protects against malarial infection. 

 

4.2.  Introduction 

Plasmodium parasites are responsible for malaria infection. Though several strains can 

infect humans, most severe infections are caused by Plasmodium falciparum. Cerebral malaria is 
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a complication of malaria infection and its symptoms may include paralysis, seizure, brain 

hemorrhage and death. 

Pathogens help shape the human genome by positive selection. Alleles that confer 

protection against infections persist in populations, despite also causing negative health 

consequences under other circumstances. Hemoglobinopathies and other factors have also been 

shown to improve the outcome of malaria (Berghout, et al., 2012; Fortin, et al., 2002). In murine 

studies P. berghei ANKA for the cerebral stage of malaria in C57Bl/6 mice (Fortin, et al., 2002). In 

earlier studies, we found that mice deficient in methylenetetrahydrofolate reductase (Mthfr) also 

have protection against cerebral malaria.  

The primary circulating form of folate, methylTHF, remethylates homocysteine into 

methionine. It is synthesized by the enzyme methyleneTHF reductase (MTHFR, EC 1.5.1.20). 

MTHFR (607093) has several common variants (Leclerc, et al., 2005), though the 677CT 

polymorphism (c.665CT, p.Ala222Val, 607093.003, rs1801133) has been studied most 

extensively.  MTHFR677CT results in an approximate loss of approximately 70% enzyme activity 

and mild hyperhomocysteinemia (Frosst, et al., 1995). The frequency of the 677TT genotype is 

high in southern Europe (15-20%), but widely varies in population around the world (Figure 1.2) 

(Angius, et al., 2007; Gueant-Rodriguez, et al., 2006; Houcher, et al., 2010; Leclerc, et al., 2005; 

Rosenberg, et al., 2002).  The polymorphism is part of a common haplotype shared among diverse 

populations, suggesting a shared ancestral history; selective advantage could have assisted in 

spreading the variant through populations (Rosenberg, et al., 2002). 
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In earlier work, we generated transgenic mice that over-express MTHFR (MTHFRTg) to 

study the effect of MTHFR expression on methotrexate. MTHFRTg mice have a copy of human 

MTHFR inserted on their X chromosome. Human MTHFR is approximately 90% homologous with 

murine Mthfr (Goyette, et al., 1999). This gene insertion results in an approximately 2-fold increase 

in MTHFR protein and enzyme activity; consistent increases in RNA, protein levels and enzyme 

activity suggest that there is little to no post-translational modification of the enzyme (Celtikci, et 

al., 2008). Overall, there is little information on regulation of MTHFR in humans or mice. 

MTHFRTg mice did not have changes in the distribution of folate intermediates in their 

plasma, where most of the folates are methylTHF, but they did have changes in the brain, intestine 

and liver. In the liver and intestine they had decreased levels of 10-formylTHF, and brain had 

increased methionine. These observations are consistent with higher MTHFR activity driving 

nonmethylTHF conversion into methylTHF, which would in turn drive methionine synthesis. There 

is also evidence that the conversion of dUMP and dTMP is compromised in MTHFRTg mice (Celtikci, 

et al., 2008).  

In our initial study of Mthfr-deficient mice, we endeavored to find a mechanism that might 

explain the high frequency of this polymorphism. In this study, we endeavored to confirm our 

findings in the Mthfr-deficient mice by determining whether mice that over-express MTHFR would 

be more susceptible to infection. MTHFRTg mice were infected with P. berghei ANKA to induce 

cerebral malaria. We observed decreased resistance and we found decreases in some cell 

populations that were increased in the protected Mthfr-deficient mice. We also demonstrated 

some changes in immune cell populations of uninfected mice that over-express MTHFR. 
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4.3. Results 

4.3.1. Survival and parasitemia of MTHFRTg mice during Plasmodium berghei ANKA infection 

After our earlier experiments in which mice deficient in Mthfr survived longer than wild-

type mice, we wanted to confirm that MTHFR expression level influences survival. We infected 

MTHFRTg and MTHFRWt mice intravenously with 105 P. berghei ANKA parasites and monitored 

their survival. MTHFRTg mice were more susceptible to P. berghei ANKA infection than wild-type 

littermates (Figure 4.1A; p<0.05, log-rank test). Mortality was first observed at 5 dpi and 6 dpi in 

MTHFRTg and MTHFRWt mice, respectively.  

As in earlier experiments, thin-layer blood smears were collected from each animal at 

different days. Slides were stained to determine percent parasitemia by calculating the ratio of 

infected RBC to total RBC. Mthfr+/+ and MTHFRWt mice have comparable parasite levels at 4 dpi, 

as expected (data not shown). MTHFRTg mice and their wild-type littermates have similar 

parasite levels at 4 and 5 dpi (Figure 4.1B; p>0.05, ANOVA), but they have a trend toward higher 

levels of parasite at 6 dpi (Figure 4.1C; p=0.090; t-test). Whether this difference has biologic 

significance is unclear. Nevertheless, the higher parasitemia is consistent with the increased 

susceptibility to infection observed in MTHFRTg mice.  
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Figure 4.1: Survival and parasitemia of MTHFRTg- mice following 105 P. berghei ANKA infection. (A) 
MTHFRTg mice (dotted line) did not survive infection as long as MTHFRWt mice (solid line); n=15 
MTHFRWt and n=15 MTHFRTg; p<0.05, Log-rank test.  (B) Parasitemia in MTHFRTg mice at 4 and 5 
dpi, n=5/day MTHFRWt (black bar) and n=5/day MTHFRTg (dotted bar); p>0.05, t-test. (C) 
Parasitemia in MTHFRTg mice at 6 dpi, n=5 MTHFRWt (black bar) and n=5 MTHFRTg (dotted bar); 
p=0.090, t-test. 
 
 
 

4.3.2. Complete blood counts in infected MTHFRTg mice 

Blood was collected from mice at 4 and 5 dpi. They were sent for complete blood counts 

and differential counts. Results are summarized in Table 4.1. There were no differences of note 

between the MTHFRWt and MTHFRTg mice at 4 or 5dpi. 
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Table 4.1 Complete blood counts and differentials in infected MTHFRTg mice 4 and 5 dpi1, 2 

DPI: 4 5 

GENOTYPE: MTHFRWt MTHFRTg MTHFRWt MTHFRTg 

RBCs (x 1012/L) 12.11 ± 0.27 11.75 ± 0.10 12.44 ± 0.45 12.10 ± 0.22 

Hematocrit (L/L) 0.542 ± 0.014 0.523 ± 0.006 0.558 ± 0.019 0.541 ± 0.010 

Hemoglobin (g/L)  176 ± 4 172 ± 2 179 ± 5 176 ± 4 

MCV (fL) 44.8 ± 0.2 44.4 ± 0.2 44.8 ± 0.2 44.8 ± 0.2 

MCH (pg) 14.6 ± 0.1 14.6 ± 0.1 14.4 ± 0.2 14.5 ± 0.1 

MCHC (g/L) 329 ± 2 326 ± 3 321 ± 3 326 ± 4 

WBCs  (x 109/L) 4.3 ± 0.5 4.5 ± 0.5 2.1 ± 0.4 1.9 ± 0.3 

neutrophils % 14 ± 3 16 ± 2 21 ± 3 15 ± 2 

lymphocytes % 85 ± 3 82 ± 2 68 ± 8 84 ± 2 

neutrophils (x 109/L) 0.59 ± 0.16 0.71 ± 0.08 0.46 ± 0.12 0.28 ± 0.06 

lymphocytes (x 109/L) 3.64 ± 0.47 3.71 ± 0.50 1.40 ± 0.27 1.59 ± 0.23 

platelets (x 109/L) 1143 ± 230 1007 ± 33 401 ± 12 414 ± 112 
 

1 n=5 MTHFRWt and MTHFRTg- 
2 Mean ± SEM 
 
 

