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ABSTRACT

Epidemiological observations have linked increased host iron with malaria

susceptibility.  At  the same time,  blood-stage malaria infection is  associated with

potentially  life-threatening  anemia.  To  improve  our  understanding  of  these

relationships, this work presents an examination of the mechanisms controlling the

upregulation of the hormone hepcidin, the master regulator of iron metabolism, in

malaria infection. Chapter 2 presents data from a mouse model of malaria infection

which indicate that  hepcidin upregulation in  malaria infection is  associated with

increased activity of the sons of mothers against decapentaplegic (Smad) signaling

pathway.  Although  the  canonical  Smad  pathway  activators,  bone  morphogenetic

proteins (Bmp) are not increased at the message level following infection, activin B,

which has been recently shown to increase hepcidin through the Smad signaling

pathway in conditions of inflammation and infection, is upregulated in the livers of

malaria-infected mice. Chapter 3 shows that both activin B and the closely related

protein activin A upregulate hepcidin in vitro and in vivo. Chapter 3 also explores the

effects  of  the activin-binding protein follistatin in  both systems and in the  same

malaria-infected mouse model as presented in Chapter 2. The work presented in

Chapter 4 extends these studies to human infections by demonstrating that activin A

protein co-increases with hepcidin in human serum during malaria infection. Taken

together,  these  findings  are  consistent  with  a  novel  role  for  activin  proteins  in

controlling hepcidin upregulation in the context of malaria infection. This work may
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form a basis for the development of novel therapeutics that speed recovery from

malarial anemia by inhibiting activins’ actions.

Chapter 5 examines the role of infected red blood cell-derived microparticles

in  the  initial  recognition  of  a  P.  falciparum malaria  infection,  and  subsequent

hepcidin  upregulation.  Microparticles  stimulate  production  of  cytokines  from

peripheral  blood  mononuclear  cells  (PBMC),  which  also  upregulate  activin  A

message  in  response  to  both  microparticles  and  whole  infected  red  blood  cells.

These data are consistent with a model in which malaria-derived stimuli such as

microparticles trigger the systemic release of activin proteins, which then act on the

liver to upregulate hepcidin.

Evidence has shown that cytokine levels at birth are related to malaria risk.

In Chapter 6,  hepcidin is measured in cord blood samples from participants in a

large-scale clinical study in a malaria-endemic area, and shown to be elevated in

cord blood from neonates with a clinical history of placental malaria. Cord blood

hepcidin is also compared to birth levels of iron markers and other cytokines, and

future clinical outcomes. Finally, the contributions of DNA methylation levels to cord

hepcidin and cytokine levels  are assessed by comparison of  CpG methylation,  at

sites in genes encoding hepcidin and cytokines, to the serum concentrations of the

genes’ protein products. Several intriguing associations are noted which indicate a

possible novel role for DNA methylation in the determination of birth cytokine and

hepcidin levels. Chapter 7 synthesizes the data presented in this thesis, interprets

the possible  significance of  the  major  findings,  and offers  suggestions for  future

work. 
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CHAPTER 1: INTRODUCTION

1.1. Foreword

Among the many nutrients required for human survival, iron plays a unique

role  in  determining  disease  susceptibility.  This  relationship  is  especially  well

studied in  the  case  of  malaria.  Malaria  is  one of  the  world’s  deadliest  and most

geographically widespread human diseases, killing an estimated 600,000-1,000,000

people per year (Malaria World Report, 2013,  [1]). The controversial relationships

between  malaria  and  iron  have  been  the  subject  of  widespread  discussion  and

debate  [2,  3].  While  iron  supplementation  appears  to  be  linked  with  increased

malarial  mortality,  and  iron  deficiency  with  decreased  malarial  susceptibility,

malaria infections are a major global cause of anemia  [4], and measures taken to

decrease malaria at a population level also decrease anemia [5]. 

The  interactions  between  malaria  and  iron  have  only  lately  begun  to  be

understood at the molecular level. Primarily, the discovery of the iron regulatory

hormone hepcidin has given us new understanding of human iron physiology and

pathophysiology. Hepcidin serves to block iron absorption from the diet and also to

route iron in the body into macrophages and away from the serum. Hepcidin plays a

complex  but  vital  role  in  both  the  iron  restriction  that  occurs  during  malaria

infection,  and in determination of baseline iron status and subsequent effects on

disease susceptibility. Studying the molecular mechanisms that control hepcidin in

the context of malaria may guide the development of much-needed novel treatments
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for malaria-related anemia, and also inform our assessment of differing malaria risk

between individuals.

1.2. Iron supplementation and malaria infection 

Iron intake and malaria risk have been linked by multiple studies. Perhaps

the first formal trial of the relationship between direct iron supplementation and

malaria incidence was reported by Oppenheimer et al in 1984: infants at 2 months

of age who were given intramuscular injections of iron dextran were found to have

greater incidence of parasitemia and splenomegaly at 6 and 12 months of age than

non-iron supplemented controls [6]. Injections of iron dextran to pregnant women

were similarly found to be associated with increased perinatal malaria incidence,

although  this  effect  was  only  noted  in  the  more  vulnerable  primiparae  [7].

Researchers  also  noted  flare-ups  of  malaria  subsequent  to  increased  iron

consumption:  symptomatic  malaria  peaked  when  poorly  nourished  Nigerian

individuals were fed a hospital diet with improved iron content [8], or when iron-

deficient Somali nomads were treated directly with oral iron  [9]; this latter study

also noted a marked increase in incidence of symptomatic bacterial infections post-

iron treatment. The same researchers also observed that a pronounced difference in

diet (consumption of fish, which is iron-rich, in a community that primarily subsists

on iron-poor milk) was associated with greater frequency of symptomatic malaria

and other infections [10].
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The first large-scale randomized trial of iron supplementation in an area with

very high malaria transmission was performed on the African island of Pemba in

2006  (the  “Pemba  trial”)  [11].  This  trial  was  stopped  prematurely  when  trial

monitoring boards found a link between the supplementation of children with iron

(folic acid was also included) and subsequent malaria infection and mortality [11].

This finding supported the previous smaller-scale studies that had described iron

consumption-malaria  links,  and  presented  the  international  community  with  a

knotty problem: given the evidence,  could iron supplementation be administered

safely in malaria-endemic areas? 

Several studies that have followed the Pemba trial have produced results that

appeared  to  contradict  this  finding,  showing  no  association  between

supplementation  and  malaria  risk  [12,  13].  However,  many  of  the  studies  that

followed  the  Pemba  trial  were  smaller  in  scale,  located  in  areas  without  high

transmission rates, and/or introduced measures to combat malaria, such as bednets

or  intermittent  preventative  chemoprophylaxis,  which  may  have  masked  any

increase in malaria susceptibility  [14,  15]. One study purported to demonstrate a

protective  effect  of  iron supplementation  on malaria  parasitemia incidence  [16],

although this conclusion must be tempered by the observations that in this trial,

hospital admissions increased significantly in the iron-supplemented group, and also

that iron administration did not effectively increase hemoglobin levels, making any

changes hard to interpret [17] . 

Two Cochrane reviews have since been published in attempts to reconcile

the apparently disparate findings of the Pemba study and subsequent trials  [2,  3].
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Both  reviews  concluded  that  iron  supplementation  did  not  increase  the  risk  of

malaria  infection  in  children  when  “regular  malaria  surveillance  and  treatment

services”  were  provided.  However,  many  areas  of  the  world  have  inadequate

malaria surveillance and treatment, coupled with high levels of iron deficiency and

anemia. 

Moreover, the effects of iron supplementation on host-pathogen interactions

are  likely  not  limited  to  malaria  susceptibility.  Administration  of  micronutrient

powders, which included iron, was associated with increases in diarrhea in several

studies [18,  19], although not others [20, 21]. In a study specifically examining the

effects of iron-fortified biscuits on gut microbiota, potentially harmful species were

shown to increase with iron treatment [22], offering a possible mechanism for the

increased diarrheal incidence noted in several trials. A meta-analysis of intravenous

iron  therapy  for  the  reduction  of  allogenic  red  blood  cell  transfusion  noted  an

increase in all infections associated with intravenous iron use  [23]. In short, iron

administration  may  have  effects  on  pathogen  susceptibility  beyond  malaria.

Improved clinical research aimed at finding a safe and effective way to permit iron

supplementation must be complemented by basic research aimed at improving our

understanding of the relationships between iron, malaria, and other pathogens.

1.3. Iron deficiency is associated with protection from malaria infection 

While iron supplementation appears to increase malaria risk, non-iatrogenic

variations  in the iron levels of susceptible hosts may modulate the frequency and

clinical severity of malaria infections. Gwamaka et al (2012) collected detailed data
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from  a  large  cohort  of  Tanzanian  children  (birth  –  3  years).  In  this  vulnerable

population,  iron deficiency at healthy aparasitemic visits was strongly associated

with decreased future risk of parasitemia and severe malaria [24]. Iron deficiency in

this  study  was  defined  by  low  ferritin  (<30  ng/mL)  in  individuals  with  low  C-

reactive  protein  (CRP).  A  higher  ferritin  cutoff  (>70  ng/mL)  was  used to  define

individuals  with  higher  CRP  as  iron  deficient.  Plasma  ferritin,  which  binds  and

stores potentially harmful free iron, is regulated in healthy individuals primarily by

the post-transcriptional iron-binding protein (IRP)/iron-responsive element (IRE)

system (reviewed in  [25]), and therefore reflects iron stores. However, ferritin is

also  increased  at  the  transcriptional  and  post-transcriptional  levels  by  various

cytokines associated with inflammation and/or infection (reviewed in [26]). Hence,

the ferritin levels considered to be representative of iron deficiency are higher when

inflammation is present. 

 A further study in a slightly older cohort of Kenyan children (8 months – 8

years) found that iron repletion (defined as ferritin ≥12 ng/mL,  with transferrin

saturation  ≥10%,  children  with  high  CRP  excluded),  was  predictive  of  clinical

malaria episodes in the year following measurement  [27]. Separately,  Jonker and

colleagues noted a similar effect in Malawian children (6 months - 5 years): iron

deficient children (defined as plasma ferritin <30 ng/mL), had a lower incidence of

clinical malaria the subsequent year [28]. 

Studies  performed  in  pregnant  women  also  may  indicate  an  association

between iron deficiency and protection from clinical malaria, although somewhat

fewer data are available. Two cross-sectional studies have found that at the time of
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delivery,  placental  malaria  was  associated  with  iron  replete  status  [29,  30].  A

limitation of this approach is that all currently used measures of iron status, such as

ferritin,  can be distorted by inflammation and infection,  and thus cross-sectional

studies may be of limited utility in understanding this relationship. Only one study

has  so  far  attempted  to  examine  the  predictive  values  of  iron  status  on  future

placental or peripheral parasitemia in pregnant women [31]. This study measured

iron status  by examining zinc  protoporphyrin  (ZPP) levels.  ZPP is  formed when

protoporphyrin 1X is unable to bind an iron atom to form heme due to a lack of iron

availability; instead, it binds a zinc atom, creating ZPP. Hence, ZPP levels are one

indicator  of  iron  deficiency  [32].  ZPP  is  also  upregulated  in  infectious  context,

although notably less so than ferritin  [33]. At both the first antenatal visit and at

delivery, levels of ZPP indicative of iron repletion were associated with parasitemia;

however, analyzing these data for ZPP as a predictive measure was complicated by

the elevation of ZPP by concurrent parasitemia. The authors concluded that in this

population, with a high incidence of parasitemia and associated inflammation, ZPP

alone is not a valid measure of iron status, a concern that also could be applied to

pediatric populations. Although the available data suggests a relationship, further

studies that recruit women early in pregnancy, stratify carefully by gravidity and

malaria transmission intensity, and follow their outcomes closely are required to

definitively  answer  the  question  of  whether  iron  status  in  women  can  predict

malaria risk as in pediatric populations. 
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1.4. How the malaria parasite benefits from iron 

A  mechanistic  insight  into  the  contributions  of  host  iron  status  and  iron

supplementation to malaria susceptibility has been gained from  in vitro studies of

malaria  infection  in  red  blood  cells  taken  from  uninfected  malaria-naive  iron

deficient or iron replete individuals [34]. P. falciparum parasites were found to less

successfully invade and mature within red blood cells from iron deficient donors, an

effect that was reversed when the iron deficient donors were supplemented with

oral iron.  In addition,  younger red blood cells were more permissive to parasite

growth;  iron  supplementation  of  an  iron-deficient  host  increases  the  number  of

reticulocytes and young red blood cells. The effects of iron supplementation on the

age of  circulating  red  blood cells  have been previously  proposed as  particularly

important  in  determining  susceptibility  to  P.  vivax,  which  lives  preferentially  in

young reticulocytes: an inverse association has been noted between severe anemia

(in which reticulocyte levels are lowered) and P. vivax infection [35].

In  an  attempt  to  find  a  pharmaceutical  agent  to  treat  malaria  infection

without the potentially  harmful  effects  of  long-term iron deficiency,  experiments

have been conducted with iron-chelating agents such as desferrioxamine in malaria

models. Iron chelators have been shown to restrict malaria growth in vitro [36], in

murine models of malaria infection [37, 38], and in malaria-infected primates [39]

(reviewed in  [40]). In humans, preliminary work on the use of the iron chelators

desferrioxamine, or the orally administered deferiprone, as an adjunct to standard

antimalarial therapy seemed promising [41]. However, after further studies showed

no clear benefit from administration of chelators, and one seemed to hint at a slight
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increase  in  mortality  in  the  trial  group  treated  with  desferrioxamine  [42],  a

Cochrane  review  recommended  that  trials  testing  iron  chelators  for  malaria

treatment be discontinued [43].

The development of antimalarial  drugs that target the parasite’s access to

iron  might  meet  with  more  success  if  we  had  a  better  understanding  of  how

Plasmodium parasites  acquire  iron  during  their  various  life  stages.  Plasmodium

parasites exhibit a complex life cycle. Briefly, humans are infected through the bite

of a mosquito that carries parasites in its salivary glands. At that stage, the parasites

are termed sporozoites. Sporozoites that gain access to a human host rapidly travel

to the liver, where they grow and asexually reproduce, emerging ~1 week later into

the blood stream as merozoites. Merozoites invade human red blood cells,  inside

which they mature into trophozoites and then schizonts. At the schizont stage, the

red cell bursts open and releases many more infectious merozoites, and the asexual

blood cycle continues. Blood-stage parasites may also differentiate into sexual male

or female gametocyte forms, which can be taken up by another mosquito.  In the

mosquito,  gametocytes  mature  into  gametes,  and  eventually  combine  to  form

zygotes, which develop into ookinetes, and finally into sporozoites that migrate to

the mosquito’s salivary glands, ready to begin the process anew. 

Blood-stage  parasites  have  been  theorized  to  acquire  iron  from  serum

transferrin [44], from iron produced during the breakdown of hemoglobin (Hb), or

from a free pool of intracellular iron [45], but this important issue remains relatively

unresolved. Very little work has been done that investigates the acquisition of iron

by the obligate liver or mosquito life stages of malaria infection; these continue to be
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fruitful areas for future research. For example, identification of Plasmodium encoded

iron  transporters  would  both  increase  our  understanding  of  the  mechanism  by

which different life-stages obtain their iron, and provide new drug targets aimed at

inhibiting parasite growth.

Iron repletion may also have effects  on parasite growth through different

mechanisms than direct utilization by the parasite or red blood cell composition. A

full  synopsis  is beyond the scope of this work,  but iron has many effects on the

immune system [46]. In malaria specifically, it has been suggested that parasitized

red blood cells from iron deficient hosts may be more efficiently phagocytized by

white blood cells, based on evidence from a murine model [47]. 

1.5. Anemia as a hallmark of malaria 

Malaria  infections  are  typified  by sometimes  life-threatening  anemia.  The

mechanisms  involved  in  the  pathogenesis  of  malarial  anemia  are  not  fully

understood,  but  include  the  increased  clearance  of  infected  and  uninfected  red

blood  cells,  dyserythropoiesis  as  a  consequence  of  cytokine  upregulation,  and

inadequate absorption of oral  iron (reviewed in  [48]).  On a global  level,  malaria

infections  are  a  major  contributor  to  the  worldwide  burden  of  anemia  [4] and

measures  taken to  decrease  malaria  at  the  population  level  frequently  decrease

anemia prevalence [5]. Advances in basic iron biology have recently improved our

comprehension of the iron perturbations that occur in malaria. 
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1.6. Human iron control: the hormone hepcidin. 

Systemic  mammalian  iron  metabolism  is  controlled  at  the  level  of  iron

absorbance from the diet and iron recycling through macrophages. Approximately 1

mg of iron is absorbed from the diet every day, roughly equivalent to the iron that is

lost  daily  in  poorly  regulated  activities  such as  sweating,  any  bleeding,  and  the

sloughing off  of  enterocytes.  At  the same time,  the approximately 30 mg of iron

already  in  the  body  is  constantly  being  recycled  as  macrophages  phagocytize

senescent or damaged red blood cells, digest the heme, and export the iron back into

the circulation.

Both the export of iron across the basolateral membrane of enterocytes and

the  recycling  of  iron  through  macrophages  are  dependent  on  the  same  protein:

ferroportin,  the sole currently identified mammalian iron export protein  [49-51].

Restriction of ferroportin activity therefore leads both to a failure to absorb iron

from the diet, and a relocalization of iron from serum into macrophages. 

Hepcidin, discovered a decade ago by three groups working independently

[52-54],  is  a 25-amino acid protein that  binds to ferroportin and causes it  to be

internalized and degraded [55]. The net effect of hepcidin is therefore to decrease

serum iron levels, both routing iron away from pathogens that exploit circulating

iron, and rendering the host anemic by restricting iron availability to the erythron

(Schematic of hepcidin’s actions shown in Figure 1.1). 
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Figure  1.1  Hepcidin’s  actions  on  iron  flow.
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Figure  1.1.  Diagram  of  hepcidin’s  actions  on  iron  flow.  Schematic  showing
hepcidin’s actions on iron metabolism. Iron is absorbed through the duodenum and
circulates in the serum on transferrin. Most iron is utilized for erythropoiesis in the
bone marrow. When red blood cells senesce, they are phagocytized by macrophages
in the liver and spleen and the iron from the breakdown of heme is recycled back
into  circulation.  Both  absorption  and  recycling  of  iron  require  the  iron  export
protein  ferroportin;  hepcidin  causes  the  internalization  and  degradation  of
ferroportin. Figure reproduced from Spottiswoode et al (2012) [15]. 

Figure 1.1. Diagram of hepcidin’s actions on iron flow.

Evidence from both animal models and from human genetic lesions suggests

that  the  hepcidin-ferroportin  interaction  is  functionally  non-redundant.  Mice

underexpressing hepcidin are severely iron-overloaded [56], mimicking the human

genetic disorder hereditary hemochromatosis,  which (in rare cases) is caused by

genetic  lesions  in  the  hepcidin  gene  itself  [57],  in  genes  that  encode  hepcidin-

regulatory factors  [58],  or by mutations in ferroportin that render it  resistant to

hepcidin control [59]. Conversely, mice that overexpress hepcidin are fatally anemic

[60],  while patients with mutations that  lead to chronic hepcidin overexpression

suffer from iron-refractory iron deficiency anemia (IRIDA) [61]. 

1.7. Hepcidin is upregulated in uncomplicated malaria

Hepcidin  is  upregulated  in  hosts  infected  by  bacterial,  fungal,  and  viral

pathogens [62]. Multiple studies have found that hepcidin is upregulated in malaria

infection in symptomatic and asymptomatic natural human infections  [63-65],  in

experimentally  controlled  human malaria  infections  (CHMI)  [66],  and  in  murine

models of malaria infection [67, 68]. Resolution of infection leads to normalization

of hepcidin levels [65, 66]. Hepcidin’s upregulation in malaria has several important

consequences.  Firstly,  the upregulation of hepcidin routes iron in the body away
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from the serum and into macrophages, likely contributing to the dyserythropoiesis

and anemia that typify malaria infections. 