4.3.3. Immune cell population changes in infected MTHFRTg mice 

As in experiments with Mthfr- deficient mice, we isolated and stained splenocytes from 

MTHFRTg and MTHFRWt mice at 6 dpi to determine whether any of the cell population changes 

found in Mthfr-deficient mice would also be found in the reverse direction in MTHFRTg mice after 

infection.  We isolated splenocytes and counted the number of viable cells. Equal numbers of 

viable splenocytes (5.0 x 106 cells) were then incubated for 3 hours with GolgiStop™ to inhibit 

cytokine secretion and stained for viability. Surface staining (CD4, CD8, DX5 (CD49b), CXCR3 

(CD183), CCR4 (CD194)) and intracellular staining (CD3 and IFNγ) were performed to identify 

various immune cell populations (T cells, NK cells, NK T cells). Cells were analyzed by flow 

cytometry; only significant population differences are shown (Figure 4.2 A-B).  We did not find 

changes in total splenocytes or in lymphocyte numbers (data not shown), but we did find 
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decreased numbers of NK cells (Figure 4.2A; p<0.5, t-test) in MTHFRTg mice. We also found 

decreased numbers of CCR4+ NK cells (Figure 4.2B; p<0.01, t-test) compared with MTHFRWt mice.  

 

Figure 4.2: Cell population changes at 6 dpi in MTHFRTg mice intravenously infected with 105 P. 
berghei ANKA.  Male MTHFRTg mice and wild-type littermates were sacrificed at 6 dpi. Spleens 
were harvested and processed for flow cytometry as in Figure 3.6. Means ± SEM are indicated for 
each group.  MTHFRTg mice (striped bar) had significantly lower numbers of (A) NK cells/spleen 
(*p<0.05, t-test) and lower numbers of CCR4+ (CD194+) NK cells/spleen (**p<0.01, t-test) 
compared with MTHFRWt (black bars) littermates.   
 
 

4.3.4. Immune cell population changes in uninfected MTHFRTg mice 

We then isolated and stained splenocytes from uninfected MTHFRTg mice to see if any of 

the changes post-infection were observed prior to infection. MTHFRTg mice had decreased 

numbers of total splenocytes at isolation (Figure 4.3A; p<0.05, t-test) and after 3 hours incubation 

with GolgiStop™ (Figure 4.3B; p<0.05, t-test).   They also had decreased numbers of total T cells 

(Figure 4.3C; p<0.05, t-test) and CD8+ T cells (Figure 4.3D; p<0.05, t-test). There was a trend 

towards a decrease in CD4+ T cells (Figure 4.3E; p=0.071, t-test). Interestingly uninfected MTHFRTg 

mice showed no changes in total NK cells or in CCR4+ NK cells.  
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Figure 4.3: Cell population changes in uninfected MthfrTg mice Male MthfrTg (striped bar) and 
MTHFRWt (black bar) mice age-matched to those used in infection experiments (~3 months) were 
sacrificed and splenocytes stained for flow sorting. n=8 MTHFRTg and n=8 MTHFRWt, means ± SEM 
are indicated for each group. (A) MTHFRTg mice had decreased cells at (A) isolation (*p<0.05, t-
test) and (B) after 3 hours in vivo (*p<0.05, t-test). MTHFRTg mice also has decreased numbers of 
(C) T cells (*p<0.05, t-test) and (D) CD8+ T cells (*p<0.05, t-test). There was also a trend towards 
less (E) CD4+ T cells (p=0.071, t-test). 
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4.4. Discussion 

In our earlier infection experiments, we found that Mthfr-deficiency protects mice against 

P. berghei ANKA infection. Mthfr+/- mice survived longer and had lower parasitemia than wild-type 

mice. They also had higher numbers of total splenocytes, T lymphocytes and CCR4+ NK cells. In 

these experiments, we found that MTHFR-over-expression had a reverse effect. MTHFRTg mice 

were more susceptible to infection and died earlier. MTHFRTg mice also had fewer immune cells, 

but in infected MTHFRTg mice, there were only changes in the number of total NK cells and in CCR4+ 

NK cells. Like in Mthfr+/- mice, we did not find any differences in the complete blood counts or 

differential counts of MTHFRTg mice. This clinical test may not be sensitive enough to see the 

cellular changes we saw in the spleen. 

The uninfected MTHFRTg mice had changes in many of the same immune cell populations 

that the infected Mthfr+/- mice did, except in the opposite direction. Instead of increases in total 

viable splenocytes and T lymphocytes, the MTHFRTg mice had decreases in the same populations. 

We hypothesized in our earlier work that the increases seen in infected Mthfr+/- mice may be due 

to increased levels of the substrate, methyleneTHF, which is required for thymidine production. 

The enhanced thymidine synthesis could then lead to more cell proliferation. In the liver and the 

spleen, the levels of 10-formylTHF are significantly decreased in MTHFRTg mice (Celtikci, et al., 

2008).  As the immediate folate precursor of purine synthesis, less 10-formylTHF would indicate 

that purine synthesis is limited. With fewer purines for proliferation, the decreases in total 

splenocytes and T cells that we see in the uninfected MTHFRTg mice may be due to their metabolic 

constraints.  There is also evidence that the conversion of dUMP and dTMP is compromised in 
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MTHFRTg mice (Celtikci, et al., 2008), which would also limit the nucleotides available for 

proliferation and likely lead to the decreases we see in cell number.  

The CCR4+ NK cells are of interest and should be the subject of further study. In Mthfr+/- 

mice they are elevated in the spleens of both naïve and P. berghei ANKA infected mice, and in 

MTHFRTg mice these cells are decreased. Human studies suggest that these cells are potent IFNγ 

producers and pro-inflammatory (Pandya, et al., 2011). It is possible that the elevation of these 

cells in Mthfr+/- mice and the decrease in MTHFRTg mice may be related to the inflammation and 

oxidative stress that accompanies elevated homocysteine levels (Lazzerini, et al., 2007; Mikael and 

Rozen, 2008; Papatheodorou and Weiss, 2007).  

Our findings in MTHFRTg mice are not only consistent with, and supporting of our 

hypothesis that Mthfr deficiency is protective against cerebral malaria, but they are also consistent 

with the findings in mCMV studies. Mthfr+/- and Mthfr-/- mice had lower viral titers than wild-type 

mice, while MTHFRTg mice had higher viral titers than wild-type mice did (Fodil-Cornu, et al., 2009). 