Additionally, hepcidin upregulation directly blocks dietary iron absorption:

patients with asymptomatic malaria infection [69] or post-malarial anemia [70, 71]

poorly incorporate orally administered iron into their red blood cells. This finding is

paralleled  by  the  effects  of  hepcidin  on  recovery  from  anemia  following  other

infections: in a rodent model of anemia of inflammation, hepcidin levels were found

to  be  significantly  negatively  associated  with  the  response  to  erythropoiesis-

stimulating agents (ESA),  and inhibition of hepcidin improved the erythropoietic

response to ESA [72]. Increased hepcidin levels are therefore likely to notably slow

recovery  from  post-malarial  anemia.  These  changes  are  likely  relevant  at  the

population level: in areas with seasonal malaria transmission, hepcidin upregulation

has been proposed as a contributor to the increased frequency and severity of iron

deficiency that occurs at the end of the malaria season [73].

 Furthermore,  hepcidin has  been recently shown to play a crucial  role in

determining the multiplicity of  infections within a single host.  The obligate liver

stage of the malaria parasite requires iron: hepcidin peptide injection or hepcidin

overexpression by  transgene  or  viral  vector  can  reduce  parasite  survival  at  the

crucial hepatic bottleneck  [67]. The hepcidin upregulation initiated by one blood-

stage infection thereby blocks the establishment of a second infection [67]. 

The  physiological  redistribution  of  iron  as  a  consequence  of  hepcidin

upregulation  may  also  have  a  significant  effect  on  host  susceptibility  to  other

pathogens.  In  a  blood-stage  malaria  infection,  raised  hepcidin  is  expected  to
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contribute  to  increased  macrophage  iron  levels,  as  does  increased

erythrophagocytosis.  This  increase  in  bioavailable  macrophage  iron  may  benefit

pathogens  that  exploit  the  macrophage  niche  [74].  In  particular,  hepcidin

upregulation may help to explain the association between malaria infections and

susceptibility to non-typhoid salmonella (NTS). The epidemiological link between

malaria  and  NTS  is  well-established  [75].  Iron  has  been  implicated  in  the

contribution of malaria to NTS susceptibility through increases in both free heme

and  heme-oxygenase  expression  [76].  By  routing  iron  to  accumulate  in

macrophages,  the  hepcidin  response  to  malaria  may  also  render  the  host  more

vulnerable to NTS directly [74]. Careful studies of the role of hepcidin in coinfection

models are required to investigate this clinically important hypothesis.

1.8. Hepcidin upregulation mechanisms

Hepcidin levels increase homeostatically in high iron conditions [52] and in

response to inflammation and infection [77]. Two well-characterized pathways exist

that  upregulate  hepcidin.  Firstly,  increased  liver  iron  is  thought  to  lead  to

upregulation  of  bone  morphogenetic  protein  (BMP)6  [78] which  upregulates

hepcidin  by  binding  to  BMP  Type  1  and  Type  2  receptors  in  concert  with

hemojuvelin  (HJV,  also  known  as  HFE2)  [79].  This  binding  triggers  the

phosphorylation of sons of mothers against decapentaplegic (SMAD)1, SMAD5, and/

or SMAD8, which then join with the common mediator SMAD4 and bind together to

a well-studied site on the hepcidin promoter to increase hepcidin transcription [80].

This  pathway  will  be  subsequently  referred  to  as  the  SMAD  signaling  pathway,
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except in Chapter 3, where the effects of SMAD2/3 signaling are also discussed: in

that chapter SMAD1/5/8 or SMAD2/3 signaling will be specified. 

BMP proteins are members of the transforming growth factor beta (TGF )β

superfamily, which also includes the growth differentiation factor (GDF) and activin

proteins. Bmp6-/-  mice exhibit massive iron overload [81,  82], and as stated above,

Bnp6 is induced by iron. Other BMPs have also been shown to upregulate hepcidin

in vitro, including BMP2, BMP4, BMP5, BMP7 and BMP9 (shown in Figure 1.2,  [79,

83,  84]), and Bmp2 injection into mice has been shown to cause hepatic hepcidin

increase in one study  [84], but the physiological contributions of BMP proteins to

hepcidin regulation, beyond BMP6, are not completely clear.

The  protein  matriptase-2  (encoded  by  the  gene  TMPRSS6)  is  a  negative

regulator  of  hepcidin:  it  cleaves  HJV  and  therefore  interferes  with  hepcidin

regulation by BMPs [85, 86]. Mutations in TMPRSS6 can lead to inappropriately high

hepcidin levels, resulting in IRIDA [87, 88]. 

Hepcidin is also upregulated in conditions of inflammation and infection. The

cytokine interleukin (IL)-6 upregulates hepcidin [89, 90] by binding to its receptor

and  triggering  the  janus  kinase  (JAK)-  signal  transduction  and  activator  of

transcription 3 (STAT3) pathway [91, 92]. Related protein IL-22 may have a similar

effect  to  IL-6  [62].  This  pathway  shall  be  hereafter  referred  to  as  the  STAT3

signaling pathway.

In general, hepcidin upregulation by the SMAD signaling pathway has been

seen  as  homeostatic,  the  STAT3  signaling  pathway  a  response  to  pathogens  or

inflammation.  However,  recent cross-talk  between these two pathways has  been
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demonstrated by the identification of another TGF  superfamily member, activin B,β

which is upregulated by inflammation in mice, but itself upregulates hepcidin via

SMAD signaling independently of IL-6 [93]. The closely related protein activin A has

also been noted to have some effects on hepcidin upregulation in one hepatoma cell

line  [84].  A  schematic  of  the  TGF  family  members  known to  affect  hepcidin  isβ

depicted  in  Figure  1.2.  Finally,  evidence  suggests  that  an  intact  SMAD  signaling

pathway is required for effective STAT3 signaling: the type 1 BMP receptor Alk3 is

required for IL-6-modulated hepcidin upregulation  in vivo  [94], and a type 1 BMP

receptor inhibitor can block IL-6 mediated hepcidin upregulation in vitro [95].

Figure 1.2. Known roles of TGF -family members in hepatic hepcidin control.β
Simplified phylogram of the TGF  protein family tree. Proteins indicated with redβ
circle have been shown to upregulate hepcidin in hepatoma cell  lines or  in vivo,
including many members  of  the  BMP  family.  Activin  B  protein  and  its  homolog
activin A only have shown to upregulate hepcidin in a single hepatoma cell line each,
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both  are  shown  with  pink  circles.  GDF15  (blue  circle)  may  suppress  hepcidin,
although  this  is  controversial.  Not  all  proteins  in  superfamily  are  shown.
Phylogenetic tree generated with Clustal Omega[96],  protein sequences are from
NCBI. 

Figure 1.2. Known roles of TGF -family members in hepatic hepcidin control. β

Other  pathways  towards  hepcidin  upregulation  exist,  but  are  less  well

understood.  A  parallel  pathway  for  homeostatic  regulation  of  hepcidin  through

transferrin receptor 1 and, possibly, transferrin receptor 2 appears to be dependent

on phosphorylation of the intracellular protein extracellular signal- related kinase

1/2  (ERK1/2).  HFE,  mutations  in  which  are  commonly  associated  with  the

hereditary iron overload disease hemochromatosis,  is  also likely involved in this

pathway [97-99]. 

A  final  pathway  of  hepcidin  induction  is  the  unfolded  protein  response

(UPR),  triggered  by  endoplasmic  reticulum stress  by  incorrectly  folded  proteins

[100].  The  UPR  likely  affects  hepcidin  synthesis  through  the  CCAAT/enhancer

binding protein a (C/EBP), which has been shown to bind to the hepcidin promoter

[100],  or  through  the  C-reactive  protein  CREBBP  [101].  Some  overlap  between

pathways  is  likely:  a  recent  unbiased  RNAi  screen  of  hepcidin-affecting  factors

found that  CREBBP may cooperate with the SMAD signaling pathway  [102].  The

work presented in this thesis focuses primarily on the well-established SMAD and

STAT3  hepcidin  upregulation  pathways,  but  we  remain  aware  that  less-studied

pathways may play a role.
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1.9.  Hepcidin  upregulation  likely  requires  systemic  upregulation  of  one  or

more signaling molecules 

Hepcidin is primarily produced in the liver, but pilot experiments by this lab

have shown that hepatoma cells co-cultured with malaria-infected red blood cells do

not upregulate hepcidin (A. Armitage, unpublished). However, serum from malaria-

infected mice causes hepcidin upregulation in primary murine hepatocytes [67], and

medium from co-cultured macrophages and malaria-infected red blood cells may

trigger  some  hepcidin  upregulation  in  hepatoma  cells  (N.  Spottiswoode,

unpublished). These data together suggest that hepcidin upregulation in blood-stage

malaria infection is likely contingent upon the release of one or more cytokines into

the serum by a population of non-parenchymal cells (model shown in Figure 1.3). 

How circulating cells detect the presence of a malaria infection and initiate

cytokine release is currently controversial (for more detailed analysis see Chapter

5). The work presented in this thesis firstly attempts to delineate the intrahepatic

pathways  involved  in  hepcidin  upregulation  in  malaria,  and  then to  identify  the

infected  red  blood  cell  moiety  that  is  detected  by  non-  parenchymal  cells,  thus

initiating the response to infection that results in hepcidin upregulation.
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Figure 1.3. Two-step hepcidin upregulation model. The presence of infected red
blood cells must be detected (step 1) by non-parenchymal host cells,  which then
trigger the release of one or more systemic cytokines. Cytokines are detected by the
liver  and  upregulate  hepcidin  through  one  of  the  known  intracellular  hepcidin
upregulation pathways (step 2). 

Figure 1.3. Two-step hepcidin upregulation model.

1.10. Hepcidin suppression in severe malaria

While  hepcidin  upregulation  has  been  noted  in  most  studies  of

uncomplicated malaria, in certain severe malaria syndromes, hepcidin suppression

may occur. Two studies have demonstrated that children with malaria and severe

anemia (Hb <50 g/L) have lower hepcidin levels than children with uncomplicated

malaria [103, 104], one also noted lowered hepcidin levels in children with cerebral

malaria  [103].  A  study examining  children presenting  with  severe anemia (over

50% of whom also had concurrent malaria parasitemia) found that a majority of the
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measured hepcidin values were below the study’s detection limits [105]. Taking the

available evidence together,  these studies clearly indicate that  in severe malarial

anemia, a signaling pathway that suppresses hepcidin can override the activation

pathway associated with parasitemia.

Hypoxia-inducible  transcription  factors  (HIF)  were  initially  proposed  as

hepcidin suppressors  [106],  and more recent work has  also proposed a role  for

platelet  derived  growth  factor  (PDGF)-BB  as  a  hypoxia-stimulated  hepcidin

suppressor [107].  However,  it  has also been demonstrated that hypoxic hepcidin

suppression is dependent upon downstream erythropoiesis  [108].  Erythropoietin

(EPO) administration suppresses hepcidin levels in both mouse models  [109] and

humans [110]; this effect can be inhibited by erythropoiesis-blocking agents [111].

These  data  together  indicate  that  hepcidin  is  likely  not  suppressed  directly  by

hypoxia or EPO itself, but by an erythropoiesis-dependent factor. 

Initial  candidates  for  this  erythropoiesis-dependent  factor  included  TGF

superfamily member GDF15 (shown in Figure 1.2), and twisted gastrulation protein

1 (TWSG1) [112, 113]. GDF15 is increased in maturing erythroblasts, is higher in the

serum from individuals with -thalassemia, and suppresses hepcidin β in vitro [113].

However,  a  later  study  examining  Gdf15-/- mice  showed  similar  hepcidin

suppression as in normal mice following phlebotomy, indicating that GDF15 is likely

not required for hepcidin suppression in erythropoiesis following acute blood loss

[114].  Other  work  comparing  GDF15  and  hepcidin  in  patients  with  different

etiologies of anemia [115], and examining both proteins in patients with increased

erythropoiesis following stem cell transplantation  [116], have similarly cast doubt
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on the significance of GDF15 in hepcidin suppression. The role of TWSG1 is less

well-studied, but in a mouse model of increased erythropoietic activity and hepcidin

suppression,  the  expression  of  Twsg1  was  not  altered  [108],  again  leading  to

uncertainty as to the physiological relevance of TWSG1. 

 Recently, however, a protein has been identified as a strong candidate for the

factor  that  suppresses  hepcidin  in  the  context  of  increased  erythropoiesis.  The

newly  termed  erythroferrone  (ERFE)  is  produced  by  erythroblasts  in  the  bone

marrow  and  other  organs  in  response  to  the  need  for  increased  erythropoietic

activity,  and  suppresses  hepcidin  effectively  [117].  ERFE  may  be  involved  in

hepcidin  suppression in  severe  malarial  anemia.  However,  a  hallmark  of  severe

malarial  anemia  is  inappropriately  low  erythropoietic  activity  for  the  degree  of

anemia, which may be caused by the effects of parasite products and cytokines such

as TNF  α [118,  119].  Even with this effect,  however,  the increased erythropoietic

drive in severe malarial anemia plausibly may upregulate ERFE to some degree and

thus  suppress  hepcidin.  The work  presented  within  this  thesis  focuses  on

identification  of  the  mechanisms  underlying  hepcidin  upregulation  in

uncomplicated malaria  infection,  but  future  work will  parse  the role  of  ERFE in

hepcidin control in severe malarial anemia. 

1.11. Assessing hepcidin at birth as a marker for malaria risk 

In addition to the regulation of hepcidin in a malaria infection, hepcidin 

regulation plays a unique role in healthy individuals by controlling host iron status, 

which in turn affects malaria susceptibility (see sections 1.2-1.3). Recent work in a 
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cohort of young children (birth to 3 years of age) in Muheza, Tanzania has shown 

that levels of different cytokines in cord blood samples are predictive of later 

peripheral cytokine levels in healthy children, and of future risks of malaria 

parasitemia and severe malaria syndromes in early childhood [120]. These cord 

levels themselves are likely dependent on some combination of child genetic and 

epigenetic factors as well as the unique intrauterine environment. 

Relatively few studies have examined hepcidin in cord blood samples. Two

studies have found that cord blood hepcidin was high at birth and correlated with

cord indices of iron status but not with maternal hepcidin  [121,  122]. Hepcidin in

cord blood is not significantly different in full-term intrauterine growth restricted

infants [123] but appears to be positively associated with gestational age [124]. The

sole study on cord hepcidin in a malaria-endemic area found that neither placental

malaria nor maternal anemia was associated with changes in cord hepcidin  [125],

but this study was small in scope and limited to primigravidae. An analysis of the

variation  in  cord  hepcidin  in  populations  in  a  malaria-endemic  area,  and

associations  with  past  placental  malaria  or  with  future  susceptibility  to  iron

deficiency or to malaria, is presented in this thesis. 

Finally, the underlying mechanisms behind differing cord cytokine levels are

not  well  understood.  While  genome-wide  association  studies  (GWAS)  have

identified many single nucleotide polymorphisms (SNPs) associated with malaria

risk (reviewed in [126] among others), relatively little research has been devoted to

examining contributions of  the  epigenome to  clinical  outcomes in  the context  of

infectious  disease  risk.  Mechanisms  of  epigenetic  variation  include  histone
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methylation, histone acetylation, or DNA methylation at CpG (cytosine-phosphate-

guanine) genome sites.  These epigenetic alterations can be inherited or acquired

before  birth  or  during  life  (reviewed  in  [127]).  At  the  time  of  writing,  DNA

methylation is the best-studied type of epigenetic variation.  A limited number of

studies show that  variation in  CpG methylation at  cytokine-encoding loci  can be

associated with clinical outcomes [128], or cytokine levels in peripheral blood [129,

130]. New advances in epigenetic tools [131] are increasing our capacity to measure

epigenetic  changes,  and  thereby  attempt  to  explain  this  component  of  disease

susceptibility. The work presented in this thesis includes a first comparison of DNA

methylation variation with cytokine and hepcidin levels in cord blood. 

1.12. Summary

Host iron status plays a significant role in determining malaria susceptibility.

At  the  same  time,  the  pathogenesis  of  malaria  includes  notable  iron-related

pathology, primarily the development of potentially life-threatening anemia. As the

master controller of iron metabolism, the hormone hepcidin plays a central role in

these interactions. Hepcidin is known to be upregulated in uncomplicated malaria,

however,  at  the  commencement  of  this  D.Phil,  the  mechanisms  underlying  this

change had not been well studied either in infected humans or in animal models of

malaria infection.  Additionally, very incomplete data was available to identify the

malaria-related  moiety  responsible  for  triggering  the  cytokines  responsible  for

eventual hepcidin upregulation. Finally, the roles of ‘steady state’ hepcidin values in

affecting or determining malaria susceptibility were generally unexplored. 
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The  work  in  this  thesis  aims  firstly  to  identify  the  proximate  molecular

mechanisms that  control  the  upregulation  of  hepcidin in  uncomplicated malaria.

This project is addressed in Chapters 2, 3, and 4. In Chapter 2, hepcidin upregulation

is examined in a murine model of malaria infection. Data is identified that suggest

activin  proteins  may  upregulate  hepcidin  through  the  Smad  signaling  pathway

during infection. Chapter 3 examines the roles of activin proteins in vitro and in vivo

and presents the results of experiments intended to block the effects of activins in a

murine model of malaria infection. Chapter 4 details the changes in hepcidin, activin

A  protein,  and  other  iron-related  parameters  that  occur  in  human  volunteers

undergoing CHMI. Additionally, the upregulation of hepcidin is likely contingent on

cytokine upregulation following the  recognition of  parasitized  red  blood cells.  A

secondary aim of this thesis was to identify the malaria-white blood cell interaction

responsible for initiating cytokine upregulation, and eventually hepcidin. Chapter 5

explores the roles of membrane-bound vesicles from infected red blood cells in the

recognition of malaria parasites and subsequent upregulation of hepcidin. Finally,

the third aim of this thesis was to describe cord hepcidin and relate it to later iron

metabolism phenotype and malaria susceptibility. Chapter 6 describes the hepcidin

protein levels in cord blood from neonates enrolled in a longitudinal cohort study in

a malaria-endemic area and the association of these levels with placental malaria

history, other cytokines, iron markers, and future clinical outcomes. Chapter 6 also

identifies key epigenetic variations that are associated with birth levels of hepcidin

and cytokines. Chapter 7 summarizes findings and presents suggestions for future

work. 
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CHAPTER 2:  HEPCIDIN UPREGULATION  IN A MURINE MODEL OF

MALARIA  INFECTION  IS  LIKELY  CONTROLLED  VIA  THE  SMAD

SIGNALING PATHWAY

2.1. Introduction 

Hepcidin is upregulated in symptomatic and asymptomatic natural human

infections  [63-65],  in  human volunteers  experimentally  infected in  vaccine trials

[66],  and  in  murine  models  of  malaria  infection  [67,  68].  The  upregulation  of

hepcidin  in  malaria  has  multiple  important  consequences:  including  iron

delocalization in infection, the prevention of iron absorption from dietary sources,

and  the  modulation  of  coinfection  susceptibility.  Despite  sustained  interest  in

hepcidin’s  role  in  malaria  infection,  the  molecular  mechanisms  of  hepcidin

upregulation in malaria infection have not yet been fully characterized. 

Currently,  there  exist  two  well-studied  pathways  that  act  to  upregulate

hepcidin at the transcription level: the primarily homeostatic Smad pathway, which

is induced by Bmp proteins, and the inflammatory Stat3 pathway that is thought to

be primarily activated by IL-6 (both fully described in the Introduction). In mouse

models  of  acute fungal  and viral  infections,  hepcidin upregulation appears  to  be

controlled via the Stat3 signaling pathway [62]. However, a possible role for Smad

signaling in hepcidin upregulation in an inflammatory context was demonstrated by

a recent study that found that activin B (a TGF  superfamily member and thereforeβ

structurally  related  to  Bmp  proteins),  was  upregulated  by  bacterial
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lipopolysaccharide (LPS) administration in mice and upregulated hepcidin via Smad

phosphorylation in vitro [93]. 

Previous human and murine studies have so far not definitively shown which

pathway(s)  are  responsible  for  hepcidin  upregulation in  malaria  infection.  Many

studies that examine hepcidin in malaria have focused on measuring IL-6, the best-

known  agonist  of  the  Stat3  pathway:  IL-6  increases  with  hepcidin  in  malaria-

infected humans  [28,  103,  104], and in one murine experiment  [68]. However, in

another human study, urinary IL-6 and hepcidin showed no significant association

in a multiple stepwise linear regression  [65]. In mice, the prevention of a second

liver-stage infection during malaria blood-stage infection,  which is  thought to be

modulated by hepcidin, was maintained in mice treated with anti-IL-6 monoclonal

antibodies  [67].  A  study  in  vitro found  that  peripheral  blood  mononuclear  cells

(PBMC), when co-cultured with  P. falciparum-infected red blood cells, upregulated

hepcidin expression without appreciable IL-6 increases [132], but the contribution

of PBMC to total serum hepcidin is unknown. To summarize: the role of IL-6 and the

Stat3 signaling pathway remains controversial. 

This  study compares hepcidin expression in a mouse model of malaria to

indicators  for  the  Stat3  and  Smad  signaling  pathways.  Expression  of  the  Smad-

responsive gene inhibitor of DNA binding 1 (Id1) is closely correlated with hepcidin

expression in a mouse model of malaria infection, while Stat3 indicators are not.

Furthermore,  although canonical  Smad signaling agonists,  Bmp proteins,  are  not

increased at the message level, activin B message is upregulated, indicating a novel

possible involvement of activin B in hepcidin control in malaria infection. 

40



2.2. Materials and Methods

Mouse husbandry and sporozoite infections

Male Balb/c mice (6-8 weeks of age, Harlan UK) were maintained with  ad

libitum access to standard mouse chow, Harlan-Teklad 2018SX (Fe2+ content ~200

ppm) and were housed in specific  pathogen-free conditions.  Plasmodium berghei

ANKA  strain  sporozoites  were  obtained  from  the  salivary  glands  of  Anopheles

stephensi mosquitoes 21 days after feeding on blood containing infectious P. berghei

gametocytes.  Mice  were  infected  intravenously  (i.v.)  via  the  tail  vein  with  103

sporozoites in 200 µL RPMI, as previously described  [133]. Uninfected mice were

given control injections of 200 µL RPMI i.v. Mice were culled and samples harvested

at 2, 4, 6, or 8 days post-infection. All murine malaria infection experiments were

performed in accordance with the terms of the UK Animals (Scientific Procedures)

Act Project Licence (PPL 30/2414) and were approved by the University of Oxford

Animal Care and Ethical Review Committee.

Mouse sample harvest and storage

 Mice were given a terminal anesthetic injection and blood was extracted via

cardiac  puncture.  Serum  was  isolated  using  BD  microtainers  (Bunzl  Healthcare,

London,  UK)  as  previously  described  [62].  Death  was  confirmed  by  cervical

dislocation, and spleens, livers, and right hind legs were harvested. 
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Murine livers and spleens were removed and dissected into approximately 2

mm3 pieces that were preserved in RNAlater (Qiagen, Crawley, UK) for future RNA

extraction. Larger liver explants (approximately 4 mm3) were snap-frozen in liquid

nitrogen for Western blot analysis. Bone marrow was aspirated from the tibia of

each right hind leg and immediately lysed in 350 µL RLT buffer (Qiagen). Marrow

samples were homogenized using QIAshredders (Qiagen) prior to storage at -20°C

before the completion of RNA extraction.

Parasitemia count

Blood-stage  infection  was  monitored  by thin  smear  microscopy  following

Giemsa stain. Number of parasitized red blood cells were counted in a minimum of

500 uninfected red blood cells/mouse.  Parasitemia was calculated as follows:  %

parasitemia = (infected red blood cells)/(infected red blood cells + uninfected red

blood cells)*100%.

Murine tissue RNA extraction 

RNA  was  extracted  from  spleen,  liver,  or  bone  marrow  tissue  using  the

Qiagen RNeasy Mini Kit,  Animal Cells Spin Protocol, according to kit instructions.

Spleen or liver samples were first homogenized using a TissueRuptor in 600 µL RLT

Buffer, then 350 µL of the resulting mixture was used for further extraction. 
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Western blotting

~10 mg explants of frozen murine livers were lysed on wet ice using a

TissueRuptor in a lysis buffer as in previous studies [134]. Buffer contained 50 mM

Tris-HCl pH 8, 150 mM NaCl, 5 mM ethylenediaminetetraacetic acid (EDTA) pH 8,

1%  NP-40,  and  inhibitors  of  proteases  and  phosphatases  (all  Sigma).  Protein

concentration  was  assessed  using  the  Thermo  Scientific  Pierce  Protein  Assay

(Fischer Scientific),  and lysates diluted to 20 µg protein/10 µL solution with 1/3

volume  bromophenol  blue  loading  buffer.  Lysates  were  then  run  through  12%

sodium  dodecyl  sulfate  (SDS)  separating  gel  and  blotted  onto  activated

polyvinylidene  difluoride  (PVDF)  membranes.  Size  comparison was  provided  by

Biorad precision plus All Blue ladder (Bio-Rad). 

Membranes were blocked in Odyssey blocking buffer (LI-COR Biosciences)

for  1 h  and incubated overnight  with a combination of  two primary antibodies:

mouse  anti– -actin  (1:10,000,  antibody #AC15,  Sigma-Aldrich)  and either  rabbitβ

anti-phosphorylated  Stat3  (pStat3,  1:1,000,  antibody  #D3A7, Cell  Signaling);  or

rabbit  anti-Stat3  (1:3,000,  antibody  #79D7,  Cell  Signaling).  Membranes  were

washed 3x in phosphate buffered saline (PBS) with 0.1% Tween, then incubated for

1 h with two secondary antibodies (680 donkey anti-mouse Red at 1:20,000 and

800  goat  anti-rabbit  green  at  1:15,000;  both  LI-COR  Biosciences)  in  50%

Odyssey/50%  PBS  buffer  with  0.01%  SDS  and  0.1%  Tween.  Membranes  were

washed  3x  in  PBS  with  0.1%  Tween  and  1x  in  PBS  only,  then  dried  prior  to

examination with a LI-COR Biosciences instrument. Quantitative measurements of
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band intensity were obtained using LI-COR software. Each pStat3 or Stat3 band was

normalized to its internal -actin control. Each pStat3 or Stat3/ -actin value fromβ β

an  infected  mouse  was  normalized  to  the  average  from  liver  lysates  from  3

uninfected age and sex-matched mice sacrificed at the same day and time and run

on the same gel.

RNA quantification, cDNA synthesis, and quantitative real-time PCR (qRT-PCR)

A Nanodrop ND-1000 Spectrophotometer (Wilmington, DE, USA) was used to

quantify RNA concentrations. RNA was reverse transcribed to cDNA using the High

Capacity  RNA-to-cDNA kit  (Applied Biosystems) according to  the  manufacturer’s

instructions.  qRT-PCR reactions were performed on an Applied Biosciences 7500

Fast  Real-Time  PCR  System  machine  with  cDNA  at  a  final  concentration  of

1-5ng/ L, using Taqman Gene Expression Mastermix and inventoried Taqman Geneμ

Expression Assays (all Applied Biosystems) as previously described  [62]. All qRT-

PCR  reactions  were  run  in  technical  duplicate.  All  murine  qRT-PCR  values  are

analyzed  relative  to  the  housekeeping  gene  hypoxanthine

phosphoribosyltransferase-1 (Hprt);  human qRT-PCR values are analyzed relative

to  the  housekeeping  gene  glyceraldehyde  3-phosphate  dehydrogenase (GAPDH).

Genes  were  analyzed  relative  to  the  correct  housekeeping  gene  using  the  2 CtΔ

method as previously described [62], and technical duplicates were averaged. 
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Statistical analysis, data processing, and data point exclusion

Unless otherwise stated, outliers in mouse experiments were identified and

excluded using the ROUT test  [135] with a false discovery rate (FDR) of 0.1%. All

data processing was performed in Excel. All statistical analyses were performed, and

all graphs generated, in GraphPad Prism (GraphPad Software, Inc., La Jolla, CA). 
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2.3. Results

Hepcidin upregulation in a mouse model of  blood-stage malaria is  associated with

increased Smad pathway signaling

Male  Balb/c  mice  were  infected  with  103 Plasmodium  berghei ANKA

sporozoites. In this animal model of malaria infection, parasites travel to the liver,

replicate  there  for  approximately  48  hours,  and  then  emerge  into  the  blood  as

merozoites, which invade red blood cells and initiate a blood-stage infection. Time-

course  experiments  were  performed:  infected  and uninfected  control  mice  were

harvested 2, 4, 6, or 8 days post-infection (n= 3 independent experiments, 3 mice

per group per experiment). Parasitemia increased to ~1% 6 days post-infection and

2-4% 8 days post-infection (Figure 2.1A). 

Hepatic hepcidin expression increases on day 8 post-infection (Figure 2.1B,

Dunn’s multiple comparisons test, p<0.01 for days 2 or 6 vs. day 8) along with the

increase in parasitemia above 1-2%. This is consistent with previous studies that

show an increase in hepcidin message only when parasitemia rises above a certain

threshold [67, 68].

Indicator  gene  expression  was  examined  for  the  two  major  well-

characterized hepcidin control pathways. To identify which of these pathways might

have  been  activated,  liver  samples  were  analyzed  for  the  expression  of  Id1, a

canonical  Smad signaling responsive gene  [136],  and two Stat3-responsive acute

phase genes: fibrinogen  chain α (Fga, previously used in [62]) and serum amyloid α

1 (Saa-1). Id1 was clearly upregulated on day 8 post-infection (Figure 2.1C, Dunn’s
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multiple  comparisons  test,  p<0.001  for  days  2  or  4  vs.  day  8)  and  significantly

correlated with  Hamp1 expression (Figure  2.1D,  Spearman’s  correlation,  p<0.01,

r=0.45).  Moreover,  when  only  the  9  mice  harvested  on day  8  were  included  in

analysis, the correlation was still marginally significant despite reduced n (p=0.05,
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r=0.68.)
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Figure 2.1. Hepcidin expression increase in malaria-infected mice correlates with Smad signaling indicator gene Id1.

Figure 2.1. Hepcidin expression increase in malaria-infected mice correlates
with Smad signaling indicator gene  Id1. Data in all graphs is combined from 3
independent  experiments  (n=3  mice  per  group  per  experiment,  n=9  total).  (A)
Mouse parasitemia as percentage infected red blood cells. (B) Hamp1 message in the
liver increases on day 8 post-infection, as parasitemia rises above 1-2%. (C) Smad
pathway indicator  gene  Id1  increases  on  day 8  post-infection.  A  single  high  Id1
measurement on day 2 post-infection was excluded. (D)  Id1  expression correlates
significantly with hepcidin message. Statistical analyses in box and whisker plots are
Dunn’s multiple comparisons tests after Kruskal-Wallis test. ** p<0.01, *** p<0.001,
**** p<0.0001. In correlation graph, each symbol denotes a single mouse and color
of  symbol  indicates  the  day  of  sacrifice.  Correlation  analysis  is  Spearman’s
correlation test.

Conversely,  Fga expression did not increase on day 8 post-infection (Figure

2.2A,  Dunn’s  multiple  comparisons  test,  all  p>0.05)  and  did  not  correlate  with

hepcidin (Figure 2.2B, Spearman’s correlation, p>0.05, r= -0.23). Saa-1 increased on

day 8 post-infection (Figure 2.2C,  Dunn’s multiple comparisons test,  p<0.001 for

days 2 or 4 vs. day 8), but also showed no correlation with hepcidin (Figure 2.2D,

Spearman’s correlation, p>0.05, r=0.3).
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Figure 2.2. Stat3-responsive genes do not correlate with hepcidin.
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Figure  2.2.  Stat3-responsive  genes  do  not  correlate  with  hepcidin.  (A)  Fga
message  does  not  increase  on  day 8  post-infection  and  does  not  correlate  with
hepcidin (B). (C)  Saa-1  message increases on day 8 post-infection (two very high
outliers each on days 2 and 4 were excluded) but does not correlate with hepcidin
(D). Statistical analyses in box and whisker plots are Dunn’s multiple comparisons
tests  after  Kruskal-Wallis  test.  ***  p<0.001.  In  correlation  graphs,  each  symbol
denotes  a  single  mouse  and  color  of  symbol  indicates  the  day  of  sacrifice.  All
correlation analyses are Spearman’s correlation tests.

The  activity  of  the  Stat3  pathway  was  further  investigated  by  directly

measuring pStat3 and total Stat3 protein by Western blot. Simultaneous multicolor

imaging on a LI-COR Infrared imaging system was used to measure both -actin, as aβ

loading control,  and pStat3 or Stat3 for each separate mouse sample in the same

lane of the same gel. Stat3 or pStat3 was normalized to -actin, and each (p)Stat3/-

actin ratio of an infected mouse was normalized to the (p)Stat3/-actin ratio of liver

lysates run on the same gel and obtained from uninfected mice harvested on the
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same  day.  Figure  2.3  shows  the  full  set  of  Western  blots  from a  representative

sporozoite experiment. 
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Figure 2.3. pStat3 and total Stat3 protein do not increase toward day 8 post-infection. 

Figure 2.3. pStat3 and total Stat3 protein do not increase toward day 8 post-
infection. pStat3 and Stat3 from mouse liver lysates were examined by Western
blot.  Images  show  all  Western  blots  from  a  single  representative  sporozoite
experiment.  In  all  images,  red  bands  at  ~42  kilodaltons  (kD)  are  -actin,  green
bands at ~80 kD are pStat3 (left-hand images) or total Stat3 (right-hand images).
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Some non-specific bands are visible; green arrows are at expected molecular weight
of Stat3 or pStat3, red arrows are at expected molecular weight of -actin. Ladders
appear non-specifically stained by both secondary antibodies.  Left  three lanes of
each blot are uninfected controls; right three lanes are liver lysates from infected
mice. 

pStat3 was not significantly upregulated at day 8 post-infection (Figure 2.4A,

Dunn’s  multiple  comparison  test,  all  p>0.05),  and  again  did  not  correlate  with

hepcidin (Figure 2.4B, Spearman correlation, p>0.05, r= -0.10).  Total Stat3 protein

showed a slight decrease towards day 8 post-infection (Figure 2.4C, Dunn’s multiple

comparison test,  p<0.05 for day 4 vs. day 8), and was negatively correlated with

hepcidin (Figure 2.4D, Spearman’s correlation test, p<0.01, r=-0.45). Unexpectedly,

pStat3 was not associated with Fga (Figure 2.4E, Spearman’s test, p>0.05, r=0.16),

but  showed  a  significant  association  with  Saa-1 (Figure  2.4F,  Spearman’s  test,

p<0.01, r=0.5). 

Taking  the  available  evidence  together,  neither  gene  expression  of  Stat3

pathway-regulated factors,  nor  direct  measurements  of  pStat3 showed any clear

correlation with hepcidin expression. Indeed, when only the mice harvested on day

8 were included, there were trends towards negative correlations between Hamp1

and  Fga (p=0.10,  r=  -0.6),  Hamp1  and  Saa-1 (p=0.25,  r=  -0.43),  and  Hamp1  and

pStat3 (p=0.08, r= -0.63). Conversely, Smad signaling response gene Id1 was clearly

upregulated in concordance with hepcidin.  As Bmp proteins are known to signal

through Smad proteins, an increase in Bmp proteins seemed a plausible cause for

the upregulation of both hepcidin and Id1 in this model of blood-stage malaria.
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Figure 2.4. pStat3 is not associated with hepcidin expression.
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Figure 2.4. pStat3 is not associated with hepcidin expression. (A) pStat3 does
not increase significantly on day 8, and does not correlate with hepcidin (B). (C)
Total Stat3 protein is slightly but significantly decreased on day 8 compared to day 4
post-infection,  and  shows  a  negative  correlation  with  hepcidin  expression  (D).
pStat3  is  not  correlated  with  Fga  expression  (E)  but  does  correlate  with  Saa-1
expression (F). * p<0.05. In correlation graph, each symbol denotes a single mouse
and  color  of  symbol  indicates  the  day  of  sacrifice.  All  correlation  analyses  are
Spearman’s correlation tests.
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Activin B, not Bmp gene expression, increases in murine malaria infection 

Bmp6 is  the  Bmp  protein  best  known  as  a  regulator  of  hepcidin:  Bmp6

knockout mice exhibit severe iron overload [81, 82], and blocking Bmp6 in vivo also

decreases hepcidin and increases serum iron [82]. Changes in Bmp6 protein were

therefore initially considered as a candidate for the modulation of hepcidin in our

model of malaria infection. However, Bmp6 mRNA was unexpectedly downregulated

in hepatic tissue from infected mice as parasitemia increased (Figure 2.5A, Dunn’s

multiple  comparison  test,  p<0.05  for  day  2  vs.  day  8  only).  To  extend  these

investigations, additional  Bmp  genes were examined in the liver and also in bone

marrow  and  spleen  samples  in  one  experiment,  as  secreted  factors  from  both

tissues have been linked to hepcidin upregulation in different contexts  [112,  137,

138].

Bmp6 (Figure 2.5B, Dunn’s multiple comparisons tests, all p>0.05) and Bmp2

(Figure 2.5C, Dunn’s multiple comparisons tests, all p>0.05) were either unchanged

or non-significantly decreased across all three tissues on day 8 of infection.  Bmp9

was not detectable in bone marrow or spleen and was not upregulated in the liver

(Figure 2.5D, Dunn’s multiple comparisons tests, p>0.05). Although hepcidin and Id1

were both clearly upregulated in infection, it did not appear that the expression of

Bmp genes was similarly increased.

Figure 2.5. Bmp genes are not upregulated at the message level during malaria infection.
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Figure 2.5. Bmp genes are not upregulated at the message level during malaria
infection. (A) Liver  Bmp6  mRNA expression decreases on day 8 of infection (n=3
mice per day per experiment,  n=9 total). (B-D) A representative experiment (n=3
mice per day) was examined further to see if other  Bmp  genes might increase in
other  candidate  tissues.  (B)  Bmp6  mRNA  did  not  show  any  trend  towards
upregulation in spleen or bone marrow. (C) Bmp2 did not increase in liver, spleen,
or bone marrow. (D) Bmp9 mRNA was undetectable in spleen and bone marrow and
did not increase in liver. Statistical analyses in box and whisker plots are Dunn’s
multiple comparisons tests after Kruskal-Wallis test. * p<0.05. 

A recent report has detailed the possible contribution of increased hepatic

activin  B  protein  to  the  upregulation  of  hepcidin  via  Smad  signaling  in  an

inflammatory context  [93].  Activin  A,  a  close  homolog of  activin  B,  is  known to

increase in animal and human sera following similar stimuli  [139,  140]. Based on

this evidence, hepatic expression of both activin proteins were measured. Activin B
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mRNA  (Inhbb) was  increased  significantly  on  day  8  post-infection  (Figure  2.6A,

Dunn’s  multiple  comparisons tests,  p<0.01  for  days  2  or  4  vs.  day 8).  Activin  A

mRNA  (Inhba)  showed  a  decrease  towards  day  8  (Figure  2.6B,  Dunn’s  multiple

comparisons tests, p<0.0001 for days 2 or 4 vs. day 8). Activin B expression showed

high inter-mouse variability, but exhibited a trend towards correlation with Hamp1

(Figure 2.6C, Spearman’s correlation, p=0.13, r=0.26),  and correlated significantly

with the Smad signaling response gene  Id1  (Figure 2.6C,  Spearman’s correlation,

p<0.01, r=0.45).  These results suggest that activin B might contribute to hepcidin

upregulation in murine blood-stage malaria infection.
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Figure 2.6. Activin B is upregulated in infection and correlates with Id1. 
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Figure 2.6. Activin B is upregulated in infection and correlates with  Id1. (A)
Liver Inhbb mRNA expression increases on day 8 of infection (n=3 mice per day per
experiment,  n=9 total). (B)  Inhba expression was significantly decreased on day 8.
(B).  Inhbb  expression  shows  a  trend  towards  correlation  with  Hamp1  (C),  and
correlates with  Id1  (D).  Statistical  analyses  in  box and whisker  plots are Dunn’s
multiple comparisons tests  after Kruskal-Wallis test.  ** p<0.01,  **** p<0.0001. In
correlation  graph,  each  symbol  denotes  a  single  mouse  and  color  of  symbol
indicates the day of sacrifice.  All  correlation analyses are Spearman’s correlation
tests.