Higher titers in mCMV infection experiments are indicative of higher infection susceptibility to 

mCMV. Though in those experiments the results were not significant, they are consistent our 

findings that a change in Mthfr+/- mice, goes the opposite way in MTHFRTg mice.  These results are 

also consistent with clinical reports that West African MTHFR 677T carriers are protected from 

chronic hepatitis B infection (Bronowicki, et al., 2008). Taken together these results suggest that 

the level of MTHFR expression can influence resistance to several pathogens.    
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CHAPTER V 

HIGH DIETARY FOLATE IN MICE ALTERS IMMUNE RESPONSE AND REDUCES 

SURVIVAL AFTER MALARIAL INFECTION 

Danielle N. Meadows, Renata H. Bahous, Rima Rozen 

 

 

 

 

 



 
86 

 

5.1. Summary 

Malaria is a parasitic infection with nearly 200 million cases in 2013 alone. The parasite 

can obtain folate from its host or synthesize it de novo. In the previous chapters, we examined 

the impact of MTHFR expression on resistance to malaria. However, with increased folate intake 

due to food fortification and vitamin supplementation in many countries, in this chapter we 

questioned whether high dietary folate would affect response to malarial infection in a murine 

model of cerebral malaria. Mice were fed control diets (CD, recommended folate level) or folic 

acid-supplemented diets (FASD, 10-fold higher than recommended) for 5 weeks before infection 

with Plasmodium berghei ANKA.  FASD mice had reduced survival (p<0.01, log-rank test) and 

higher parasitemia (p<0.05, t-test) compared with CD mice. FASD mice had lower numbers of 

splenocytes, total T cells, as well as lower numbers of specific T and NK cell sub-populations 

(CD4+ T cells, CD4+ IFNγ+ T cells, CD8+ T cells, CCR4+ NK cells and CCR4+ IFNγ+ NK cells), compared 

with CD mice (p<0.05, ANOVA). Increased brain TNFα immunoreactive protein (p<0.001, t-test) 

and increased liver Abca1 mRNA (p<0.01, t-test), a modulator of TNFα, were observed in FASD 

mice; these variables correlated positively (rs= 0.58, p<0.01). Bcl-xl/Bak mRNA was increased in 

liver of FASD mice (p<0.0001, t-test), suggesting reduced apoptotic potential. We conclude that 

high dietary folate increases parasite replication, disturbs immune response and reduces 

resistance to malaria in mice. These findings have relevance for malaria-endemic regions, when 

considering anti-folate anti-malarials, food fortification or vitamin supplementation programs. 
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5.2. Introduction 

In 2013, there were 198 million reported cases of malaria in 97 malaria-endemic countries, 

with 584,000 deaths (WHO, 2014). Malaria is caused by infection with the Plasmodium parasite 

and spreads through mosquitos. In humans, the majority of morbidity and mortality comes from 

Plasmodium falciparum infection. Children, pregnant women, and poverty-stricken individuals are 

at greatest risk for poor outcomes (Nzila, et al., 2014; WHO, 2014).  

In mice, several strains of Plasmodium are used to study different complications of malaria. 

We have used Plasmodium berghei ANKA, a strain that induces experimental cerebral malaria in 

mice.  We recently showed that a genetic deficiency in methylenetetrahydrofolate reductase 

(MTHFR, EC 1.5.1.20) protects against P. berghei ANKA infection (Meadows, et al., 2014).  Mthfr+/- 

mice, heterozygous for a null allele, were more resistant to infection and mice that overexpressed 

MTHFR (through an additional copy of the human MTHFR gene (MTHFRTg mice)) were more 

susceptible to infection, compared with wild-type animals (MTHFRTg and Mthfr+/+ mice) 

(Meadows, et al., 2014). We found that resistant Mthfr+/- mice had differences in immune cell 

populations and cytokine expression, and that these changes could contribute to the increased 

survival (Meadows, et al., 2014). 

Folate derivatives are required for nucleotide and amino acid synthesis, as well as for 

methylation reactions. For many years, anti-folate drugs have been used to inhibit growth of 

pathogens, including the malarial parasite.  Two folate-dependent enzymes, dihydrofolate 

reductase (DHFR) and dihydropteroate synthase (DHSP) are popular targets in malaria (Muller and 

Hyde, 2013; Nzila, et al., 2005a).  Blocking these enzymes inhibits de novo folate synthesis in the 
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parasite; mammalian hosts do not synthesize folate. Unfortunately, resistance has developed to 

many of these drugs (Muller and Hyde, 2013).  To limit the impact of disease, one preventative 

strategy has been the prescription of folate-blocking anti- malarials to late-term pregnant women 

and to children during routine health care screenings (Nzila, et al., 2014; WHO, 2014). The latest 

reports show that these programs are not reaching the desired level of efficacy and dissemination.  

Low folate intake is a risk factor for neural tube defects. Consequently many countries have 

introduced folate fortification of food to reduce incidence (Boulet, et al., 2008; Crider, et al., 2011; 

De Wals, et al., 2007). Some malaria-endemic countries such as Ghana and Cote d’Ivoire have 

already implemented dietary fortification programs (EUROCAT, 2015). However, with fortification 

and the general increased use of vitamin supplements among many population sub-groups, there 

are concerns that increased folate intake may have negative health consequences, including 

immune cell cytotoxicity (Troen, et al., 2006) and increased inflammation (Protiva, et al., 2011). 

Food fortification and vitamin supplementation use folic acid, a synthetic folate that may inhibit 

folate-dependent enzymes and transporters (Smith, et al., 2008). These issues and others have 

collectively led to questions regarding the risks and benefits of universal fortification (Crider, et 

al., 2011; Smith, et al., 2008).  

Our laboratory has shown that high folate intake in mice, using a diet with 10-fold higher 

folate than the recommended level for rodents,  negatively impacts embryonic development 

(Mikael, et al., 2013a) and leads to liver injury through alterations in lipid metabolism (Christensen, 

et al., 2015). The higher dietary folate in these studies resulted in a 3-fold increase in plasma folate 

(Mikael, et al., 2013a), the same degree of increase that has been reported in the United States 
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(Pfeiffer, et al., 2012).  Considering our finding that a genetic disturbance in folate metabolism has 

an impact on resistance to malaria and the fact that anti-folate drugs are frequently used as anti-

malarials, we sought to determine whether variation in dietary folate could affect the outcome of 

malaria infection in mice. We observed reduced resistance to malaria infection in mice with higher 

dietary folate, and identified some host changes in immune cell populations and immune 

modulators that could contribute to the altered resistance.  