One  striking  finding  in  these  experiments  was  the  highly  variable

upregulation  of  Stat3  response  gene  (Fga and  Saa-1)  expression,  and  pStat3

increases, in infected mice 2 days post-infection. Two Saa-1 gene expression values

were classified as outliers using a stringent statistical test (ROUT test, 0.1% FDR)
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and  were  therefore  excluded  from  Figures  2  and  4,  but  their  presence  was  re-

examined in the context of variable day 2  Fga  and pStat3 increases. At 48 hours

post-infection, parasites are only just exiting the liver, and it is hard to conceive that

they would elicit such a dramatic response at that time in a minority of mice. We

hypothesized that  the mosquito gland preparation used to infect  the mice might

itself be immunostimulatory. 

Mice were therefore mock-infected (n= 3) with an equal volume of prepared

uninfected  mosquito  salivary  glands  as  were  administered  to  infected  mice

(referred to hereafter as “mock-infected” mice). These mice were sacrificed along

with uninfected and infected mice  at  2 days  post-infection.  Figure 2.7 shows all

uninfected and infected mice (n=9 per group, no outliers excluded) as compared to

mock-infected  mice  (n=3).  Stat3 signaling  marker  gene  Fga  trended  towards  an

increase  in  mock-infected  or  infected  mice (Figure  2.7A,  Dunn’s  multiple

comparisons test,  all  p>0.05),  Saa-1  was significantly increased in mock-infected

mice but not infected mice (Figure 2.7B, Dunn’s multiple comparisons test, p<0.05

for control vs. mock-infected mice). pStat3 showed a trend towards upregulation in

both infected and mock-infected mice, although this was not significant (Figure 2.7C,

Dunn’s multiple comparisons test, all p>0.05). Unexpectedly, total Stat3 increased in

mock-infected  mice  (Figure  2.7D,  Dunn’s  multiple  comparisons  test,  p<0.05  for

control vs. mock-infected mice). Given these data, it seems likely that the observed

variable increases in Stat3 signaling markers around day 2 post-infection are likely

due to the immunostimulatory effect  of  mosquito salivary glands.  Future studies

that examine early-stage responses to malaria infection may need to consider the
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implications  of  the  inflammatory  consequences  of  a  commonly  used  infection

method.  

Figure 2.7. Mosquito salivary glands upregulate IL-6/STtat3 pathway indicators.
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Figure 2.7. Mosquito salivary glands upregulate Stat3 pathway indicators. Mice
were  mock-infected  and  sacrificed  2  days  post-infection  for  comparison  with
infected  and  uninfected  mice  (n=3  in  mock-infected  group,  n=9  in  infected  and
uninfected groups). Outlier exclusion was not performed.  Indicator genes  Fga  (A)
and  Saa-1  (B)  are  variably  upregulated  in  mock-infected  and  infected  mice.  (C)
Similarly, pStat3 shows a trend towards increase in both mock-infected mice and
infected mice.  Total  Stat3 protein was increased in mock-infected mice over  the
uninfected  controls  (D).  Statistical  analyses  in  dot  plots  are  Dunn’s  multiple
comparisons tests after Kruskal-Wallis test. * p<0.05, ** p<0.01.
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2.4. Discussion

These data demonstrate that in a murine model of malaria infection, hepcidin

upregulation is correlated with the Smad signaling response gene  Id1. Conversely,

Hamp1  expression was not  correlated with the expression of  the  Stat3 pathway

response genes Fga and Saa-1, nor with direct measurements of pStat3. 

These findings are in contrast with a previous study of hepcidin upregulation

in a mouse model  of  malaria infection,  which found a close correlation between

pStat3 levels and Hamp1 that this study did not replicate [68]. Both our study and

theirs  utilized  the  same  parasite  strain  (P.  berghei ANKA)  but  different  mouse

strains,  and  different  antibodies  against  pStat3;  differences  in  parasite  response

according  to  mouse  strain  may  potentially  account  for  this  discrepancy.

Additionally, our results differ from one study of hepcidin control in a murine model

of Candida albicans and acute influenza virus infections. In both models of infection,

Hamp1 expression was significantly correlated to  Fga,  while  Id1  remained static

[62]. Nevertheless, the apparent control of hepcidin via Smad signaling in malaria

infection is in indirect agreement with other studies. One murine study reported a

message-level increase of Id1 during malaria infection [67], a finding this work can

corroborate. The same authors also noted that in mouse hepatocytes treated with

sera from P. berghei-infected mice, hepcidin message increase was abrogated by the

Bmp  type  1  receptor  inhibitor  dorsomorphin  (which  also  likely  inhibits  activin

signaling, see Chapter 3), and only partially reduced by anti-IL-6 antibodies  [67].

Indeed,  anti-IL-6  antibodies  administered  systemically  to  malaria-infected  mice

were found to reduce but not eliminate the upregulation of hepcidin [68], and failed
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to alter the hepcidin-mediated prevention of malaria superinfection [67]. Our data

support the conclusion that hepcidin upregulation in this murine model of malaria

infection is controlled primarily via Smad signaling, although this does not exclude

the possibility that the Stat3 pathway plays a minor contributing role. 

The co-upregulation of  Hamp1  and the Smad-response gene  Id1  led us to

hypothesize  that  an  increase  in  Bmp  proteins  might  occur  in  malaria  infection.

However, all Bmp genes assayed in the tissues of infected mice were either static or

moderately downregulated as parasitemia increased. This finding mirrors a report

showing  that  in  mice  injected  with  LPS,  Smad  signaling  indicators  increased

concurrently with Hamp1, yet Bmp genes’ expression was not elevated [93]. These

authors, however, noted a significant increase in hepatic Inhbb expression post-LPS

injection (also in  [139]).  In  this  model  of  malaria  infection,  Inhbb  was  found  to

increase concurrently with hepcidin and correlate with Id1. 

These new findings further echoed Besson-Fournier (2012) in that activin A

message decreased as Hamp1, Inhbb, and parasitemia increased. However, as activin

A hepatic message and serum protein levels are well known to be decoupled [139,

140] these  data  were  difficult  to  interpret.  Based  on  these  findings,  the  role  of

activin A remained unclear, and required further investigation. 

An interesting aspect of this study is the disparity between Fga expression,

Saa-1  expression  and  pStat3.  Although  pStat3  and  Saa-1 expression  were

significantly correlated, pStat3 was not correlated with Fga expression. It is possible

that  the  difference  between  Fga  and  Saa-1  expression may be  accounted for  by

activation of nuclear factor kappa-light-chain-enhancer of activated B cells (NF- B)κ

61



signaling.  NF- B plays  a  major  role  in  controlling  various  acute  phase  proteins’κ

expression: it is thought to complex with pStat3 to upregulate Saa-1 [141]. However,

induction  of  NF- B signaling  by IL-1  treatment  inhibits  the  upregulation  of  -κ β γ

fibrinogen gene by Stat3 signaling [142, 143]. It is possible that -fibrinogen chainα

Fga is similarly inhibited by NF- B signaling. If so, then increased NF- B signalingκ κ

during blood-stage malaria may actually decrease Fga expression while augmenting

Saa-1, thus explaining the varying relationships between our two measured acute

phase genes and pStat3. 

An additional unexpected finding was the mild decrease in Stat3 on day 8

post-infection,  and its inverse correlation with hepcidin expression.  It is  possible

that Stat3 is downregulated slightly during the increased parasitemia on day 8 as

part of a mechanism to prevent over-signaling through phosphorylated Stat3, but

this seems unlikely in light of the largely static pStat3 levels. This phenomenon is so

far unexplained.

In brief, hepcidin increase at the message level in this murine malaria model

is correlated with Smad signaling indicator gene  Id1,  not Stat3 signaling indicator

genes or pStat3. Although Bmp genes do not increase, activin B is upregulated at the

message level and correlates with Id1, and may thus represent a plausible controller

of  hepcidin  via  the  Smad  signaling  pathway  in  this  murine  model  of  malaria

infection. 

Future studies should measure phosphorylated Smad1/5/8 (pSmad1/5/8)

levels in mouse liver during malaria infection. Repeated attempts were made to do

so in this study, but failed as a result of continuing technical difficulties. Both the LI-
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COR system detailed above and traditional chemiluminescence methods enabled the

visualization  of  several  bands,  some  at  the  correct  molecular  weight  for

pSmad1/5/8, but the band intensity did not appear to change between mice in any

experiment. As positive controls, to show that our system was truly able to detect

Smad  phosphorylation,  LI-COR  methods  were  used  to  measure  pSMAD1/5/8

proteins from human hepatoma cells treated with BMP proteins directly. Detection

of changes in human pSMAD1/5/8 was successful in that system but establishing a

murine positive control of changes in pSmad1/5/8 in the liver proved more difficult.

Liver samples were obtained from Bmp6 protein-treated mice and controls (kind

gift  from  J.  Babitt  and  lab)  and  from  mice  with  hepcidin-resistant  ferroportin

mutations,  which exhibit  high levels of  Bmp signaling as a result  of  chronic iron

overload, and their littermate controls (kind gift  from S. Altamura,  Muckenthaler

lab).  Id1  was  upregulated  in  both  groups (J.  Babitt  and  S.  Altamura,  personal

communications) and pSmad1/5/8 would therefore be expected to be elevated, as

in  P.  berghei-infected  mice.  However,  in  neither  case  were  we  able  to  detect

increased pSmad1/5/8. Upon extensive consultation with members of both labs, it

was ascertained that although previously both groups had been able to effectively

use  the  primary  antibody  (Cell  Signaling  antibody  #9511),  both  were  having

difficulty with recent batches of the same antibody as applied to murine liver. Faced

with  these  technical  difficulties,  we  considered  Id1  as  representative  of  Smad

signaling. 

As  well  as  measuring  pSmad1/5/8  in  malaria  infection,  further  studies

should assay Id1 protein levels  to verify  changes noted at  the  message level.  In
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addition, serum activin A and B protein levels should be measured during infection,

especially  as  activin  A  serum  levels  do  not  necessarily  reflect  hepatic  activin  A

expression. Pilot experiments to measure activin A levels in murine serum using the

R&D  Activin  A  Human/Mouse/Rat  ELISA  kit  (catalog  number  #DAC00B,  further

described in Chapter 4) failed to detect  activin A protein in  the serum of either

infected or control mice. No activin B ELISA is currently commercially available for

human or murine serum.

Further  experiments  should  also  focus  on  measuring  hepcidin,  Id1,  Stat3

pathway markers, and activin message levels in other mouse-parasite combinations.

The  correlation  between  hepcidin  message  and  indicators  of  Smad  signaling

observed in Balb/c mice infected with P. berghei ANKA may not necessarily extend

to other mouse-parasite combinations. 

Finally,  at  the  time  of  writing,  the  evidence  linking  activins  to  hepcidin

upregulation is relatively limited.  Activin A has been shown to increase hepcidin

transcription  to  a  limited  extent  in  one  human  hepatoma  cell  line,  Hep3B  [84].

Activin B protein’s effects on hepcidin expression have also been tested on only one,

different, hepatoma cell line (HepG2) [93]. A better characterization of the effects of

activins on hepcidin in vitro, and the extension of these studies to in vivo models, is

required  as  a  basis  for  further  exploration  of  the  potential  roles  of  activins  in

hepcidin control during malaria infection.   
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CHAPTER  3:  THE  EFFECTS  OF  ACTIVIN  A,  ACTIVIN  B,  AND  THE

ACTIVIN-BINDING PROTEIN FOLLISTATIN ON HEPCIDIN  IN VITRO

AND IN VIVO

3.1. Introduction

The data presented in Chapter 2 demonstrate that hepcidin upregulation in a

mouse  model  of  malaria  infection  is  likely  controlled  via  the  Smad  signaling

pathway. Canonical Smad pathway agonists, Bmp proteins, were not increased at

the message level in our model, but activin B, which has been recently shown to

have a role in hepcidin control  [93], was elevated at the message level. Relatively

few studies have examined the effects  of activins  on hepcidin  in vitro  or  in vivo;

therefore,  this  chapter  aims  to  directly  investigate  the  effects  on  hepcidin  of

manipulating both activin B and the closely related protein activin A.

 Activins were first described as stimulators of follicle-stimulating hormone

(FSH)  secretion  by the pituitary  gland,  but  since  have  been shown to  be  highly

pleiotropic, with roles that include modulating erythropoiesis, inflammation and the

immune  response,  glucose  control,  and  recently,  control  of  iron  metabolism  via

hepcidin [93, 144-146]. The activin proteins are part of the TGF  superfamily, andβ

as such, are structurally related to BMP proteins.  Mammals have four genes that

encode activin  subunits: a (β β INHBA),  b (β INHBB),  c (β INHBC),  and e (β INHBE).

These  subunits can form homodimers to create activin A, activin B, activin C, orβ
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activin E, respectively, or can heterodimerize with each other. Additionally, they can

heterodimerize with the larger and structurally distinct inhibin  subunit (α INHA) to

form inhibin proteins, which oppose some of the activins’ endocrine actions [147].

Of the activin proteins, only activin A, and to a lesser extent activin B, have been well

studied. The roles of activin C or E are currently unclear: murine knockouts of either

or both genes fail to show an obvious phenotype with regard to liver function, liver

regeneration, or FSH secretion [148].

Recent studies have shown that activin A is increased in inflammation and

infection.  Serum  activin  A  is  acutely  elevated  subsequent  to  LPS  challenge  in

different animal models [139, 140, 149]. In humans, septicemia [150, 151], hepatitis

C infection [152], and acute respiratory failure [153] are all associated with elevated

activin  A  protein  in  serum.  Interestingly,  however,  activin  A  message  does  not

increase  during  any  tissue  measured  in  mice  post-LPS  challenge  [140].  Instead,

protein  levels  decrease  in  the  bone  marrow,  possibly  indicating  that  activin  A

protein  stored  in  bone-marrow  derived  cells  is  released  following  stimulation.

Bone-marrow derived neutrophils in particular are known to release whole activin

A  protein  in  response  to  stimulation  by tumor  necrosis  factor   (TNF )  α α [154].

However,  de novo production of activin A in response to toll-like receptor (TLR)

ligands has been noted in circulating dendritic cells [155] and monocytes [156].

Based  on  early  in  vitro  studies,  activin  B  was  thought  to  fulfill  similar

functions as activin A [157, 158]; more recent work in knockout mouse models has

demonstrated that activin B is functionally distinct from activin A in some contexts

[159-161].  Fewer data  exist  regarding the changes of  activin  B protein levels  in
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serum during infection or inflammation, in part because assays to measure it have

only been developed very recently  [153,  162].  A single report has indicated that

activin B is elevated in acute respiratory failure along with activin A [153]. 

Several  recent  reports  have  provided  varying  evidence  for  a  stimulatory

effect of activin A or B on hepcidin  in vitro. A study describing the effects of BMP

proteins  on  hepcidin  message  in  human  Hep3B  hepatoma  cells  also  noted  that

activin  A  administration  produced  a  relatively  minor  upregulation  of  hepcidin

message  [84]. Similarly, Besson-Fournier et al (2012) found that activin B protein

upregulated  hepcidin  in  human  hepatoma  HepG2  cells  and  primary  murine

hepatocytes  with  a  concurrent  increase  in  phosphorylated  Smad1/5/8,  likely

through the BMP type 1 receptor Alk3 [93]. This is in contrast to canonical activin

signaling: activins are thought to signal through phosphorylation of Smad2/3 after

binding to the type 1 receptors Alk4/5/7 [163].

Besson-Fournier  et  al  (2012)  also  implicated  activin  B  in  hepcidin

upregulation  in  vivo,  showing  that  BMP-responsive  Smad1/5/8  were

phosphorylated  in  the  livers  of  LPS-injected  mice  concurrently  with  hepcidin

upregulation,  hinting  at  control  of  hepcidin  through  Smad  signaling  pathway

following inflammatory stimulus  [93,  164].  No  Bmp genes were upregulated,  but

Inhbb  message was powerfully increased, leading the authors to hypothesize that

activin B might be responsible for hepcidin upregulation under those circumstances.

A second study has also described hepatic  Inhbb  increases following LPS injection

[139].  These  findings  mirror  what  was  observed  in  a  murine  model  of  malaria

infection (Chapter 1):  Id1 co-increases with  Hamp1 in malaria infection, indicating
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Hamp1 upregulation  through  the  Smad  signaling  pathway,  Inhbb  is  upregulated

while Bmp genes are not. This parallel suggested a similar potential role for activin B

in malaria-infected mice. 

Inhba was decreased at the message level in livers of infected mice (Chapter

1), a finding that was also observed in LPS-treated mice  [93]. However, as  Inhba

expression  in  tissue  is  decoupled  from  its  levels  in  serum  [139,  140] it  was

necessary  to  investigate  further  a  possible  role  for  activin  A  in  hepcidin

upregulation during malaria infection, as well as activin B.

Administration of the follistatin protein has been considered as a potential

tool to alter the effects of activins in vivo. Follistatin is an autocrine glycoprotein that

binds activin  proteins  extracellularly  [165,  166],  possibly binding activin  A with

slightly greater affinity than activin B  [167]. Follistatin levels rise in animal serum

following inflammatory and infectious challenge, which may be a negative feedback

mechanism to prevent excessive effects from raised activins [139, 168, 169]. Indeed,

one  study  showed  that  exogenous  follistatin  administration  decreased  mouse

mortality following LPS injection [139], raising hopes that follistatin might one day

be used to reduce mortality in sepsis. In a single subsequent report, however, mice

infected  with  gram-negative  bacteria  Escherichia  coli  K1  showed  no  detectable

improvement following treatment with exogenous follistatin [170]. 

Because  follistatin  is  required  for  embryonic  development,  knockouts  are

neonatal lethal  [171], but a follistatin haploinsufficent mouse has been produced

which is lacking one functional copy of the Fst gene (Fst-/+) [172]. As well as binding

circulating activins, follistatin also serves as an autocrine regulator of the muscle
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protein myostatin,  which is  a  negative  regulator  of  muscle  mass  [173].  As  such,

follistatin-haploinsufficient mice are characterized by reduced skeletal muscle size

while  follistatin-overexpressing  mice  have  markedly  overdeveloped  musculature

[174]. Follistatin mutants have not, however, yet been examined for alterations in

basal hepcidin expression or iron status. 

The data presented below demonstrate that both activin A and B produce an

increase  in  HAMP  and  the  SMAD-responsive  gene  ID1  in  vitro,  indicating

upregulation of  hepcidin  through the SMAD signaling  pathway.  In  vivo,  hepcidin

message was significantly upregulated at the message level in mice injected with

activin  A  or  activin  B.  This  chapter  also  characterizes  the  effects  of  the  activin-

binding  protein  follistatin  on  hepcidin  in  vitro and  in  vivo,  and  describes  an

experiment  that  attempted  to  block  the  upregulation  of  hepcidin  in  a  malaria

infection by follistatin administration. Although this latter experiment suffered from

technical  difficulties,  it  remains  the  first  attempt  at  characterizing  the  effects  of

follistatin administration during malaria infection. 
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3.2. Materials and Methods

Hepatoma cell culture and protein treatment

HepG2 human hepatoma cells (ECACC) were cultured in minimal essential

medium (MEM, Sigma, alpha modification) supplemented with 10% fetal calf serum

(FCS, PAA), 2mM glutamine, 100U/mL penicillin, and 0.1mg/mL streptomycin (all

Sigma). Cells were plated in a 12-well plate at 2*105 cells/mL, 1 mL/well. Cells were

allowed to adhere overnight, then starved for 5 h with MEM with 0.1% FCS prior to

activin protein treatment. Cells were treated with activin A (50 ng/mL), activin B

(50 ng/mL) or BMP9 as a positive control (100 ng/mL) for 4 h, except in one time-

course experiment, in which cells were harvested after 1, 4, 8, 12, or 24 h. 

For  activin-blocking  experiments,  LDN-193189  (LDN,  100  nM,  Axon

Medchem), follistatin-288 (R&D, 1, 3,  or 9 nM) or follistatin-315 (a generous gift

from  Babitt  and  Schneyer  laboratories,  1,  3,  or  9  nM)  were  added  to  activin-

conditioned  media  and  incubated  for  30  minutes  (min)  at  37°  C  prior  to

administration to cells. Cells were treated for 4 h. In the LDN experiment, activins

were used at 50 ng/mL, and BMP9 at 100 ng/mL. In the follistatin experiments,

activins and BMP6 were both used at 1 nM, so that molar ratios of 1:1, 1:3, and 1:9

could be attained. 

For  RNA  extraction,  cells  were  lysed  in  the  wells  using  RLT  buffer,  and

homogenized  by  passage  through  Qiashredder  columns  (Qiagen,  UK).  RNA  was

extracted using a RNeasy Mini Kit (Qiagen UK). All experiments were performed in

biological duplicate.
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Mouse husbandry information

With  the  exception  of  the  generation  of  follistatin-haploinsufficient  mice

(Fst-/+) and littermates (described in Figure 3.4), all murine experiments presented

in this chapter were performed at the National Institute of Allergy and Infectious

Diseases (NIAID)/NIH in accordance with the guidelines of NIAID/NIH Institutional

Animal Care and Use Committees. Animal protocols (AP) specifically described in

this chapter were registered as AP 5417_00, 5417_02, 5417_03, 5417_04, 5417_05,

5417_07,  and 5430_01.  All  mice utilized at LMIV were male Balb/c strain of 6-8

weeks of age. In all experiments unless otherwise indicated, mice were maintained

with ad libitum access to water and to standard mouse chow, Harlan-Teklad 2018SX

(Fe2+ content ~200 ppm). 

Livers and sera from follistatin haploinsufficent mice and littermates were a

kind gift from the Matzuk laboratory. Mice were 6-8 weeks old and had been fed

standard  mouse  chow.  Matzuk  laboratory  mice  were  male  and  on  a  C57Bl/6

background.

Mouse activin protein treatment

Male Balb/c mice (6-8 weeks of age, NCI Mouse Repository) were maintained

with ad libitum access to Harlan-Teklad diet TD.09127 (minimal Fe2+ content, ~2-4

ppm)  for  14  days  prior  to  activin  protein  treatment  to  lower  baseline  hepcidin

expression,  as  previously  performed  [175].  Mice  were  injected  i.p.  with  2  µg
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commercially available recombinant human/mouse/rat activin A or mouse activin B

protein (both R&D) in 200 µL PBS. Control mice received a 200 µL PBS injection i.p.

Mice were culled and samples harvested 4 h post-injection.

Mouse follistatin protein titration and timecourse 

For  a  titration  experiment,  2-10  g  follistatin-315  was  injected  i.p.  intoμ

standard-fed mice in 200 L PBS. Controls received 200 L PBS only. Mice wereμ μ

sacrificed 4 h later and organs harvested. For the timecourse, mice were injected i.p.

with 10 g follistatin-315 in 200 L PBS or 200 L PBS, then were harvested 4, 12,μ μ μ

and 24 h post-injection. 

Follistatin treatment during sporozoite infection

Mice were infected with 103 Plasmodium berghei ANKA strain sporozoites,

suspended in 200 µL RPMI i.v. via the tail vein (as previously described in Chapter

2). At 6 days post-infection, one group of mice were injected with 25 g follistatin-μ

315 in 200 L PBS i.p.,  control infected mice received 200 L PBS i.p. Injectionsμ μ

were continued every 12 h for a total of 4 injections (100 g follistatin-315 total)μ

per mouse. Mice were harvested at 8 days post-infection, 12 h subsequent to the last

follistatin injection. Follistatin-315 had been previously tested for in vitro efficacy. 
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Serum iron measurements

Serum iron and unsaturated iron binding capacity (UIBC) of mouse sera was

obtained  using  a  commercially  available  kit  (Pointe  Scientific),  according  to  the

manufacturer’s protocol, modified to use volumes suitable for a 96-well clear-plate

(6% of that recommended in the protocol). The assay was read on an Infinite M200

Pro Tecan microplate  reader  at  560 nm. Total  iron binding capacity (TIBC) was

calculated  by  serum  iron  +  UIBC.  %  Transferrin  saturation  was  calculated  by:

(serum iron/TIBC) x 100%. 

Previously described methods

Parasitemia counts, murine sample harvest and storage, murine tissue RNA

extraction, RNA quantification, cDNA synthesis, and qRT-PCR were all performed as

detailed in Chapter 2.
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3.3. Results

Activins upregulate hepcidin in vitro and in vivo

In human HepG2 hepatoma cells,  HAMP  was significantly upregulated 4 h

following  treatment  with  activin  B  protein,  and  showed  a  trend  towards

upregulation  following  activin  A  treatment  (Figure  3.1A,  Dunn’s  multiple

comparisons  test,  p<0.01  for  activin  B  vs.  control  only).  These  results  are  in

agreement with previous studies  [84,  93]. Both proteins induced a trend towards

upregulation of  ID1 mRNA (Figure 3.1B, Dunn’s multiple comparisons test, p>0.05

for all comparisons). Both activin proteins produced the most pronounced changes

in gene expression between 1-8 h post-treatment (Figures 1C-D). The mechanism of

activin  action  was  explored  by  pre-treating  cells  with  the  BMP type  1  receptor

inhibitor  molecule  LDN,  an  optimized  dorsomorphin  derivative  [176].  Pre-

treatment  with  LDN  reduced  upregulation  of  both  HAMP  (Figure  3.1E)  and  ID1

(Figure 3.1F) approximately to control levels, although LDN also reduced baseline

levels of HAMP and ID1 without activin treatment. Our data are consistent with the

hypothesis that activin A and B proteins can act at least in part through the LDN-

sensitive BMP type 1 receptors Alk2 or Alk3, as has been previously suggested [93].
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Figure 3.1. Activin A and activin B proteins upregulate hepcidin message in vitro.
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Figure 3.1. Activin A and activin B proteins upregulate hepcidin message  in
vitro. (A-B)  Activin  A  or  B  protein  administration  to  hepatoma  cells  results  in
upregulation of  HAMP  (A)  and a  trend towards an increase in  ID1  (B).  BMP9 is
included  as  a  positive  control.  Each  point  shown  depicts  the  average  of  two
biological duplicates from an independent experiment (n=4-6, not all conditions run
in  each experiment).  To  better  characterize  the  kinetics  of  the  activin  response,
HepG2 cells were treated as in (A-B) and harvested at timepoints ranging from 1 to
24 h post-treatment; maximal upregulation of HAMP (C) and ID1 (D) was between 1-
8 h post-treatment. To determine whether activins act via BMP receptors, LDN was
added 30 minutes before activin or BMP9 application for 4 h. LDN inhibited HAMP
(E)  and  ID1  upregulation  (F)  by  both  activin  proteins  and  by  BMP9,  but  also
decreased  gene  expression  baseline.  Statistical  measures  in  dot  plots  (A-B)  are
Dunn’s multiple comparison’s tests after Kruskal-Wallis test. ** p<0.01.
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To analyze whether activin proteins produced a similar effect in vivo to that

noted in vitro, murine activin proteins were injected directly into mice. Mice were

kept on a low-iron diet for two weeks prior to activin protein injection in order to

lower  Hamp1 expression  baseline  and  enable  better  detection  of  any  changes.

Hepatic  Hamp1 was variably but significantly upregulated in both activin A- and

activin  B-treated  mice  compared  to  controls  (Figure  3.2A,  Dunn’s  multiple

comparisons  tests,  p<0.05  for  both  proteins).  % Transferrin  saturations  did  not

change significantly  over  this  brief  period  of  time  (Figure  3.2B,  Dunn’s  multiple

comparisons tests,  p>0.05).  Id1 expression was also unchanged following activin

protein injection (data not shown).  These data indicate that  activin proteins can

upregulate hepcidin in vivo as well as in vitro.
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Figure 3.2. Activin A and B proteins upregulate hepcidin message in vivo.

Figure 3.2. Activin A and B proteins upregulate hepcidin message in vivo. Iron-
deprived mice were injected i.p. with activin A, activin B, or PBS only and sacrificed
4 h post-injection. Graphs depict two independent experiments combined (n=7-10
mice/group total). (A)  Hamp1  message was significantly increased in mice treated
with either activin protein. Two mice with very high hepcidin measurements were
excluded  from  the  control  group,  one  was  excluded  from  the  activin  A-treated
group. (B) % Transferrin saturation was not altered in activin-treated mice. Each
dot  represents  values  from  a  single  mouse.  Statistical  analyses  in  dot  plots  are
Dunn’s multiple comparisons tests after Kruskal-Wallis test. *p<0.05, **p<0.01. 
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Hepcidin and the manipulation of activin-binding protein follistatin 

Follistatin  is  a  high-affinity  activin  binding  protein  [144,  166].  If  activins

contribute significantly to hepcidin control under homeostatic conditions, mice with

constitutively lowered follistatin levels might be expected to exhibit lower hepcidin

expression and increased serum iron parameters. Liver gene expression and serum

%  transferrin  saturation  were  measured  in  follistatin-haploinsufficient  mice  as

compared to  their  wild-type littermates  (Figure 3.3).  Hamp1  and Id1  expression

were unchanged in Fst-/+ mice (Figure 3.3A-B, both Mann-Whitney unpaired t tests,

both p>0.05). The liver-expressed Smad2/3 responsive gene Serpine1 was also not

altered  (Figure  3.3C,  Mann-Whitney  unpaired  t  test,  p>0.05),  indicating  that

canonical  activin  signaling  likely  is  not  affected  in  the  liver  in  this  model.  %

Transferrin saturation was also unchanged (Figure 3.3D, Mann-Whitney unpaired t

test,  p>0.05).  As  Serpine1 was  unchanged,  these  data  did  not  provide  sufficient

information  to  ascertain  whether  this  model  is  representative  of  increases  in

circulating activin proteins. 
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Figure 3.3. Basal hepcidin expression is not altered in follistatin haploinsufficent mice.
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Figure  3.3.  Basal  hepcidin  expression  is  not  altered  in  follistatin
haploinsufficent  mice. Gene  expression  was  measured  in  livers  of  follistatin
haploinsufficient (Fst-/+,  n=4) mice and their wild-type littermates (Fst+/+,  n=4) and
serum was analyzed for % transferrin saturation. Hamp1 (A), Id1 (B), and Serpine1
(C)  expression  all  remained  unchanged  between  genotypes.  %  Transferrin
saturation  (D)  also  showed  no  change.  Statistical  comparisons  in  dot  plots  are
unpaired Mann-Whitney tests. 

As  we  were  unable  to  probe  the  contributions  of  follistatin  to  hepcidin

expression  using  a  haploinsufficient  mouse  model,  we  explored  the  effects  of

treating  wild-type  mice  with  exogenous  follistatin.  Follistatin  exhibits  several

isoforms,  including  follistatin-288,  follistatin-305,  and  follistatin-315.  Of  these,

follistatin-288 is thought to exist mostly in tissues and to be primarily responsible
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for autocrine signaling, while the longest 315 isoform circulates and binds activin

proteins systemically [177]. 

Most  commercial  sources  of  follistatin  only  produce  the  follistatin-288

protein  isoform,  but  this  protein  isoform  is  thought  to  be  quickly  cleared  from

mouse circulation,  likely serving as a  poor inhibitor of  serum activin activity  (A.

Schneyer,  personal  communication).  We therefore  utilized follistatin-315  protein

produced by our collaborators K. Zumbrennan-Bullough, J. Babitt, and A. Schneyer.

A  series  of  experiments  was  performed  to  directly  compare  the  efficacy  of

commercially available follistatin-288 with lab-produced follistatin-315. HepG2 cells

were  treated  with  activin  A,  activin  B,  or  BMP6  (as  a  positive  control),  and

increasing  concentrations  of  either  R&D  follistatin-288  or  Babitt/Schneyer  lab

follistatin-315. HAMP, ID1, and Smad2/3 response gene SERPINE1 were measured.

Both isoforms of follistatin efficiently inhibited the upregulation of all three

response genes by activin A or B administration (Figure 3.4 A-F). Neither isoform of

follistatin,  at  any concentration,  caused any changes to  HAMP,  ID1,  or  SERPINE1

expression  in  untreated  cells,  which  could  be  interpreted  as  an  indication  that

activins  do  not  contribute  significantly  to  baseline  hepcidin  expression  in  cell

culture. Follistatin-315 (right-hand graphs) appeared to be slightly more effective,

mole for mole, in its inhibition of activin A than follistatin-288 (left-hand graphs). 1

nM Activin A’s effects on all three genes were blocked with 3 nM follistatin-288; only

1 nM follistatin-315 appeared to be required for the same effect.  Both follistatin

isoforms inhibited the response to treatment with 1 nM activin B at 3-9 nM. The

upregulation  of  HAMP and  ID1  by  BMP6  (Figure  3.4A-D)  was  not  appreciably
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inhibited by either follistatin isoform, BMP6 did not upregulate  SERPINE1 (Figure

3.4E-F).  In  brief,  both  commercially  available  follistatin-288  and  follistatin-315

obtained from our collaborators could effectively block hepcidin upregulation by

activin proteins  in vitro.  Several batches of follistatin-315 were produced for the

purposes of this project, and each was tested for in vitro effectiveness as in Figure

3.4 before use in mice (not shown). 
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Figure 3.4. Activin-binding protein follistatin prevents the upregulation of  HAMP and ID1  in response to activin proteins  in
vitro.

R&D follistatin-288

0 1 3 9 0 1 3 9 0 1 3 9 0 1 3 9
0.001

0.010

0.100

1

H
A

M
P

 m
e

ss
a

g
e

Control Activin  A BMP6Activin  B

A

Fst 288 (nM)

Agonist (1 nM)

R&D follistatin-288

0 1 3 9 0 1 3 9 0 1 3 9 0 1 3 9
0.1

1

10

ID
1 

m
e

ss
ag

e

Control Activin  A BMP6Activin  B

C

Fst 288 (nM)

Agonist (1 nM)

R&D follistatin-288

0 1 3 9 0 1 3 9 0 1 3 9 0 1 3 9
0.01

0.10

1

10

S
E

R
P

IN
E
1

 m
e

ss
a

g
e

Control Activin  A BMP6Activin  B

E

Fst 288 (nM)

Agonist (1 nM)

Follistatin-315

0 1 3 9 0 1 3 9 0 1 3 9 0 1 3 9
0.001

0.010

0.100

1

H
A

M
P

 m
e

ss
a

g
e

Control Activin  A BMP6Activin  B

B

Fst 315 (nM)

Agonist (1 nM)

Follistatin-315

0 1 3 9 0 1 3 9 0 1 3 9 0 1 3 9
0.1

1

10

ID
1 

m
e

ss
ag

e

Control Activin  A BMP6Activin  B

D

Fst 315 (nM)

Agonist (1 nM)

Follistatin-315

0 1 3 9 0 1 3 9 0 1 3 9 0 1 3 9
0.01

0.10

1

10

S
E

R
P

IN
E
1

 m
e

ss
a

g
e

Control Activin  A BMP6Activin  B

F

Fst 315 (nM)

Agonist (1 nM)

Figure  3.4.  Activin-binding  protein  follistatin  prevents  the  upregulation  of
HAMP and ID1 in response to activin proteins in vitro. HepG2 cells were treated
for 4 h with activin A, activin B, or BMP6 (all at 1 nM). Activin-treated media was
pre-incubated with 0, 1, 3, or 9 nM of follistatin (Fst)-288 protein (left-hand graphs),
or follistatin-315 protein (right-hand graphs). HAMP upregulation by activin A and B
proteins (A-B) was blocked by both follistatin-288 and follistatin-315 at low molar
ratios. Follistatin had no effect on  HAMP  expression in control cells that were not
treated with activins. (C-D) ID1 upregulation was similarly prevented by follistatin
at low molecular ratios.  SERPINE1 is increased by both activin proteins but not by
BMP6; the activin-mediated increase in  SERPINE1  is also prevented by follistatin
treatment (E-F).  Each dot represents a biological duplicate from a representative
experiment.
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After demonstrating that follistatin-315 was effective in the prevention of

hepcidin upregulation by activins in vitro, we then sought to characterize the effects

of  administering  follistatin-315  to  mice.  Mice  were  injected  with  2,  4,  or  10  gμ

follistatin-315 i.p. in a pilot titration experiment and sacrificed 4 h later. Follistatin

injection had no clear effects on Hamp1 (Figure 3.5A, Dunn’s multiple comparisons

test,  p>0.05 for all comparisons) or  Id1  expression (Figure 3.5B, Dunn’s multiple

comparisons  test,  p>0.05  for  all  comparisons),  but  Serpine1 was  significantly

decreased in the 10 g follistatin-315 treated mice (Figure 3.5C,  Dunn’s multipleμ

comparisons  test,  p<0.05  for  10  g  follistatin  group  compared  to  controls).  %μ

Transferrin  saturation  was  not  significantly  altered  in  any  group  (Figure  3.5D,

Dunn’s multiple comparisons test, p>0.05 for all comparisons). These data indicate

that follistatin-315 is at least partially efficacious in blocking the basal activity of

activin  proteins,  as  shown  by  the  inhibition  of  Serpine1. However,  outside  the

context  of  inflammation  and  infection,  activins  may  not  contribute  significantly

enough  to  hepcidin  control  for  their  inhibition  to  modulate  hepatic  hepcidin

expression or % transferrin saturation. 

Figure 3.5. Increasing doses of follistatin in mice repress Serpine1 expression but do not impact Hamp1 or Id1 expression, or
%transferrin saturation.
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Figure 3.5. Increasing doses of follistatin in mice repress Serpine1 expression
but do not impact Hamp1 or Id1 expression, or % transferrin saturation. Mice
were injected i.p. with 2, 4, or 10 g follistatin-315 or PBS only and harvested four hμ
post-injection. Liver  Hamp1  (A) and  Id1  expression (B) were unchanged.  Serpine1
expression (C) was significantly decreased in the 10 g follistatin-315 group. Noμ
change was noted in % transferrin saturation (D).  Statistical analyses are Dunn’s
multiple comparisons tests after Kruskal-Wallis test. *p<0.05. 

A time-course experiment was also performed to see how long the effects of

a follistatin injection on  Serpine1 persisted in  mice.  Mice  were injected with the

highest follistatin-315 dose tested in the titration experiment and harvested 4, 12,

or 24 h post-injection. The number of mice used in this experiment was necessarily
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small due to limited reagent availability.  Hamp1 was not significantly decreased at

any  time-point  (Figure  3.6A,  Mann-Whitney  unpaired  t  tests,  all  p>0.05)  in

agreement with the findings of the titration experiment. Id1 showed a trend towards

decreased expression in follistatin-treated mice at 24 h, but this was not significant

(Figure 3.6B, Mann-Whitney unpaired t tests, all p>0.05).  Serpine1 showed a non-

significant decrease in follistatin-treated mice at 24 h (Figure 3.6C, Mann-Whitney

unpaired t tests, all p>0.05).  % Transferrin saturation showed a trend towards a

decrease at  24 h post-injection (Figure 3.6D,  Mann-Whitney unpaired t  tests,  all

p>0.05). No changes were significant, although detection of changes was challenging

due  to  the  very  limited  number  of  mice.  Notably,  Hamp1,  Id1,  and  Serpine1  all

appeared to have altered expression in both control and follistatin-treated groups at

different time-points, but expression of all three genes returned to close to baseline

at 24 h, possibly indicating the presence of a diurnal rhythm in gene expression.