 

5.3. Results 

5.3.1. Decreased survival of infected mice fed FASD 

Murine diets that investigate the impact of folate intake, as used in previous work in our 

laboratory, often contain an antibiotic to prevent folate synthesis by intestinal flora (Sepehr, et al., 

2003). To ensure that the antibiotic routinely used in our control diet, succinylsulfathiazole (SST), 

did not affect survival of mice infected with the malarial parasite, we compared survival of male 

Mthfr+/+mice fed the control diet with SST (CD+ SST), the control diet without SST (CD) and 

standard mouse chow (MC) for 5 weeks before infection. Both control diets are amino acid defined 

and contain the recommended amount of folic acid for rodents (2 mg/kg diet). Mouse chow 

contains a mix of whole food products and is estimated to contain approximately 4 mg folic acid 

/kg diet. After 5 weeks on diet, mice were injected with 105 P. berghei ANKA parasites and survival 

was monitored. CD (Figure 5.1A; p<0.0001, log-rank test) and CD+SST (Fig 1a; p<0.001, log-rank 

test) mice survived significantly longer than MC mice, with 100% survival in both CD groups at two 

weeks post-infection. Survival between CD and CD+SST mice did not differ (Fig 1a; p=1.0, log-rank 
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test). Onset of mortality was observed in MC mice at 7 or 8 dpi, with 100% mortality before 10 

dpi; this result is the typical outcome in mice fed standard chow and dying of cerebral malaria, as 

observed by our group (Meadows, et al., 2014) and others (Hood, et al., 1996; Roth, et al., 1988). 

  Mouse chow and amino acid-defined diets, such as CD and CD+SST, are very different in 

content, not just in the level of folic acid, but also in other amino acids and nutrients, including 

methionine, choline and glycine which can participate in one-carbon metabolism. To determine 

whether differences  in survival were due  only to differences in folate content, we used a folic 

acid- supplemented diet (FASD), in which the diet was identical to CD in all components except for 

a 10-fold increase in folate content (20 mg/kg diet). Since there were similar rates of survival 

between CD and CD+SST mice, we did not add SST to our CD or FASD diets. After five weeks on 

CD, FASD or MC, Mthfr+/+ and Mthfr+/- mice were infected with 105 P. berghei ANKA parasites and 

survival was monitored. There were no significant differences in survival between Mthfr+/+ and 

Mthfr+/- mice on these diets (CD Mthfr+/+ compared with CD Mthfr+/-, p>0.05, log-rank test, and 

FASD Mthfr+/+ compared with FASD Mthfr+/-, p>0.05, log-rank test; data not shown).  Genotypes 

were therefore combined for further analyses. Figure 1B indicates that CD mice survived 

significantly longer than FASD mice (p<0.01, log-rank test); this experiment was repeated and the 

same conclusion was reached in the second experiment (data not shown; p<0.001, log-rank test). 

Symptoms of cerebral malaria such as tremors, lethargy, and impaired gait, were observed in FASD 

mice starting at 8-9 dpi. It is unclear whether the ultimate demise after 20 dpi in these mice was 

due to cerebral complications or complications of severe malaria-induced anemia. 
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Figure 5.1. Survival of mice fed diets with variable folate content. (A) CD mice (n=8; p<0.0001, log-
rank test) and CD+SST mice (n=7; p<0.001, log-rank test) survived longer than MC mice (n=7). 
There was no survival difference between CD and CD+SST mice at 15 dpi (p=1.0, log-rank test) (B) 
CD mice (n=9) survived longer than FASD mice (n=9; p<0.01, log-rank test). The MC mice (n=2) 
served as a positive control for a successful infection. 

 

 

5.3.2. Increased parasite levels in infected FASD mice 

 Parasitemia was measured every 48h from 6-20 dpi (Figure 5.2). Early in infection, 

parasitemia was higher in FASD mice with 3.64 ± 0.62% at 6 dpi compared with 1.39 ± 0.53% in CD 

mice (Figure 5.2; p<0.05, t-test), and at 8 dpi (Figure 5.2; p<0.05, t-test) with 5.34 ± 0.68% 

parasitemia in FASD mice compared with 2.56 ± 0.90% in CD mice. As the infection progressed, 

parasite levels increased in both groups but remained significantly higher in FASD mice. At 18dpi, 

FASD mice had  49.88 ± 6.64%  parasitemia compared with 18.71 ± 6.98% in CD mice (Figure 5.2; 

p<0.01, t-test), and at 20 dpi,  53.52 ± 6.28%  in FASD mice and 20.36 ± 8.59% in CD mice (Figure 

5.2; p<0.01, t-test).    
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Figure 5.2. Parasitemia in CD and FASD mice. Values are means ± SEM.  Parasitemia was measured 
every 48h from 6-20dpi. FASD mice (n=9) had significantly higher levels of parasitemia than CD 
mice (n=9) at 6, 8, 18 and 20 dpi. *p<0.05, **p<0.01, t-test. 

   

5.3.3. Decreased immune cell populations in infected FASD mice 

      In earlier work (Meadows, et al., 2014), we found increases in some immune cell 

populations in the spleen of mice that were resistant to P. berghei ANKA. To examine the same 

cell populations in this study, we isolated splenocytes from CD and FASD mice at 7 dpi, counted 

viable cells and performed flow cytometry. Splenocytes were collected at this time point before 

the onset of cerebral symptoms or deaths in FASD mice at 8-9 dpi. FASD mice had significantly less 

viable splenocytes at isolation compared with CD mice (Figure 5.3A; p<0.05, ANOVA). Viable 

splenocytes were then plated at equal densities (5.0 x 106 cells) and incubated at 37°C with cell 

media enriched with the cytokine secretion inhibitor GolgiStop™. After 3 hours in culture, cells 

were re-stained for viability. Again, FASD mice had less viable cells than CD mice (Figure 5.3B; 

p<0.05, ANOVA), despite being plated at equal densities of viable cells.  
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Staining for surface cellular differentiation markers CD4, CD8, DX5 (CD49B), CCR4 (CD194) 

and intracellular staining for CD3 and IFNγ allowed us to identify and quantify various immune cell 

populations. Our staining panel specifically targeted natural killer (NK) and T cell populations, 

which are critical in fighting malarial infection (Hansen, et al., 2007; Spence and Langhorne, 2012). 

Shown are the cell populations that had significant differences between CD and FASD mice (Figure 

4A-F).  

FASD mice had decreased populations of T cells (Figure 5.4A; p<0.05, ANOVA). Within T cell 

subsets, they had decreased CD8+ T cells (Figure 5.4B; p<0.05, ANOVA), as well as decreased 

populations of CD4+ T cells (Figure 5.4C; p<0.05, ANOVA). Within the CD4+ T cell population, FASD 

mice also had decreased CCR4+ CD4+ T cells (Figure 5.4D; p<0.05, ANOVA). There were no changes 

in the total number of NK cells, but FASD mice had fewer CCR4+ NK cells (Figure 5.4E; p<0.01, 

ANOVA) than CD mice. They also had a borderline decrease in IFNγ+ NK cells (Figure 5.4F; p=0.061, 

ANOVA). CCR4+ NK cells have been reported to produce IFNγ and IL-17 (Pandya, et al., 2011), which 

are important responders in malarial infection. 
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Figure 5.3. Differences in viable immune cell populations at 7 dpi between CD and FASD mice. Values 
are means ± SEM. Two experiments are shown. (A) FASD mice (diagonal bars; n=5 (experiment 1) 
and n=8 (experiment 2)) had lower numbers of viable splenocytes compared with CD mice (black 
bars; n=7 (experiment 1) and n=9 (experiment 2)) (p<0.05, ANOVA). Experiment 1 had higher cell 
numbers than experiment 2 (p<0.01, ANOVA). (B) Viable splenocyte numbers were lower in FASD 
murine cultures after incubation with GolgiStop™ (p<0.05, ANOVA). Experiment 1 had higher cell 
numbers than experiment 2 (p<0.05, ANOVA). 
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Figure 5.4. Differences in spleen immune cell populations at 7 dpi between CD and FASD mice. 
Values are means ± SEM. Two experiments are shown. FASD mice (diagonal bars; n=5 (experiment 
1) and n=8 (experiment 2))  had significantly decreased populations of (A) T cells (p<0.05, ANOVA), 
(B) CD8+ T cells (p<0.05, ANOVA),  (C) CD4+ T cells (p<0.05, ANOVA), (D) CCR4+ CD4+ T cells (p<0.05, 
ANOVA) and (E) CCR4+ NK cells (p<0.01, ANOVA) compared with CD mice (black bars; n=7 
(experiment 1) and n=9 (experiment 2)). There was also a borderline decrease in (F) IFNγ+ NK cells 
(p=0.061, ANOVA) in these FASD mice. Experiment 1 had significantly increased (A) T cells (p<0.01, 
ANOVA) and (C) CD4+ T cells (p<0.01, ANOVA), and significantly decreased numbers of (F) IFNγ+ NK 
cells (p<0.0001, ANOVA). 
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5.3.4. Increased expression of TNFα in brain and increased Abca1 mRNA  

Cerebral symptoms are due to an exacerbated inflammatory response to fight the infection 

(Hunt and Grau, 2003). One of the primary mediators of this inflammatory response is TNFα; 

decreases in TNFα have been consistently shown to improve the outcome of cerebral malaria 

(Grau, et al., 1987; Grau, et al., 1989a; Rudin, et al., 1997a). In 3 separate experiments, we 

measured the expression in brain of TNFα (Figure 5.5A), by immunoblotting. FASD mice had an 

approximate 2-fold increase in TNFα protein, compared with CD mice (Figure 5.5A; p<0.001, t-

test).  

High levels of TNFα may relate, at least in part, to increased expression of ATP-binding 

cassette sub-family A, member 1, Abca1, a gene important in cholesterol transport. Abca1-/- mice 

have fewer pro-inflammatory microparticles in plasma and, decreased brain TNFα compared with 

wild-type littermates, and are protected from cerebral malaria. These observations in Abca1-/- 

mice suggested that brain TNFα expression may be regulated by Abca1 expression (Combes, et al., 

2005). We therefore elected to measure Abca1 mRNA in liver, as Abca1 expression is quite high in 

this tissue. We found that FASD mice had an approximate 2-fold higher level of Abca1 expression 

compared with CD mice (Figure 5.5B; p<0.01, t-test). Brain TNFα expression levels positively 

correlated with liver Abca1 expression levels in CD and FASD mice (Figure 5.5C; rs=0.58, Spearman 

correlation, p<0.01). 
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Figure 5.5. Differences in TNFα immunoreactive protein in brain and in relative Abca1 mRNA in liver 
between CD and FASD mice at 7 dpi. Values are means ± SEM for A and B. (A) FASD mice (diagonal 
bars; 3 experiments combined; n=13) had significantly higher levels of TNFα protein in brain 
compared with CD mice (black bars; 3 experiments combined; n=12). Representative Western blot 
is shown below the graph.  (B) Livers of FASD mice (diagonal bars; 3 experiments combined; n=12) 
had significantly higher relative Abca1 mRNA levels than livers of CD mice (black bars; 3 
experiments combined; n=14)). (C) Brain TNFα protein correlated with Abca1 mRNA levels in liver 
of mice in both dietary groups (rs=0.58, Spearman correlation, p<0.01; n=24).   **p<0.01, 
***p<0.001, t-test. 
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5.3.5. Bcl-xl/Bak ratio suggests reduced apoptotic environment in liver of FASD mice 

Liver pathology, driven by resident parasites, often precedes cerebral pathology in P. 

berghei ANKA infection, and removal of parasites can reverse the liver pathology (Haque, et al., 

2011). To explore liver apoptotic potential, we measured mRNA levels of B cell lymphoma-extra-

large (Bcl-xl) and BCL2-agonist/killer 1 (Bak), and determined their ratio in CD and FASD mice 

(Table 5.1). Bcl-xl mRNA levels were increased in FASD mice (p<0.01, t-test), with no differences in 

Bak mRNA between dietary groups. In FASD mice, the Bcl-xl/Bak ratio was higher compared with 

that in CD mice (p<0.0001, t-test). This higher ratio is suggestive of a reduced apoptotic 

environment (Castilla, et al., 2006; Garcia-Crespo, et al., 2009) in FASD mice.   

 

Table 5.1: Relative Bcl-xl, Bak, and Bcl-xl/Bak mRNA in liver of CD and FASD mice at 7 dpi. 

Gene 
mRNA expression 

p-value (t-test) 
CD FASD 

Bcl-xl 1.00 ± 0.06 1.56 ± 0.20 p<0.01 

Bak 1.00 ± 0.06 0.95 ± 0.11 p>0.05 

Bcl-xl/Bak 1.00 ± 0.05 1.66 ± 0.13 p<0.0001 
 

Expression of Bcl-xl, Bak, and Bcl-xl/Bak in liver of CD mice (n=14; 3 combined experiments) and 
FASD mice (n=12; 3 combined experiments) indicates that FASD murine livers had a lower 
apoptotic environment (higher Bcl-xl/Bak ratio) compared with that in CD mice.  
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5.4. Discussion 

Folate is required for synthesis of nucleotides and amino acids, and for methylation 

reactions. The malarial parasite also requires folate for these functions, and obtains folate 

derivatives from the host, or, unlike the host, can synthesize folate de novo (Muller and Hyde, 

2013; Nzila, et al., 2005a; Nzila, et al., 2005b). Drugs that target folate metabolism in the parasite 

have been in use for many years, and reduce the availability of important building blocks for 

parasite replication.  