Figure 3.6. Characterization of the effects of a follistatin injection over time in mice.
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Figure 3.6. Characterization of the effects of a follistatin injection over time in
mice. Mice were injected i.p. with 10 g follistatin or PBS only and sacrificed at 0, 4,μ
12, or 24 h post-injection. Liver Hamp1 (A) was not significantly different between
treated  mice  and  controls  at  any  measured  timepoint.  (B)  Id1  showed  a  trend
towards decreasing in follistatin-treated mice at 24 h post-injection., as did Serpine1
expression  (C).  %  Transferrin  saturation  (D)  was  slightly  but  not  significantly
decreased in follistatin-treated mice at 24 h. All statistical comparisons are unpaired
Mann-Whitney tests comparing controls with treated mice at the same timepoint. #
p=.06

To  test  the  hypothesis  that  activins  might  be  responsible  for  hepcidin

upregulation  in  malaria-infected  mice,  follistatin-315  was  serially  injected  into

infected  mice  to  attempt  to  block  activin  signaling  and  downstream  hepcidin

upregulation. Based on the equivocal data from the time-course and titration pilot

experiments, we decided to maximize the follistatin dose per injection. Mice were

therefore injected with the highest dose of follistatin that was feasible (25 g in 200μ

L PBS) four times, with injections at 12-h intervals, beginning on the morning ofμ
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day 6 post-infection and concluding in the evening of day 7 post-infection. As shown

in Chapter 2 (Figure 2.1), hepcidin and Id1 in infected mice increase on day 8 post-

infection in this model. In this experiment, all mice were harvested at the same day

8 time-point, 12 h after the last dose of follistatin or control PBS. 

There was no significant difference in parasitemia between follistatin-treated

and  control  mice,  although  there  was  a  trend  towards  increased  parasitemia  in

follistatin-treated mice (Figure 3.7A). Hepatic expression of  Hamp1,  Id1,  Serpine1,

and Inhbb were all unchanged between follistatin-treated and control infected mice

(Figure 3.7B-E, all Mann-Whitney unpaired t tests, all p>0.05). The lack of change of

Hamp1 and Id1 indicate that any effect of activins on Smad1/5/8 signaling are not

inhibited  by  follistatin.  Furthermore,  as  Serpine1 (representative  of  pSmad2/3

signaling)  also  showed  no  significant  difference  between  follistatin-treated  and

untreated infected mice, it was difficult to discern whether these data indicated that

follistatin-315  did  not  prevent  hepcidin  upregulation  in  this  model  of  malaria

infection, or that follistatin-315 was not biologically active in vivo in this experiment

at all. In light of this uncertainty, myostatin (Mstn) expression was measured in calf

muscle as an extra control. Myostatin is increased by activin action and decreased

by follistatin [172], and was also unchanged between follistatin-treated and control

mice (Figure 3.7E, Mann-Whitney unpaired t test, all p>0.05). Furthermore, because

of the preliminary nature of this experiment, infected mice were not harvested at

any time except at the conclusion of the experiment; hence, it cannot be formally

shown that hepcidin, Id1, and Inhbb were upregulated in this particular experiment.

In conclusion, although this study was intended to block activin signaling  in vivo
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during a malaria infection, the results were challenging to interpret. Further studies

should  attempt  to  block  activins’  actions  in  malaria  infection  using  alternative

methods to serial follistatin injection. 
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Figure 3.7. Follistatin treatment does not alter hepcidin expression during malaria mouse infection.
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Figure 3.7.  Follistatin  treatment  does  not  alter  hepcidin expression during
malaria  mouse  infection. Mice  were  injected  with  25  g  follistatin  (or  anμ
equivalent volume of PBS) every 12 h from day 6 of malaria infection to harvest for
a  total  of  4  injections.  (A)  %  Parasitemia  does  not  differ  significantly  between
follistatin-treated and control infected mice. Liver expression of Hamp1 (B), Id1 (C),
Serpine1 (D), and Inhbb (E) were unchanged. (F) Myostatin (Mstn) from calf was also
tested  as  a  response  to  activin  signaling,  and  was  also  unchanged.  Statistical
comparisons in dot plots are unpaired Mann-Whitney tests.
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3.4. Discussion

This  work characterizes  the  effects  of  activin  A and B proteins  and  their

binding  protein,  follistatin,  on  hepcidin  expression  in  cell  culture  and  in  both

malaria-infected  and  non-malaria  infected  mice.  Both  activin  proteins  induce

increases in  HAMP  message in human hepatoma cells. Prevention of this effect by

pre-incubation with LDN indicates that activin proteins are likely acting through the

canonical  Bmp receptors  Alk2 or  Alk3,  in  agreement  with  Besson-Fournier  et  al

(2012), who also showed that Alk3-Fc, but not Alk2-Fc, could also block hepcidin

upregulation by activin B [93]. That activin A and activin B can signal through Alk3

(and,  possibly,  Alk2)  to  increase hepcidin and  Id1  message,  presumably through

pSmad1/5/8, is a new and potentially important finding. Canonically, activins are

though to signal through Alk4/5/7 to induce pSmad2/3 signaling, and Bmp proteins

to  signal  though  Alk2/3/6  to  induce  pSmad1/5/8  signaling.  However,  this

prevailing view has been challenged by several recent studies that show that Bmp

proteins can act through Alk4/5/7 to stimulate pSmad2/3 under certain conditions

[178,  179].  It  seems  likely  that  the  effects  of  different  ligands  on  Smad2/3  and

Smad1/5/8 signaling pathways are more complex and overlapping than previously

thought. More work is needed to explore the effects of Bmp and activin proteins in

different cell types, and to elucidate what combination of factors determine which

signaling  pathways  are  activated  by  different  ligands  during  different  states  of

development, physiology, and pathophysiology.

Activins’  effects  on  hepcidin  were  extended  to  an  in  vivo model  by  the

injection of activin proteins into iron-deprived mice. Both activin A and activin B

90



protein produced a significant upregulation of murine hepatic hepcidin expression.

To  our  knowledge,  this  is  the  first  study  to  show  an  effect  of  exogenously

administered activin proteins on hepcidin expression in vivo. 

No significant changes were observed in either  Id1 expression or % serum

transferrin  in  response  to  activin  treatment  in  mice.  However,  due  to  the

prohibitively  high  cost  of  commercial  reagents,  time-course  and  titration

experiments  were not  feasible,  which might  have permitted optimization of  this

system and perhaps observation of greater effects on both gene expression and %

transferrin saturation. 

The  second  part  of  the  work  presented  in  this  chapter  explores  the

consequences of manipulating levels of the activin-binding protein follistatin both in

vitro and in vivo. Follistatin haploinsufficient mice had no obvious basal differences

in hepcidin or Id1 expression, although the fact that the activin-responsive Smad2/3

indicator gene  Serpine1  was also unchanged in these mice left  some doubt as to

whether decreased hepatic activin signaling truly occurs in this mouse model. 

We  therefore  began  experiments  with  exogenous  follistatin,  and

demonstrated  that  both  the  commercially  available  follistatin-288  isoform  and

collaborator-produced  follistatin-315  efficiently  block  the  upregulation  of  HAMP,

ID1, and SERPINE1 by activins A and B in vitro at similar molecular ratios. Follistatin

alone had no effect  on gene expression,  and showed very little  effect  on BMP6-

stimulated HAMP and ID1 increases, showing that in this in vitro system, follistatin’s

activities are specific to blocking activins. 
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We  then  sought  to  characterize  the  effects  of  exogenous  follistatin  on

hepcidin in vivo. As follistatin showed no effect on hepcidin expression in vitro in the

absence of activin treatment, it was a challenge to ascertain whether the follistatin

injected  into  mice  was  biologically  active  if  no  effects  on  hepcidin  or  Id1 was

observed.  Serpine1 was  measured  in  murine  livers  as  an  indicator  for  Smad2/3

signaling, and was slightly but significantly decreased in the highest-dose group in a

follistatin  titration experiment,  perhaps  indicating  that  baseline  activin  signaling

through Smad2/3 were inhibited by follistatin. However, in subsequent studies, no

clear decreases in hepcidin, Id1, or Serpine1 were noted, although necessarily small

group  numbers  due  to  restricted  follistatin  availability  may  have  obscured  any

differences. 

Interestingly,  changes were noted in  Hamp1,  Id1,  and  Serpine1  expression

during a time-course experiment that appeared to be related to the time of day at

which mice were sacrificed. A search of the literature suggests that this effect is a

consequence  of  naturally  occurring  diurnal  rhythms,  not  technical  problems.

Diurnal rhythms are known to affect hepcidin protein levels in humans [180], while

serum levels of the protein product of  Serpine1, plasminogen activator inhibitor-1,

exhibit  a  similar  pattern  [181].  Limited  data  is  available  on  the  possibility  of  a

diurnal rhythm in Id1, but it is known to show diurnal variation in the pineal gland

of the rat at the message level [182], which provides weak evidence to support the

plausibility of our observation. 

We attempted to use follistatin to block the upregulation of hepcidin in a

mouse  model  of  malaria  infection.  Mindful  of  the  marginal  results  observed  in
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previous follistatin experiments, we sought to maximize the follistatin administered

per mouse throughout malaria infection: resulting in the generation of a protocol

involving four injections of 25 g follistatin-315 to each malaria-infected mouse, asμ

opposed  to  the  previous  10  g  dose.  Despite  the  increased  dose  of  follistatin,μ

however,  no  clear  changes  were  observed  in  Hamp1,  Id1,  Inhbb, or  Serpine1

expression  in  infected  and  follistatin-treated  mice  versus  infected  mice  only.

Expression of  Mstn in the calf muscle was also tested as an alternative Smad2/3-

responsive gene, and no change was noted. The lack of effect in either Smad1/5/8 or

Smad2/3-responsive genes in this experiment made the results difficult to interpret:

it was hard to know if follistatin-315 was exerting effective biological activity. 

One interesting finding from these studies is the clear difference between the

type I  BMP receptor  inhibitor  LDN and the activin-binding protein  follistatin  on

basal  hepcidin  expression  in  cells  or  mice.  LDN  causes  a  reduction  in  baseline

hepcidin expression in cell culture, as shown in Figure 3.1 and previously reported

in the literature [95]; a similar effect on hepcidin baseline has been noted in rodent

models  [95,  183].  In  sharp  contrast,  although  follistatin  clearly  inhibited  the

activins’ effects on gene expression, follistatin administration alone had no effect on

hepcidin message in either cell culture or mouse models, even in the single mouse

experiment in which a clear effect was observed on the Smad2/3 response gene

Serpine1.  Additionally,  no difference in baseline hepcidin values was observed in

follistatin-haploinsufficient  mice as opposed to their  wild-type littermates.  These

results indicate to us that basal signaling through BMP Type 1 receptors plays a vital
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role in homeostatic control of hepcidin expression, while activin proteins likely do

not affect hepcidin expression out of the context of inflammation or infection. 

In summary, both activin A and activin B significantly upregulate hepcidin

and ID1 in cell culture, and both upregulate hepcidin gene expression in mice. These

data  support  the  hypothesis  that  activins  may  act  in  vivo to  alter  hepcidin

expression during certain circumstances, including malaria infection. We attempted

to  use  the  activin-binding  protein  follistatin  to  interfere  with  activin-modulated

hepcidin expression in both uninfected and malaria-infected mice, but were unable

to  show  clearly  that  the  available  follistatin  protein  consistently  affected  gene

expression in mice. 

Future experiments should take alternative approaches to the manipulation

of  activin  levels  in  mouse models  of  malaria  infection.  Options include  infection

(with appropriate littermate controls) of activin A conditional knockout mice (likely

to be available soon, H.  Drakesmith, personal communication) or a mouse model

that constitutively overexpresses follistatin [174]. Follistatin could also be increased

via a different method than serial injection, such as overexpression by viral vector.

Alternatively, a recently described activin-binding fusion protein, sotatercept (ACE-

011) represents a promising alternative to follistatin in this context. 

Sotatercept was first described in the context of bone mineralization studies

[184];  the  sotatercept  murine homolog RAP-011  was shown to  be efficacious in

improving  bone  mineral  density  in  mice.  When  these  studies  were  extended  to

healthy  adult  women,  it  was  found  that  as  well  as  improving  markers  of  bone

formation, volunteers treated with sotatercept also experienced a transient increase
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in hemoglobin, red cell numbers, and hematocrit  [185], leading to the supposition

that  sotatercept  might  also  show erythropoiesis-stimulating  agent  (ESA)  activity

through blocking activins’ actions.

In mice, RAP-011 was then shown definitely to act as an ESA, an effect that

may be partially modulated by the upregulation of erythropoietin (EPO) [146]. RAP-

011 was also shown to improve hematological parameters in a mouse model of -β

thalassemia,  possibly  by  inhibition  of  the  TGF  family  member  growthβ

differentiation factor 11 (GDF11), which is overproduced in -thalassemia mouseβ

models and patients, and causes ineffective erythropoiesis [186]. The direct effects

of sotatercept/RAP-011 on hepcidin, presumably through the inhibition of activins,

have not yet been examined, to our knowledge.

In short, the safety of sotatercept has been demonstrated in human clinical

trials,  and  evidence  from  human  studies  and  from  mouse  models  suggests  that

sotatercept may improve erythropoiesis. RAP-011, in place of follistatin, should be

tested in the context of murine malaria infection to delineate any effects on activin-

mediated hepcidin production. Hepcidin inhibition is known to improve responses

to  ESA  [72].  Sotatercept’s  dual  actions  as  both  an  ESA  and  as  a  hypothesized

repressor of hepcidin in the context of malaria infection could make this compound

a doubly active agent in improving hematological recovery from malarial anemia.
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CHAPTER 4: HEPCIDIN AND ACTIVIN A PROTEINS CO-INCREASE IN

THE SERUM OF VOLUNTEERS UNDERGOING CHMI

4.1. Introduction

The first deliberate infections of humans with malaria occurred in the early

1900s, when Plasmodium vivax infection was used as a treatment for patients with

neurosyphilis  [187].  If  the  patients  survived  acute  illness  with  the  protozoan

parasite,  the  “malaria  therapy”  could  result  in  the  elimination  of  the  –  without

modern antibiotics - fatal bacterial infection. For this discovery, the controversial

physician  Julius  Wagner-Jauregg  was  awarded  a  Nobel  Prize  in  1927.  The

therapeutic  mechanisms  involved  remain  less  than  fully  understood,  but  the

generation of high fevers was likely involved [188]. 

In  more  recent  years,  CHMI  clinical  trials  with  Plasmodium  falciparum

sporozoites have been well established as a safe and effective method to test the

efficacy of new vaccine candidates in Phase IIa clinical trials [189]. Data presented

in  Chapters  2-3  indicate  a  possible  role  of  activins  in  hepcidin  upregulation  in

malaria  infection.  This  chapter  extends  these  studies  into  human  volunteers  by

studying  the  changes  in  hepcidin,  activin  A,  and  markers  of  iron  status  and

inflammation in unvaccinated CHMI volunteers used as parasite infectivity controls. 

There are several  advantages to studying hepcidin changes in this  system

rather than in natural infections. Hepcidin integrates signaling from iron stores and

erythropoietic drive as well as inflammation and infection [73]. In populations with
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a  high  burden  of  anemia  and/or  coinfections,  these  conflicting  signals  may

complicate efforts to study the proximate effects of malaria infection. By utilizing

data  from  volunteers,  much  of  this  variation  can  be  eliminated.  Additionally,

parameters from pre- and post-infection from the same individual can be directly

compared to measurements during parasite infection. With this detailed approach,

we  were  able  to  directly  compare  changes  in  hepcidin  with  changes  in  activins

during human malaria infection. 

Only one previous study of hepcidin in CHMI has been carried out: de Mast et

al (2009) measured hepcidin in five individuals undergoing CHMI, also as controls

for a vaccine trial. The authors found that serum hepcidin increased two days after

volunteers were formally diagnosed with malaria infection and started on courses of

antimalarial drugs. At the same point, volunteers showed a pronounced decrease in

% transferrin saturation and increases in ferritin and IL-6  [66]. As most changes

were  noted  after  antimalarial  treatment  was  started,  these  results  left  some

uncertainty as  to  whether  the  hepcidin increase resulted from the  P.  falciparum

infection itself, or from the inflammatory stimulus of debris from dead and dying

parasites following antimalarial treatment. 

Comparison between our study and previous work is slightly complicated by

the  use  of  different  hepcidin  measurement  methods.  Several  commonly-used

methods exist for the measurement of serum or plasma hepcidin protein levels. This

study utilizes  a  commercially  available enzyme immunoassay (EIA) produced by

Bachem,  which  has  been  previously  reported  as  a  robust  tool  for  hepcidin

measurement  [70,  73,  190].  In contrast,  de Mast et al  (2009) measured hepcidin
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levels in human serum by a combination of weak cation exchange chromatography

and surface-enhanced laser desorption/ionization time of flight mass spectrometry

[66], a technique also described elsewhere [191]. In an attempt to standardize the

multiple hepcidin detection methods currently in use by different laboratories, two

‘round robin’ studies have been performed to directly compare available assays, by

using them to measure the same standard samples  [192,  193]. These comparative

studies have shown that although the many methods used to detect hepcidin protein

tend to show the same  relative  patterns (identifying the same samples as high or

low-hepcidin), the absolute values of hepcidin each method determines for identical

samples can vary [192, 193]. Hence, although we hypothesized we might see similar

patterns of hepcidin protein upregulation as reported in de Mast et al (2009),  it

could  not  be  assumed  that  absolute  hepcidin  protein  concentrations  would  be

directly comparable [66].

To the best of our knowledge, no studies have been performed examining

activin protein serum levels in the context of malaria infection.  A report has been

published  describing  a  human  enzyme-linked  immunosorbent  assay  (ELISA)  for

activin B protein  [162], but at the time of writing, this ELISA had not been made

commercially available. However,  activin A is known to increase in the serum of

patients suffering from septicemia  [150,  151],  hepatitis C virus infection with or

without concurrent schistosomiasis  [152],  and patients undergoing treatment for

acute respiratory failure  [153].  In this  study,  a commercially available ELISA for

activin A (previously demonstrated in  [151,  152]) was utilized to measure serum

activin A protein levels during malaria infection.
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This  chapter  examines,  through  correlative  analysis,  the  hypothesis  that

increased levels of circulating activin proteins may upregulate hepcidin in malaria

infection. The data details changes in iron- and inflammation-related parameters,

hepcidin,  and activin A protein in the sera of experimentally infected volunteers

throughout CHMI trials. Hepcidin and activin A proteins show correlated increases

during infection.
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4.2. Materials and Methods

Trial information

Samples  analyzed in  this  study were from 18  malaria-naïve  unvaccinated

volunteers  from  three  separate  UK  CHMI  clinical  trials  conducted  to  assess  the

efficacy of novel  vaccines.  Trials were named  NCT01623557,  NCT00890760,  and

NCT01142765,  (also  termed  VAC045,  MAL034B,  and  VAC039,  respectively), all

were registered with ClinicalTrials.gov [194-196]. Briefly, volunteers were healthy

male  and  female  UK  adults  aged  18-50.  All  volunteers  gave  written  informed

consent to participate in the CHMI studies and for their samples to be stored and

used for further investigations to assess host responses and immunity to malaria. All

trials  were  conducted  in  accordance  with  Good  Clinical  Practice  (GCP),  and  the

principles of the Declaration of Helsinki. Trials were approved by the Oxfordshire

Research Ethics Committee.  The results  of  each trial  and details  of  all  necessary

ethical and regulatory approvals are reported elsewhere [194-196]. 

Experimental human malaria infection and sample collection

As detailed elsewhere  [194],  five  Anopheles  stephensi mosquitoes  infected

with P. falciparum 3D7 clone sporozoites were allowed to bite each volunteer. The

day of infection is termed the day of challenge and abbreviated C. From day C+6.5

until C+21, volunteers were assessed once or twice daily by Giemsa-stained thick

smear for the presence of blood parasites. Samples were collected at the same time-

points for later analysis of  P. falciparum  parasitemia by quantitative PCR (qPCR).
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Upon the detection of a parasite by thick smear (day of diagnosis, abbreviated DoD,

typically also the point of maximal parasitemia), a course of treatment with Riamet

or Malarone was initiated [194-196]. Larger volumes of blood were also collected at

set time-points during the studies for other analyses (depicted in Figure 4.1). In all

three trials,  samples  were collected at  the day before  C (C-1),  at  DoD,  and after

resolution of infection (C+35).  Additionally,  in NCT01623557,  samples were also

collected at DoD+2, two days following the diagnosis of malaria and the initiation of

antimalarial treatment. In NCT01142765 and NCT00890760, the DoD+2 timepoint

was not examined, but samples were taken at C+11 unless DoD had occurred prior

to 11 days post-challenge. 
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Figure 4.1. CHMI trial schematic.