Our work indicates that lower levels of dietary folate result in reduced parasitemia and 

increased survival, as observed in mice fed CD. Our control diet has the recommended amount of 

folate necessary for normal function of the host, but it has less folate than the standard laboratory 

mouse chow routinely used for experimental malarial studies, and less folate than FASD. In 

addition to higher folate content, mouse chow also has higher levels of other one-carbon donors, 

such as choline, methionine and glycine, which can be metabolized for one-carbon transfer 

reactions.  Our findings are consistent with those of an earlier study where lack of p-aminobenzoic 

acid (pABA), a folate precursor, in the diet led to lack of growth of Plasmodium yoelii and increased 

survival of the host (Kicska, et al., 2003).  In our experiments, it appears that the effect of lower 

dietary folate is much more profound than the effect of the genetic Mthfr deficiency (Meadows, 

et al., 2014). This observation,  i.e. a greater effect of diet than genotype,  is similar to that in our 

previous work on the effect of Mthfr deficiency and dietary folate on tumor development (Knock, 

et al., 2011; Lawrance, et al., 2009) or pregnancy outcomes (Mikael, et al., 2013a; Pickell, et al., 

2009). 
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Increased blood folate has been observed following food fortification with folate in North 

America and other countries (Britto, et al., 2014; McDowell, et al., 2008). Folic acid, a synthetic 

form of the vitamin used in food fortification and vitamin supplements, is included in the total 

folate pool and appears at greater levels in the circulation, compared to pre-fortification values 

(Kalmbach, et al., 2008). Studies are emerging alluding to the potential negative consequences of 

high folate intake, although it is not clear whether the concerns relate to the increase in the total 

folate pool or to the unmetabolized folic acid. These concerns include immune dysfunction (Troen, 

et al., 2006) and lower performance in cognitive tests (Morris, et al., 2010; Valera-Gran, et al., 

2014). In other work using murine models, we demonstrated increased heart defects in embryos 

of dams fed high folate during pregnancy (Mikael, et al., 2013a), and disturbances in lipid 

metabolism and liver injury in adult mice fed high folate diets for 6 months (Christensen, et al., 

2015). Folic acid may inhibit folate-dependent enzymes or transporters. In the liver study, we 

showed that folic acid can inhibit MTHFR activity but it also decreased MTHFR immunoreactive 

protein in liver of mice fed FASD (Christensen, et al., 2015). In the current study, we have no 

evidence for a direct effect on MTHFR since our diets were administered for a short period of time. 

The decreased resistance to malaria in mice fed FASD presumably relates to the increased 

availability of folate for growth of the parasite. Similar conclusions were reached in studies where 

therapeutic administration of folic acid tablets appeared to minimize the efficacy of anti-folate 

anti-malarial drugs (Carter, et al., 2005; Mulenga, et al., 2006). However, it is likely that changes 

in the host immune response also contribute to the outcome. In FASD mice, we observed lower 

levels of splenocytes, T cells and some sub-populations of T cells and NK cells, compared with 

levels in CD mice. These immune cells are usually up-regulated to fight malarial infection (Hansen, 
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et al., 2007; Spence and Langhorne, 2012). Our findings are consistent with our earlier work in 

which we demonstrated an increase in the same populations in Mthfr+/- mice which showed 

greater resistance compared with wild-type mice (Meadows, et al., 2014). Although the exact 

mechanisms responsible for the change in immune cells require identification, it is possible that 

folic acid inhibits other critical folate-dependent enzymes involved in proliferation, methylation or 

immune function. The decreases in some NK populations in FASD mice are also consistent with a 

report suggesting that high levels of unmetabolized folic acid may be toxic to human NK cells 

(Troen, et al., 2006).   

Cerebral malaria results from an exacerbated inflammatory response (Hunt and Grau, 

2003). In our experiments, the FASD mice exhibited cerebral symptoms including tremors and 

impaired motor function before death. Such symptoms were not observed in CD mice. We also 

observed increases in brain TNFα in FASD mice. Decreases in TNFα have been consistently shown 

to improve the outcome of cerebral malaria (Grau, et al., 1987; Grau, et al., 1989b; Rudin, et al., 

1997a). High levels of TNFα are present in early stages of infection and in vivo neutralization of 

TNFα can prevent symptoms (Grau, et al., 1987). The increase in this immunomodulator in FASD 

mice is consistent with the poorer outcome and the cerebral symptoms. Abca1-/- mice survive 

cerebral malaria after P. berghei ANKA infection and have significantly lower levels of TNFα than 

wild-type mice. Abca1 increases release of microparticles following malarial infection; these 

microparticles are involved in inflammation and result in an increase of TNFα (Combes, et al., 

2005). Our finding of increased Abca1 expression with increased TNFα expression in FASD mice, 

and the positive correlation between TNFα and Abca1 in all mice, is consistent with a significant 
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disturbance in the immune response of the host and with the poor outcomes attributed to an 

increase in TNFα in FASD mice. 

The higher Bcl-xl/Bak ratio in liver of FASD mice is suggestive of a reduced apoptotic 

environment compared with that in liver of CD mice. Parasite clearance in liver protects against 

cerebral symptoms (Haque, et al., 2011), and P. berghei ANKA typically blocks apoptosis in liver 

(van de Sand, et al., 2005). The altered hepatic environment with high dietary folate may represent 

another mechanism that enhances parasite expansion, in addition to a simple change in one-

carbon availability for nucleotide and amino acid synthesis. 

In the last few decades, there has been considerable effort to increase folate intake to 

minimize the incidence of neural tube defects and other disorders (Smith, et al., 2008). Food 

fortification with folate is routine in many countries worldwide, including some countries in 

malaria-endemic regions (EUROCAT, 2015).  Pregnant women, children and the elderly often use 

vitamin supplements that contain folic acid. Fortification and supplementation has led to 

increased blood folate (Kalmbach, et al., 2008; Morris, et al., 2010; Troen, et al., 2006); increased 

blood folate has been suggested to limit the efficacy of anti-folate anti-malarial treatment (Carter, 

et al., 2005; Mulenga, et al., 2006). It is interesting to note that a study in Malawi found that 

children from a region with high vegetable intake had greater risk of malarial treatment failure 

than children from a region with a predominant fish or meat diet; the authors speculated that the 

higher folate in the vegetable diet could have contributed to this difference (Dzinjalamala, et al., 

2005). 
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Although there is a body of literature suggesting the potential impact of folic acid on 

malarial infection, our work is novel in its direct demonstration of the impact of dietary folate on 

resistance to malarial infection and on the host response in relevant tissues. We found that 

increased intake of folate, prior to malarial infection, is associated with increased parasite levels 

in blood, decreased amounts of critical immune cells, and an increase in a major cytokine, TNFα, 

which leads to the cerebral symptoms.  Increased dietary folate could lead to decreased resistance 

to malaria in human populations or to reduced efficacy of anti-folate drugs. Additional studies are 

warranted to examine the impact of variable dietary folate in human malaria, to ensure that excess 

folate, through fortification or vitamin supplementation, is not particularly harmful in malarial-

endemic regions. 
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6.1. Genetic and nutritional deficiency  

In this thesis we have shown that alteration of folate metabolism, whether through genetic 

modification of MTHFR or through dietary means, improves the outcome of malaria infection. Our 

data suggest that Mthfr+/- deficiency confers resistance to malaria, while over-expression in 

MTHFRTg mice increases susceptibility to malaria.  Excess folic acid renders mice more susceptible 

to malaria, as observed in mice fed FASD.  

The genetic differences observed between Mthfr+/- mice, MTHFRTg mice, and their wild 

type litter mates are not as dramatic as the differences seen between the CD and the FASD mice. 

The effect of dietary folate s much more profound than the effect of the genetic manipulation of 

MTHFR. The stronger effect of nutritional changes is likely due to dietary changes having a global 

effect on folate metabolism. Genetic changes in MTHFR alter only one reaction in the folate 

pathway, the reduction of 5,10-methyleneTHF to 5-methylTHF. Dramatically changing the size of 

the total folate pool by scaling it up 10-fold, is going to have a strong effect on all parts of folate 

metabolism because there will be more substrate available. This is something we have seen before 

in tumor studies (Knock, et al., 2011; Lawrance, et al., 2009) and in pregnancy studies (Mikael, et 

al., 2013a; Pickell, et al., 2009). 

Additionally, there is also some degree of metabolic redundancy in the Mthfr+/- mice. The 

standard mouse chow used in these experiments had higher levels of folate than CD, and they also 

had higher levels of other one-carbon donors than CD or FASD. These carbon donors, such as 

choline, methionine and glycine, can be metabolized for one-carbon transfer reactions. Mthfr+/- 



 
107 

 

mice aren’t strictly reliant on 5-methylTHF to remethylate homocysteine, they can also make use 

of the choline in their diet.  

It is also worth reiterating that in our genetic studies, deficiency and over-expression of 

MTHFR are mild. In MTHFR677TT individuals, deficiency is mild, which is why we used Mthfr+/- 

mice in these experiments. In many murine genetic studies of the outcome of P. berghei ANKA 

infection, the animals used were knockouts that had little residual protein function (Kossodo, et 

al., 1997; Min-Oo, et al., 2003; Roth, et al., 1988; Rudin, et al., 1997b). More similar to our model 

with a mild enzymatic deficiency, Hood et al, using a different cerebral malaria parasite, showed 

that even a modest increase in sickle cell hemoglobin resulted in longer survival and obtained a 

survival curve that looked similar to those in our genetic models (Hood, et al., 1996). 

 

6.2. Changes in immune cell populations 

In all of our infection models, and in the uninfected genetic models, we found changes in 

many of the same immune cell populations. We observed increased total splenocyte populations 

in infected Mthfr+/- mice, and we also observed increased populations of CD4+ and CD8+ T cells, 

and CCR4+ NK cells. In the uninfected Mthfr+/- mice, we see changes not in the number of cells, but 

in the percentage of the immune cell population that is comprised of CCR4+ NK cells and IFN+ NK 

cells. In infected MTHFRTg mice, we did not find changes in total splenocytes or in lymphocyte 

numbers, but we did find decreased numbers of NK cells and CCR4+ NK cells. In uninfected 

MTHFRTg mice we found decreased numbers of total splenocytes, total T cells and CD8+ T cells. 

There was also a trend toward a decrease in CD4+ T cells. In FASD mice, we observed lower levels 
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of splenocytes, T cells and some sub-populations of T cells and NK cells, compared with levels in 

CD mice.  

Many of the immune cells populations we see changed in the infected animals, are cell 

types often up-regulated to fight malarial infection (Hansen, et al., 2007; Spence and Langhorne, 

2012). More experiments are needed to definitively explain the exact mechanisms responsible for 

the change in immune cell populations, but we do have some hypotheses.  

The availability of folate derivatives to produce the nucleotides needed to synthesize DNA 

likely plays a major role. In the Mthfr+/- mice, Mthfr deficiency would result in increased levels of 

the substrate, methyleneTHF, which is required for thymidine production. Enhanced thymidine 

synthesis could potentially enhance DNA synthesis and replication of lymphocytes (Bagley and 

Selhub, 1998; Celtikci, et al., 2009). Due to increased MTHFR activity, MTHFRTg mice have 

decreased levels of 10-formylTHF (Celtikci, et al., 2008).  Less 10-formylTHF would indicate that 

purine synthesis is limited. There is also evidence that the conversion of dUMP and dTMP is 

compromised in MTHFRTg mice (Celtikci, et al., 2008), which would also limit the nucleotides 

available for proliferation and likely lead to the decreases we see in cell number. In the FASD it is 

possible that folic acid inhibits some other critical folate-dependent enzyme involved in 

proliferation. Methylation changes may also potentially alter immune function. 

Of particular interest in many of these experiments are the changes observed in CCR4+ NK 

cells. There were Mthfr-dependent increases in Mthfr+/- mice regardless of infection and decreases 

in infected MTHFRTg mice. In infected FASD mice, there are also decreases in these cells. It is clear 
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that these cells are sensitive to folate metabolism changes and malaria infection. In humans, it is 

proposed that these cells are potent producers of IFNγ and IL-17 (Pandya, et al., 2011). 

 It would be interesting to see whether, like the uninfected Mthfr+/- mice, MTHFR677TT 

individuals also have more of these CCR4+ NK cells than MTHFR677CC individuals. 

Hyperhomocysteinemia has been associated with elevated inflammation and autoimmunity 

(Lazzerini, et al., 2007; Papatheodorou and Weiss, 2007). It is possible that these proinflammatory 

cells may be helping to drive inflammation and autoimmunity in individuals with 

hyperhomocystenemia. Functional studies would also be interesting given findings that high levels 

of unmetabolized folic acid may be toxic to human NK cells (Troen, et al., 2006).   

 

6.3. Folate supplementation and malaria 

Our findings that folic acid supplementation in the diet results in increased susceptibility 

to poor outcome during a malaria infection adds to a growing body of evidence that folic acid 

supplementation and dietary fortification may have potentially negative consequences (Barua, et 

al., 2014; Martinez-Vega, et al., 2015; Mikael, et al., 2013a; Morris, et al., 2010; Pickell, et al., 2011; 

Troen, et al., 2006; Valera-Gran, et al., 2014). There is also a growing body of clinical evidence that 

folic acid supplementation may cause issues for anti-folate antimalarial drugs (Carter, et al., 2005; 

Dzinjalamala, et al., 2005; Mulenga, et al., 2006; Nzila, et al., 2014). We are the first to show this 

experimentally in a murine model, and our findings suggest that not only is the folate itself 

potentially interfering with these drugs, but that there may also be unforeseen immune changes 

that could be interfering as well.  
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There are malaria-endemic countries where mandatory folic acid supplementation has 

been implemented, including Colombia, Ghana and Cote d’Ivoire (EUROCAT, 2015). It is also 

standard clinical practice to prescribe folic acid to pregnant women during pregnancy, especially 

in those who are malaria infected (WHO, 2014). There is growing evidence that these practices 

and dosage levels should be reconsidered.  Though in our experiments we use a fairly high dose 

of folic acid (10x recommended daily intake), the animals only have a 3-fold increase in plasma 

folate (Mikael, et al., 2013a). A similar increase has been reported in the United States (Pfeiffer, et 

al., 2012) where mandatory fortification has been implemented (USFDA, 1996) and 

supplementation is widespread. In light of our experiments, it is clear that such high levels of 

supplementation during malaria infection are an issue, but lower levels may prove therapeutic 

without causing unintended consequences during malaria infection.  