Figure 4.1. CHMI trial schematic. Volunteers are infected at day of challenge (C,
red arrow). Parasites develop in the liver and emerge approximately 1 week later.
Thick smears and serum samples for future parasitemia analysis by PCR are taken
once to twice daily from C+6.5 until a parasite is detected by thick smear (DoD), at
which  point  antimalarial  treatment  is  initiated  (red  arrow).  DoD  is  also  the
timepoint  at  which  most  volunteers  experience  maximum  parasitemia.
Retrospective  analysis  of  parasitemia  using  PCR  allows  analysis  with  greater
resolution: volunteers typically become PCR-positive prior to detection of parasites
by thick  blood smear.  Further  serum samples  for  analysis  are  taken at  set  trial
timepoints.

Blood-stage parasite PCR

Full  details  of  the  qPCR  are  detailed  elsewhere  [194,  195] and  were

performed  by  members  of  the  Draper  group.  Briefly,  DNA  was  extracted  from

filtered  whole  blood  using  a  modification  of  the  Qiagen QIAamp Blood  mini  kit

[194].  Taqman PCR  primers  targeted the  P.  falciparum  18S  ribosomal  gene (full

primer  sequences  are  available  online  [194]).  qPCR  was  run  on  an  Applied
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Biosystems Step 1 Plus PCR system, incorporating a standard curve on each plate

that  allowed  results  to  be  reported  as  parasites/mL  blood.  The  lower  limit  of

detection (LOD) of the assay is 5 parasites/mL, and the lower limit of quantification

of the assay is 20 parasites/mL.

% Transferrin, CRP, and ferritin measurements

Serum iron, UIBC, CRP, and ferritin in human samples were measured using

an Abbott Architect cSystem Analyser by C. Webster and P. Sturges (Department of

Biochemistry, Birmingham Heartlands Hospital, UK). TIBC was calculated by serum

iron +  UIBC.  Transferrin saturation (%) was calculated by:  (serum iron/TIBC)  x

100%.

Hepcidin EIA

The 25-amino acid bioactive isoform of hepcidin was detected in volunteers’

sera  using  the  hepcidin-25  (human)  EIA  kit  (Bachem).  Samples  were  run  in

duplicate.  A  dilution series  of  standard hepcidin-25 was  run on each plate  with

values ranging from 25 ng/mL - 0.05 ng/mL. Sample values were interpolated using

logistic  4-parameter nonlinear curve fitting in GraphPad Prism software.  Freeze-

thaws of  standards,  samples,  and reagents  were kept to a  minimum,  and where

possible all reagents for these studies were pooled, aliquoted, and frozen before use.

Samples  were  diluted  in  peptide-free  human  serum  diluent  (Bachem)  at

initial dilutions of 1:8. If hepcidin readings initially fell outside the linear portion of

103



the standard curve, samples were rerun at appropriate dilution and the new value

substituted.  If  samples  exhibited  a  high  coefficient  of  variance  (>15%)  between

duplicates, they were rerun and the new value substituted. Samples which did not

produce detectable  hepcidin  at  the  lowest  possible  dilution (typically  1:1),  were

assigned a value of 50% LOD (LOD = 0.118 ng/mL), multiplied by the dilution at

which they were run.

Human activin A ELISA

Activin A levels were measured using a R&D solid-phase sandwich ELISA (kit

#DAC00B). The R&D protocol was followed with the following adjustment: 350 Lμ

of  wash  buffer  was  used  instead  of  400  L  for  the  wash  steps.  Samples  andμ

standards were run in duplicate; samples with high coefficient of variance (>15%)

were rerun on a new plate. No samples exhibited values below the LOD. 

Analysis 

All qRT-PCR and iron measurement data processing were performed in Excel.

All  figures, graphs,  and statistical  analysis were generated using GraphPad Prism

(GraphPad Software, Inc., La Jolla, CA). 
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4.3. Results

Comparing parasitemia from three trials 

Data from three separate CHMI trials were included in this study to allow

analysis of an adequate number of samples.  Parasitemia data between trials was

compared to identify any key inter-trial differences (Figure 4.2, full parasitemia data

in A-C). The time that elapsed from C to DoD did not differ significantly between

trials  and  ranged  from  8  to  14  days  (Figure  4.2D,  Kruskal-Wallis  test,  p>0.05).

Similarly, trials did not differ in time from infection to time to blood-stage patency,

defined as a positive PCR measurement (≥ 20 parasites/mL, Figure 4.1E, Kruskal-

Wallis test, p>0.05). 

 Blood-stage  parasitemia  varied  between  volunteers  at  DoD  because

volunteers  were  diagnosed  using  qualitative  thick-smear  techniques,  and  then

parasitemia  was  retrospectively  analyzed  with  the  more  sensitive  technique  of

qPCR.  Parasitemia  at  DoD  varied  more  than  two  orders  of  magnitude  between

different  volunteers,  from  a  low  of  90  parasites/mL  in  volunteer  10  (Trial

NCT00890760)  to  a  high  of  47,965  parasites/mL  in  volunteer  6  (Trial

NCT01623557).  However,  no  significant  differences  were  observed  between

parasitemia  at  DoD  between  trials  (Figure  4.2F,  Kruskal-Wallis  test,  p>0.05).

Because intra-trial differences were larger than inter-trial differences, we were able

to combine the three trials for future analyses. 
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Figure  4.2.  Parasitemia  does  not  differ  between  three  CHMI  trials.
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Figure 4.2. Parasitemia does not differ between three CHMI trials. A, B, and C
show parasitemia as measured by PCR in trials NCT01623557, NCT00890760, and
NCT01142765, respectively. Each individual volunteer was issued with a study code
number and is depicted using a different color and symbol throughout all graphs.
The  three  trials  did  not  differ  significantly  in  days  elapsing  from  C  to  DoD  by
microscopy (D), days to parasitemia patency by qPCR (E), or parasitemia at DoD (F).
Comparisons are Kruskal-Wallis tests. 

Markers of iron status and inflammation

Iron status marker % transferrin saturation was variable between volunteers

at  C-1,  but  overall  showed  a  decrease  towards  DoD  (this  decrease  persisted  to

DoD+2 in NCT01623557, Figure 4.3A), and a return towards baseline values at the

C+35 timepoint. The finding that % transferrin saturation decreases in experimental

malaria infection of healthy volunteers is consistent with previous studies [66]. One

volunteer  (volunteer  17  in  NCT01142765,  shown  in  light  blue  in  Figure  4.3C)

showed very high % transferrin saturation at baseline. 
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Across all volunteers, % transferrin saturation was on average decreased on

DoD as compared to either uninfected timepoint C-1 or C+35 (Figure 4.3D,  Dunn’s

multiple  comparisons  test,  p<0.05  for  both  comparisons).  As  sex  is  frequently

associated with differences in iron-related parameters, we examined data to see if

any baseline differences existed between male and female volunteers. Sex was not

associated with significant differences in % transferrin saturation at C-1,  DoD, or

C+35 timepoints (Figure 4.3E, Mann-Whitney tests, all p>0.05). 

Figure 4.3. Transferrin saturation decreases at DoD and at DoD+2.
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Figure  4.3.  %  Transferrin  saturation  decreases  at  DoD  and  at  DoD+2.  %
Transferrin saturation at  all  available  timepoints  are  shown for  each trial  (A-C).
Volunteers  are  depicted  as  in  Figure  4.2.  (D)  Overall,  volunteers  exhibited  a
significant drop in % transferrin saturation at DoD as compared either to pre- or
post-infection  levels.  (E)  %  Transferrin  saturation  did  not  differ  significantly
between male (n=6), and female (n=12) volunteers before or after infection or at
day  of  diagnosis.  Statistical  comparisons  in  box  and  whiskers  plot  are  Dunn’s
multiple  comparisons  tests  after  Friedman  test.  Statistical  tests  in  male-female
comparison  are  unpaired  Mann-Whitney  tests  for  males  and  females  at  each
timepoint.* p<0.05.
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Finally,  we compared the change (hereby abbreviated  ) in % transferrinΔ

saturation at DoD with the parasitemia level experienced by each volunteer at DoD

(  = [value at DoD] − average of [values at C-1 and C+35]). No correlation was notedΔ

between  % transferrin saturation during infection and parasitemia (Spearman’sΔ

correlation, p>0.05, r=0.22, not shown). 

Acute  phase markers  were examined throughout  the  trials.  De Mast  et  al

(2009) showed that ferritin, which increases during inflammation, showed a large

but  transient  increase  two days  after  treatment  initiation  (equivalent  to  DoD+2

timepoint  in  NCT01623557)  [66].  Similarly,  in  a  majority  of  NCT01623557

volunteers,  the  maximum  levels  of  acute  phase  markers  CRP  and  ferritin  were

observed on DoD+2, following treatment, rather than at DoD (Figure 4.4A and 4.4D,

Volunteer 4 had insufficient serum available for analysis at DoD). The increases in

CRP  and  ferritin  observed  in  NCT00890760  and  NCT01142765  (Figures  4.4B-C,

4.4E-F), which did not include samples taken at the DoD+2 timepoint, are less than

those observed in NCT01623557. 

Across all three trials, however, CRP was increased on DoD as compared to

either C-1 or C+35 levels (Figure 4.4G, Dunn’s multiple comparisons test, p<0.05 for

both comparisons). Ferritin was increased on DoD as compared to C+35 but not C-1

(Figure 4.4H Dunn’s  multiple comparisons test,  p<0.001 for DoD vs.  C+35 only).

These results  suggest  that  although some increase in  acute  phase parameters  is

associated with parasitemia, a greater impact on both CRP and ferritin is observed

post-treatment at DoD+2. This may be due to the inflammatory stimulus of dying

parasites  and  debris  produced  after  treatment.  Ferritin  was  considerably  more
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variable at  C-1 and C+35 than was CRP,  likely reflecting variation in  volunteers’

baseline iron status. Indeed, ferritin level varied by sex: it was clearly higher in male

volunteers at the C-1, DoD, and C+35 timepoints (Figure 4.4I, Mann-Whitney tests,

all  p<0.05).  CRP levels  did  not  vary by sex (not  shown,  Mann-Whitney tests,  all

p>0.05). 

Neither   Δ CRP  nor  Δ ferritin  were  associated  with  parasitemia  or   %Δ

transferrin saturation (all Spearman’s correlation, all p>0.05, not shown).  Δ Ferritin

and   Δ CRP showed a trend towards correlation (Spearman’s correlation,  p>0.05,

r=0.36, not shown), but this did not achieve significance. 
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Figure 4.4. Acute phase markers CRP and ferritin increase on DoD and DoD+2.
CRP (A-C) and ferritin (D-F) at all available timepoints are shown for each trial. Both
CRP and ferritin increase markedly on DoD+2 in NCT01623557,  less so on DoD
across all three trials. Both CRP (G) and ferritin (H) are significantly upregulated on
DoD overall, although ferritin is considerably more variable at baseline. One source
of variability may be sex; ferritin was significantly higher in men throughout the
experiment  (I).  Statistical  comparisons  in  box  and  whiskers  plots  are  Dunn’s
multiple  comparisons  tests  after  Friedman  test.  Statistical  tests  in  male-female
comparison  are  unpaired  Mann-Whitney  tests  for  males  and  females  at  each
timepoint. * p<0.05, ** p<0.01, *** p<0.001.

Figure 4.4. Acute phase markers CRP and ferritin increase on DoD and at DoD+2.

Hepcidin and activin A protein 

Hepcidin  was  measured  in  all  available  serum  samples  using  the

commercially available EIA kit from Bachem. Hepcidin is variable at baseline but

increases at DoD in all three trials (Figure 4.5A-C) and at DoD+2 in NCT01623557
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(Figure 4.5A). Hepcidin increases overall on DoD as opposed to either C-1 or C+35

(Figure  4.5D,  Dunn’s  multiple  comparisons  test,  p<0.05  for  both  comparisons).

Hepcidin  at  C-1  and  C+35  showed  a  sex  difference,  with  the  male  volunteers

exhibiting significantly higher hepcidin levels than the females, but this effect lost

significance during infection (Figure 4.5E, Mann-Whitney tests, all p<0.05 except at

DoD).  Δ Hepcidin  was  not  significantly  correlated  with parasitemia (Spearman’s

correlation, p>0.05, r=0.23, not shown) or Δ % transferrin saturation (Spearman’s

correlation, p>0.05, r= -0.18, not shown), but was positively correlated with Δ CRP

(Figure  4.5F,  Spearman’s  test,  p>0.05,  r=0.6)  and  with  Δ ferritin  (Figure  4.5G,

Spearman’s correlation , p>0.05, r=0.55).
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Figure 4.5. Serum hepcidin protein increases during malaria infection in volunteers and correlates with CRP and ferritin.

Figure  4.5.  Serum  hepcidin  protein  increases  during  malaria  infection  in
volunteers  and  correlates  with  CRP  and  ferritin.  Individual  hepcidin  protein
measurements at all available timepoints shown for each trial (A-C). (D) Hepcidin is
significantly  increased  on  DoD  over  both  C-1  and  C+35.  (E)  Hepcidin  in  male
volunteers is significantly higher than in female volunteers at C-1 and C+35 but not
DoD.   Δ Hepcidin is significantly correlated with acute phase markers CRP (F) and
ferritin  (G).  Statistical  comparison  in  box  and  whiskers  plot  is  Dunn’s  multiple
comparisons tests after Friedman test. Statistical tests in male-female comparison
are  unpaired  Mann-Whitney  tests  for  males  and  females  at  each  timepoint.
Correlation analyses are Spearman’s tests. * p<0.05, **p<0.01, *** p<0.001.
 

In  the  murine model  of  malaria  infection presented in  Chapter  2,  hepatic

upregulation of  activin  A  message was  not  noted,  but  hepatic  message  levels  of

activin A have specifically been shown to not associate with protein serum levels
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[139,  140].  Therefore,  activin  A  was  measured  in  the  serum  of  the  volunteers

undergoing CHMI. 

Due  to  insufficient  sera  available  for  multiple  timepoints,  activin  A

measurements were restricted to samples from the 3 timepoints C-1, DoD, and C+35

in trials NCT00890760 and NCT01142765. Although activin A levels were variable

at  baseline  throughout  all  three  trials  (Figure  4.6A-C),  overall,  activin  A  was

increased on DoD as compared to the C+35 timepoint, and showed a non-significant

trend towards an increase at DoD compared to C-1 (Figure 4.6D, Dunn’s multiple

comparisons test, p<0.05 for DoD vs. C+35 only). To our knowledge, this is the first

report  of  any  changes  in  activin  A  associated  with  malaria  infection.  Activin  A

showed slightly higher baseline values in male volunteers at C-1,  but showed no

difference  on  DoD  (Figure  4.6E).  A  strong  correlation  was  evident  between  Δ

hepcidin  and  activin  A protein:  those  volunteers  who demonstrated the  mostΔ

pronounced hepcidin increases at DoD also showed the greatest activin A increases

(Figure  4.6F,  Spearman’s  correlation,  p<0.001,  r=0.80).   Activin  A  was  notΔ

correlated  with  parasitemia  at  DoD  (Spearman’s  correlation,  p>0.05,  r=0.4,  not

shown) or with  % transferrin saturation (Spearman’s correlation, Δ p>0.05, r=0.09,

not  shown),  showed  a  slight  correlation  with  CRP  (Figure  4.6G,  Spearman’s

correlation,  p<0.05,  r=0.54),  and  was  not  correlated  with  ferritin  (Spearman’s

correlation, p>0.05, r=0.09, not shown).

Figure 4.6. Activin A increases during malaria infection and changes in activin A and hepcidin are significantly correlated. 
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Figure 4.6. Activin A increases during malaria infection and changes in activin
A and hepcidin are significantly correlated.  All timepoints were measured for
NCT01623557 (A) but due to shortages of serum at many intermediate timepoints,
activin A was only measured at timepoints C-1, DoD, and C+35 for NCT00890760
(B) and NCT01142765 (C). One volunteer (10, NCT00890760) was omitted due to
insufficient serum availability at DoD. (D) Activin A is significantly increased on DoD
over C+35  and shows a  trend towards  increase  over  C-1.  (E)  Activin  A in  male
volunteers  is  significantly higher  than in  female  volunteers  at  C-1 but  not  other
timepoints.   hepcidin and  activin A were significantly correlated (F).  ActivinΔ Δ Δ
showed  a  correlation  with   CRP (I),  but  did  not  correlate  significantly  with  Δ Δ
ferritin,  % transferrin, or parasitemia (not shown). Δ Statistical comparison in box
and  whiskers  plot  is  Dunn’s  multiple  comparisons  tests  after  Friedman  test.
Statistical  tests  in male-female comparison are unpaired Mann-Whitney tests  for
males and females at each timepoint. Correlation analyses are Spearman’s tests. *
p<0.05. 

Two male volunteers (14 and 17, both NCT01142765) exhibited very high

ferritin  levels  across  most  timepoints,  with  levels  above  100  g/L.  The  sameμ

volunteers showed high % transferrin saturation at several timepoints (60-70% for
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14 and over 80% for 17 pre-infection, shown in Figure 4.3C). These unusually high

levels  of  ferritin  and transferrin saturation in  these two volunteers  could either

indicate  laboratory  test  problems,  possibly  stemming  from  sample  hemolysis

(although  none  was  observed),  or  be  ascribed  to  a  physiological  cause  such  as

undiagnosed hemochromatosis. Hemochromatosis is among the more prevalent of

heritable genetic conditions, especially in northern European populations, and for

reasons  that  are  not  fully  understood,  the  penetrance  of  hemochromatosis

mutations is more severe in males  [197]. These two volunteers with high ferritin

and transferrin saturation were both males (as mentioned above, female volunteer

8 in NCT00890760 had high transferrin saturation at baseline but no elevation of

ferritin),  but  information  was  not  available  regarding  their  ethnic  background.

However, in a pool of 18 volunteers, including only 6 males, the presence of even

one volunteer with hemochromatosis is extremely unlikely. Hepcidin between these

two volunteers was markedly different:  14 exhibited one of the highest  baseline

hepcidin  measures  across  all  three  trials,  perhaps  indicative  of  high  iron stores

overall,  but  17  showed hepcidin  levels  that  were  unremarkable  as  compared to

other volunteers. Although the possibility cannot be formally excluded that one or

both volunteers  may have had  undiagnosed  hereditary  hemochromatosis,  it  is  a

more likely explanation that laboratory error may have occurred with regard to the

ferritin  and  %  transferrin  saturation  measurements;  regrettably,  limited  sample

volumes precluded the retesting of serum.
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4.4. Discussion

This  chapter  demonstrates  that  in  volunteers  undergoing  CHMI,  serum

concentrations of hepcidin and activin A proteins increase together. % Transferrin

saturation decreased during malaria infection, as acute phase markers ferritin and

CRP increase.  Hepcidin was increased at  both DoD and two days later,  after the

initiation of antimalarial drug administration. Activin A was variable at baseline but

was significantly increased at DoD. 

The  upregulation  of  hepcidin  at  DoD  somewhat  contrasted  with  the  only

previous study of hepcidin in CHMI, which showed hepcidin upregulation only after

administration of  antimalarial  drugs  (equivalent  to  DoD+2)  and hence left  some

formal uncertainty as to whether malaria infection itself or the treatment of malaria

infection  and  corresponding  parasite  death  were  responsible  for  hepcidin

upregulation  [66].  Our  findings  conclusively  show that  in  CHMI,  upregulation  of

hepcidin can occur prior to the initiation of antimalarial treatment. 

The change in each parameter during infection was calculated. Interestingly,

the  changes in ferritin and CRP were not correlated, likely reflecting considerableΔ

variation in ferritin baseline due to different volunteer iron status (associated with

sex, among other factors); and that this variation does not exist with regards to CRP

levels. Hepcidin at DoD was correlated with  ferritin and  CRP, and most stronglyΔ Δ

correlated  with   activin  A.  Previous  findings  (detailed  fully  in  Chapters  2-3)Δ

suggested a role for activin proteins in hepcidin upregulation in malaria infection,

and the co-increase of  hepcidin and activin  A in  CHMI supports this  hypothesis.