Others have suggested that other alternatives to folic acid could be useful to prevent NTDs 

and not to interfere with the efficacy of anti-folate anti-malarials. Nzila, et al. (2014) have 

suggested that instead of folic acid supplements, pregnant women should be treated with 5-

methylTHF supplements. They propose that use of 5-methylTHF could still minimize the incidence 

of NTDs, while simultaneously not undermining the efficacy of anti-folate antimalarial drugs, no 

matter how high of a dose used (Nzila, et al., 2014). MTHFR is the enzyme responsible for the 

production of 5-methylTHF. Given our findings in the Mthfr+/- mice that Mthfr-deficiency is 

protective during malaria infection and that MTHFR-over-expression in MTHFRTg mice increases 

susceptibility, we would caution widespread implementation of 5-methylTHF without further 

studies. If the protection afforded by Mthfr-deficiency is related to nucleotide availability for 

cellular proliferation, treatment with 5-methylTHF would be relatively harmless. However, if the 
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protection is afforded because of unidentified methylation changes, treatment with 5-methylTHF 

would likely cause more harm than good. 

 

6.4. MTHFR 677TT selection hypothesis 

Our findings suggest that Mthfr+/- mice are protected against malaria and that MTHFRTg 

mice are more susceptible to malaria infection. These observations are consistent with earlier 

reports that demonstrate that severe Mthfr-deficiency is protective in mCMV (Fodil-Cornu, et al., 

2009). They are also in line with clinical reports that West African MTHFR 677T carriers are 

protected from chronic hepatitis B infection (Bronowicki, et al., 2008). Our work is the first to 

demonstration that mild Mthfr-deficiency, as seen in MTHFR 677TT individuals, confers protection 

against a pathogen associated with selection. We suggest that a selective advantage against 

malaria may have helped to maintain the 677 polymorphism in human populations.   

The highest frequencies of MTHFR677TT are found in areas of the Mediterranean, 

including Italy and Spain (Figure 1.2). There are also relatively high “founder effect” frequencies in 

the countries and regions that were settled by the Spanish conquistadors. In the United States, 

Hispanics have the highest frequencies of MTHFR677TT, and South American countries like 

Colombia also have very high frequencies of MTHFR677TT. The regions where malaria was 

historically endemic (Figure 1.3) have significant overlap with regions where MTHFR677TT 

frequencies are high.  Other malaria-protective disorders, such as thalassemias (Flint, et al., 1986; 

Willcox, et al., 1983) and glucose-6-phosphate dehydrogenase deficiency (Ruwende and Hill, 

1998), are also highly prevalent this historically malaria-endemic region. 
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6.5. Future project directions 

All of the experiments in this thesis were performed using P. berghei ANKA parasites. 

Cerebral malaria only occurs in a small subset of humans infected with P. falciparum. The Mthfr-

deficient mice have already been bred onto on a BALB/c background (Chen, et al., 2001; Schwahn, 

et al., 2004). BALB/c mice are susceptible to P. chabaudi chabaudi infection. Dietary and genetic 

experiments using P. chabaudi chabaudi parasites can help to formulate a more complete picture 

of the role Mthfr-deficiency and folic acid supplementation may play in malaria infection. 

Our experiments use diets with fairly high doses of folic acid (10x recommended daily 

intake (Reeves, 1997)). Though these mice had plasma folate levels similar to humans (Mikael, et 

al., 2013a; Pfeiffer, et al., 2012), it is a dose much higher than the WHO’s recommendation (WHO, 

2012). It would be useful to repeat these experiments with a dose similar to the WHO’s 

recommendation to determine whether that dose also has an effect on the outcome of malaria 

infection.  

Several experiments have suggested that Mthfr-deficiency may be protective in pathogens. 

Earlier work in mCMV and the clinical report in hepatitis B suggest that Mthfr-deficiency is 

protective against viruses (Bronowicki, et al., 2008; Fodil-Cornu, et al., 2009). In our experiments, 

we have shown that Mthfr-deficiency is protective in a parasite. These experiments showed similar 

immune cell changes in the same types of immune cells. Further experiments using a bacterial 

pathogen to help narrow down some of the immune cell changes seen in viral and parasite 

infection and provide additional evidence to help determine mechanism.  
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Experiments to further characterize the CCR4+ NK cells should also be performed. There is 

very little known about these cells, but what is known suggests that they may be pro-inflammatory 

(Pandya, et al., 2011). If these cells are increased in MTHFR 677TT individuals, it may help explain 

some of the elevated inflammation in individuals with hyperhomocysteinemia (Lazzerini, et al., 

2007; Mikael, et al., 2013b; Papatheodorou and Weiss, 2007).  Ideally these cell populations would 

be measured in MTHFR 677TT individuals, MTHFR 677CT individuals and MTHFR 677CC controls. 

From there, these cells can be isolated and functional studies performed.  

There is a lot of evidence that the gut microbiome is affected by diet (reviewed by Bermon, 

et al. (2015)). It is likely that changing the folic acid content in the diet would also affect the 

composition of the gut microbiome. The gut microbiome has a huge impact on the immune 

response in these mice (Bermon, et al., 2015). Studies comparing the gut microbiomes of CD and 

FASD mice would help us to determine whether the immune changes seen in infected FASD mice 

may also be, in part, due to changes in the gut microbiome.  

 

 

 

 

 

 

 



 
114 

 

CLAIMS TO ORIGINALITY 

1. Mthfr+/- mice infected with P. berghei ANKA survived infection longer than wild-type mice 

and had a trend toward lower parasite levels. They also had lower serum IFNγ than wild-

type mice.  

2. Mthfr+/- mice infected with P. berghei ANKA had higher levels of brain IFNγ and PPARγ, 

and lower levels of the active IL-10 dimer. They also had higher levels of spleen IFNγ. 

3. Mthfr+/- mice infected with P. berghei ANKA had higher numbers of total splenocytes, 

total T cells, CD4+ T cells, CD8+ T cell and CCR4+ NK cells. 

4. Uninfected Mthfr+/- mice had lower levels of brain IFNγ and elevated levels of the inactive 

IL-10 monomer. They also had elevated numbers of CCR4+ NK cells and IFNγ+ NK cells. 

5. MTHFRTg mice infected with P. berghei ANKA survived infection longer than wild-type 

mice and had a trend toward elevated parasite levels. They had lower numbers of NK 

cells and CCR4+ NK cells. 

6. Uninfected MTHFRTg mice higher numbers of total splenocytes, total T cells, and CD8+ T 

cells. They also had a trend toward lower numbers of CD4+ T cells.  

7. Mice fed a CD diet were resistance to P. berghei ANKA infection than mice fed standard 

mouse chow.    

8. Mthfr+/- mice and Mthfr+/+ mice fed CD and FASD, showed no genotype differences. FASD 

mice were more susceptible to infection than CD mice. MC mice were more susceptible 

to infection than CD or FASD mice.  

9. FASD mice infected with P. berghei ANKA had higher parasite levels during infection. 
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10. FASD mice infected with P. berghei ANKA had lower numbers of total splenocytes, total T 

cells, CD4+ T cells, CCR4+ CD4+ T cells, and CD8+ T cells. They also had decreases in CCR4+ 

NK cells a trend toward lower numbers of IFNγ+ NK cells. 

11. FASD mice infected with P. berghei ANKA had elevated brain TNFα and liver Abca1 

expression. The levels of brain TNFα and liver Abca1 expression positively correlated with 

one another. 

12. FASD mice infected with P. berghei ANKA had an elevated liver Bcl-xl/Bak ratio, 

suggestive of a less apoptotic environment in their liver.  
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