Indeed,  the moderate response we observe in volunteers infected in  CHMI trials
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may be more pronounced in naturally  infected individuals in the field,  in  whom

parasitemia levels can greatly exceed the low parasitemia that is achieved in CHMI.

No studies have yet  been published that  use the hepcidin Bachem EIA to

analyze serum hepcidin values in adults, hence, there was no clear formal reference

range with which to compare these findings. However, the adult female volunteers,

11/12 of whom had basal hepcidin levels ≤16 ng/mL, showed comparable hepcidin

levels to those reported in a study of hepcidin in children in a malaria-endemic area

prior to the malaria season (also measured by Bachem EIA, geometric mean of 11.2

ng/mL or 3.8 ng/mL, depending on study site) [73]. The 6 male volunteers exhibited

notably  higher  hepcidin  levels,  ranging  from  20-80  ng/mL,  likely  reflecting  the

greater iron stores of adult men.  The sex difference noticed in this chapter is in

keeping with previous work that  describes higher  ferritin  and hepcidin levels  in

healthy men than in healthy women of menstruating age, an effect possibly due to

the  monthly  iron  cost  of  menstrual  blood  loss  and  the  subsequent  homeostatic

repression of hepcidin [198].

Activin A has only been measured in healthy volunteers in a limited number

of studies. Basal activin levels in healthy adults have been reported as 70 pg/mL

[199],  or  110  pg/mL  [153],  or,  in  an  outlying  study,  5,700  pg/mL  [152].  This

variation in normal  values  may reflect  the  use of different assays.  In  this  study,

participants had average activin A baseline values of 226 pg/mL. 

A limitation of  this  study was our  inability  to assay activin  B  in  malaria-

infected human volunteers. A report has been published describing a human ELISA

for activin B protein [162], but at the time of writing, this ELISA had not been made
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generally  available.  However,  in  two  studies  using  this  ELISA,  some  correlation

between  activin  A  and  activin  B  serum  levels  was  noted  in  pathophysiologic

conditions.  One found that patients with acute respiratory failure showed higher

levels of both activin B and activin A proteins [153], the other noted that activin A

and B were correlated in patients with type 2 diabetes but not healthy controls

[199]. Taken together, these findings provide weak evidence that serum activin B

protein levels may increase with activin A in certain disease states. Measurement of

activin B in CHMI volunteers and naturally infected volunteers is a vital next step in

the analysis of the role of activins in iron control in malaria infection. 

In summary, this work demonstrates that changes in hepcidin and activin A

serum protein levels are correlated in volunteers undergoing CHMI infection. This is

the first report of an increase in serum activin A protein in the context of malaria

infection, and the first study to directly compare serum hepcidin and activin A. 
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CHAPTER  5.  PLASMODIUM  FALCIPARUM-INFECTED  RED  BLOOD

CELL-DERIVED  MICROPARTICLES  ELICIT  CYTOKINE  RESPONSES

FROM HUMAN WHITE BLOOD CELLS 

5.1. Introduction

Hepcidin is upregulated at the message level in livers of mice infected with

blood-stage malaria infection (Chapter 2 and [67, 68]) and is increased in the serum

of  malaria-infected  humans  (Chapter  4  and  [63-66]).  However,  previous  pilot

experiments by this lab have shown that direct co-culture of human hepatoma cells

with  P.  falciparum-infected  red  blood  cells  (iRBC)  does  not  result  in  hepcidin

upregulation (A. Armitage and H. Drakesmith, personal communication). Therefore,

the mechanism of hepatic hepcidin upregulation in blood-stage malaria infection is

likely  to  be  dependent  on  increased  cytokine  production  by  one  or  more  non-

parenchymal  cell  types,  not  the  direct  detection  of  blood-stage  parasites  by

hepatocytes. This study aims to identify the pathogen-associated molecular pattern

(PAMP)  that  initially  stimulates  production  of  circulating  cytokines  that

subsequently induce increased hepcidin production from the liver.

The mechanism by which white blood cells detect the presence of malaria

infection is  controversial.  Early  studies  focused on correlating parasite  life-stage

with production of cytokines. Parasites inhabiting human red blood cells grow from

ring-stages into trophozoites, and then into multinucleated schizonts, before lysing

to release  infectious  merozoites  that  then infect  a  new wave of  red blood cells.
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Schizont rupture, which occurs approximately every 48 h [200], has been linked to

maximal cytokine release, and has been hypothesized to cause the periodic fevers

that characterize malaria infection. In one early study, authors showed that in PBMC

co-cultured with infected red blood cells, peak production of TNF  protein occurredα

after schizont rupture [201]. More recently, schizont rupture has been implicated by

studies that show that laboratory parasite strains, which often have life-cycle times

that  are  consistently  greater  than or  less  than 48 h,  produce different  temporal

patterns  of  innate  immune  activation  that  are  consistent  with  schizont  rupture

driving cytokine increases [202]. 

If schizont rupture is linked to innate immune activation, then what PAMP is

actually sensed, and by which receptor? Different groups working with murine or

human  parasites  have  implicated  parasite  glycosylphosphatidylinositol  (GPI),  an

anchor of membrane proteins that is exposed subsequent to schizont rupture [203-

207], parasite DNA sequence motifs [208], DNA bound to hemozoin, the product of

parasite detoxification of heme [209], or DNA complexed to proteins [210, 211]. GPI

is thought to be detected primarily by through membrane-associated TLR2, with a

lesser role for TLR4  [204]. Conversely, parasite DNA is thought to be detected via

endosomal TLR, especially TLR9  [209-211]. However, a study that treated human

PBMC with parasite DNA motifs indicated that cell response was contingent on a

cytosolic  DNA  detection  pathway  incorporating  stimulator  of  interferon  genes

(STING), tank-binding kinase 1 (TBK1), and interferon (IFN) response factors 3 and

7 [208]. In summary, the exact parasite PAMP and host receptor combination that

results in recognition of malaria infection remains under discussion. Initially, the
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aim for this part of the project was to test a variety of parasite PAMP, including

parasite DNA, GPI, and hemozoin, and examine which were capable of provoking

hepcidin-stimulatory  cytokine  production  from  PBMC.  Following  numerous

technical  setbacks  in  pilot  experiments,  however,  we  chose  to  focus  in  on  a

particular class of PAMP that were relatively straightforward to isolate and study:

microparticles. 

Microparticles are circulating membrane-bound entities (≤1 m in diameter)μ

that  are  formed by vesiculation of  plasma  membranes (reviewed  in  [212]).  The

characteristics  of  microparticles  are  determined  by  their  cellular  source;

microparticles  can  come  from  a  variety  of  cells,  including  red  blood  cells  and

platelets  (reviewed  in  [213]).  Conversely,  exosomes  are  smaller  (30-150  nm  in

diameter) and are derived from late endosomes [214, 215].

Serum microparticle levels are known to increase in patients infected with P

falciparum [216] or P. vivax [217], although it is not entirely clear if the increase in

circulating microparticles is primarily due to high microparticle production by iRBC

[216] [218],  or increased production by platelets  [217].  Certainly,  microparticles

derived from iRBC are hypothesized to act as carriers of PAMP: Combes et al (2005)

noted  that  microparticles  isolated  from  the  plasma  of  P.  berghei-infected  mice

stimulated  TNF  protein  production  from  murine  bone  marrow-derivedα

macrophages [219]. Later studies confirmed that microparticles collected from the

serum of mice infected with the murine parasite P. berghei, or from ex vivo parasite

culture, could stimulate TNF  protein production from murine macrophages α [218].

This effect was found to be abrogated in macrophages obtained from TLR4- and
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myeloid differentiation primary response 88 (MyD88)-knockout mice, with reduced

production  of  TNF  also  noted  in  TLR2-  and  TLR9-knockouts  α [218].  The

immunostimulatory  nature  of  microparticles  has  been  confirmed  in  one  ex  vivo

human study,  in  which  microparticles  collected from  P.  falciparum  culture  were

found  to  stimulate  cytokine  production  from  human  PBMC,  macrophages,  and

neutrophils [220]. 

New  studies  have  also  implicated  microparticles  as  carriers  not  only  of

PAMP, but also of information to other parasites. Microparticles derived from iRBC

were found to  stimulate  gametocytogenesis  in  P.  falciparum  cultures  [220].  This

new  finding  implicates  microparticles  as  a  part  of  a  population  density  sensing

mechanism  that  enables  parasites  to  integrate  information  about  parasite

population densities before committing to irreversible gametocyte differentiation.

Additionally,  an  independent  study  found  that  parasite-derived  exosome-like

vesicles  could  carry  genetic  material  between  parasites,  providing  a  means  for

genes, such as those conferring drug resistance, to spread rapidly between parasites

within the same host.  Like  microparticles,  these  exosome-like  vesicles  also were

found to increase differentiation into gametocytes [214]. Hence, microparticles and

exosomes may be both useful to the parasite and recognizable to the host.

Only  a  single  study,  however,  has  thus  far  examined  the  effects  of

microparticles  derived  from  the  human  parasite  P.  falciparum on  cytokine

production by human cells  [220],  and this study did not address the question of

which TLR are required to sense parasite PAMP. The data presented in this chapter

describes the derivation and characterization of  P. falciparum  microparticles, and
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the  effects  of  these  microparticles  on  cytokine  upregulation  from  PBMC.  The

microparticle-stimulated  upregulation  of  cytokines  is  partially  blocked  by  the

endosomal  acidification  inhibitor  bafilomycin  A.  In  addition,  previous  work

(Chapters 2-4) has suggested a role for activin proteins in hepcidin upregulation in

malaria infection. Current evidence suggests that stored activin A protein may be

produced and released into the circulation by bone-marrow derived cells, and that

activin A can also be produced de novo from circulating white blood cells [155, 156].

PBMC co-cultured with either whole schizonts or schizont-derived microparticles

are  shown  to  increase  production  of  activin  A  message,  further  supporting  the

hypothesis that activin A may contribute to the modulation of hepcidin in malaria

infections.
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5.2. Materials and Methods

Human PBMC preparation and culture 

PBMC  were  isolated  using  a  Ficoll  gradient  (GE  Healthcare)  from  the

heparinized blood of consenting healthy adult donors according to the Weatherall

Institute of Molecular Medicine local procedures, as described elsewhere [62, 132].

Cells  were plated in  RPMI-1640 media  (10% FCS,  also supplemented with 2mM

glutamine, 100U/mL penicillin, and 0.1mg/mL streptomycin, all from Sigma) to a

final concentration of 5 x 106 cells/mL, with 1 mL/well in a 12-well plate. The Ficoll

gradient procedure does not include the collection of the more dense neutrophil

fraction; hence, PBMC as referred to in this chapter does not include neutrophils. 

P. falciparum culture and concentration

All parasites used were of the laboratory strain A4. Parasites were cultured

as  previously  described  [221,  222].  Late-stage  trophozoites  and  schizonts  were

synchronized by a Plasmagel density gradient as previously described [223] on the

day of experimentation, with parasitemia confirmed by thin smear. Mycoplasma is a

frequent commensal of laboratory Plasmodium cultures: mycoplasma testing by PCR

was  performed  within  two  days  of  each  experiment,  usually  on  the  day  of

experimentation itself. New cultures of A4 were also periodically thawed to prevent

infection.  Experiments in which parasites were found to be mycoplasma positive

were discarded and are not included in analysis. Parasite culture, synchronization,

and mycoplasma testing were performed by R. Pinches. 
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Generation and characterization of microparticles 

Microparticles were isolated following the erythrocyte-derived microparticle

protocol described in Couper et al (2010)  [218]. Briefly, the required quantity of

concentrated iRBC or uninfected red blood cells (uRBC) was collected, washed 3x

times  in  PBS,  and  subjected  to  three  cycles  of  alternating  freeze-thaws  and

sonication.  The  resulting  mixture  was  then  spun  at  17,000g for  5  min.  The

supernatant was harvested,  diluted 1:4 in citrated heparinized PBS (chPBS),  and

spun  at  18,000g  for  90  minutes.  The  supernatant  from  the  second  spin  was

discarded. The resulting pellet was resuspended in chPBS at the starting volume of

schizonts (i.e. microparticles derived from a starting volume of 100 L of packedμ

infected red cells were diluted in 100 L chPBS). uRBC were subjected to the sameμ

procedure and the microparticles obtained used as controls. 

For microparticle size characterization, microparticles were diluted in chPBS

with  1 m  polystyrene  beads  (Polysciences,  Inc.),  and  analyzed  by  fluorescence-μ

activated cell  sorting (FACS) analysis.  To release their  protein and DNA content,

microparticle  membranes  were  disrupted  by  suspending  microparticles  in  a

solution  of  0.1%  Triton  X-100  SigmaUltra  (Sigma  Aldrich)  for  30  min.  Protein

analysis of microparticles was accomplished using the Pierce BCA Protein Assay Kit

(Thermo  Scientific)  kit  according  to  manufacturers’  instructions.  Plasmodium

genomic DNA (gDNA) levels in microparticles was analyzed using a 40S ribosomal

gene probe, S5, for SYBR green quantitative real-time PCR, with the assistance of S.

Kyes. 
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Microparticle or whole uRBC/iRBC treatment

For  microparticle  experiments,  unless  otherwise  stated,  PBMC  were  co-

cultured with 50 L microparticles for 24 h.  Whole uRBC and iRBC experimentsμ

were previously performed by A. Armitage and R. Pinches; as stated, PBMC were co-

cultured with 107 P. falciparum iRBC or an equivalent amount of control uRBC for 3

h  as  previously  reported  [132].  After  appropriate  incubation  time,  RNA  was

extracted  from  both  adherent  and  nonadherent  cells  using  Qiashredder

homogenization (Qiagen) followed by RNeasy Mini Kit extraction (Qiagen). 

TLR inhibitors

Cells were pre-treated with endosomal acidification inhibitors bafilomycin A

(100 nM, Sigma), Chloroquine (30 M), NHμ 4Cl (20 mM), cathepsin B inhibitor Z-FA-

fmk (10 M, Sigma), or TLR4 antagonist LPS-RS (25 g/mL, Invivogen). Inhibitorsμ μ

were all added to PBMC 1 h prior to microparticle treatment. All reagents except

chloroquine and LPS-RS were gifts from M. Hipp, chloroquine was a gift from the

Newbold lab. 

Previously described methods

RNA  quantification,  cDNA  synthesis,  and  qRT-PCR  were  all  performed  as

described in Chapter 2. 
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5.3. Results

Characterization of microparticles

Isolated  microparticles  were  initially  characterized  by  appearance  and

protein and DNA content. Microparticles were examined by FACS for size (forward

scatter, Figure 5.1, y-axis) and granularity (sideways scatter, Figure 5.1, x-axis). 1

m-diameter polystyrene beads were included as a size control in each experimentμ

to ensure that the size of microparticles was constant between experiments (Figure

5.1A).  Figure 5.1B and 5.1D depict  representative FACS plots of  uRBC and iRBC-

derived  microparticles.  Microparticles  were  typically  slightly  smaller  than  the

beads,  from 0.1-1 m diameter.  Treatment  with  Triton X-100,  a  mild  detergent,μ

completely ablated detection of both uRBC and iRBC microparticles (Figures 1C and

1E).  From these  results,  it  can  be concluded  that  these microparticles  are  lipid-

bound.
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Figure 5.1. Microparticles are membrane-bound entities that are disrupted by
detergent  treatment. (A)  shows  size  control  beads  only  (circled).  (B)  shows
microparticles derived from uRBC. (C) uRBC microparticles are no longer present
when solution has been treated for 30 min with Triton X-100, a mild detergent. (D)
iRBC-derived  microparticles  appear  more  variable  in  side  scatter  than  uRBC
microparticles, and are also destroyed by Triton X-100 treatment (E).

Figure 5.1. Microparticles are membrane-bound entities that are disrupted by detergent treatment.

The  protein  and  DNA  content  of  microparticles  were  analyzed.  Protein

content of microparticles was measured by Bradford assay against a standard curve.
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Figure 5.2A shows the protein content detected: uRBC-derived microparticles had

an average protein concentration of 6 g/ L, and iRBC-derived microparticles had aμ μ

slightly lower protein concentration of  3.5 g/ L.  To measure the  μ μ P.  falciparum

gDNA content of microparticles, qRT-PCR was performed for the P. falciparum 40S

ribosomal protein S5 gene. Figure 5.2B shows the qRT-PCR findings from a typical

microparticle experiment. All uRBC-derived microparticles samples were negative

for  P.  falciparum  gDNA,  while  all  isolates  of  iRBC-derived  microparticles  were

positive.  Extrapolating from a control  gDNA sample of known concentration,  the

concentration  of  gDNA  in  iRBC-derived  microparticles  was  estimated  to  be

approximately  0.25  ng/ L.  A  standard  treatment  of  50  L  iRBC-derivedμ μ

microparticles would therefore contain 12.5 ng of gDNA and 175 g protein, whileμ

50 L uRBC-derived microparticles would contain 300 g protein and no detectableμ μ

parasite gDNA. 
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Figure 5.2. Microparticles contain both proteins and parasite DNA.

 
Figure 5.2. Microparticles contain both proteins and parasite DNA.  (A) uRBC
microparticles and iRBC microparticles (n=3 in each group) were tested for protein
content using a Bradford assay. uRBC microparticles contained approximately 6.4

g/mL solution, while iRBC microparticles contained 3.3 g/mL. (B) qRT-PCR ofμ μ
microparticles for Plasmodium falciparum 40S ribosomal gene S5. Green lines at the
left show P. falciparum DNA included as a positive control (255 ng/ L). Central linesμ
are iRBC microparticles (n=2). At right are uRBC microparticles and water controls,
none  of  which  demonstrated  detectable  amplification.  iRBC  microparticles  were
calculated to contain 0.25 ng DNA/ L. μ
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Effects of iRBC-derived microparticles on cytokine production

Having  produced  P.  falciparum  iRBC-derived  microparticles  and  defined

them as lipid-bound entities containing parasite gDNA and protein,  the next step

was  to  characterize  the  effects  of  microparticles  on  cytokine  production  by

circulating white blood cells. PBMC were co-cultured with uRBC- and iRBC-derived

microparticles. Initial measurement of cells’ responses was assessed by examining

expression of TNF ,α  which frequently has been used as a measure of white blood

cell  activation  by  PAMP,  and  IL-6,  another  major  inflammatory  cytokine  that  is

known to have a role in stimulating hepcidin upregulation. 

To optimize our treatment of PBMC, time-course and titration experiment 

were performed. PBMC from a single donor were co-cultured with 50 L uRBC or μ

iRBC-derived microparticles, PBS as a negative control, or LPS as a positive control, 

all for 1, 4, 12, 24 or 36 h. Untreated cells were also harvested at time 0h to provide 

reference values. Both IL-6 and TNFα expression in response to iRBC-derived 

microparticles peaked at 12-24 h, while uRBC-derived microparticles did not elicit 

cytokine increases at any timepoint (Figure 5.3A-B). All future experiments use a 

24-h incubation. The kinetics of cytokine upregulation in response to LPS differed 

from those in response to iRBC-derived microparticles, with LPS responses peaking 

at earlier timepoints.

A  titration  experiment  revealed  that  iRBC-derived  microparticles  elicited

increasing  cytokine  production  reaching  a  maximum  at  treatment  with

microparticles  derived from 50 L packed iRBC (Figure 5.3C-D).  At  no dose didμ
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uRBC-derived  microparticles  appreciably  alter  gene  expression.  All  future

experiments use a dose of microparticles derived from 50 L packed iRBC at a 24 hμ

timepoint. 

Figure 5.3. Timecourse and titration of microparticles. PBMC were co-incubated
with uRBC microparticles, iRBC microparticles, or LPS as a positive control. Both IL-
6 (A) and TNFα (B) upregulation in PBMC treated with iRBC microparticles peak at
12-24 h. uRBC microparticles do not upregulate IL-6 or TNFα. Both IL-6 and TNFα
(C and D) show peak upregulation with 50-150 L iRBC-derived microparticles/mL.μ
All further experiments were performed with 50 L microparticles and at 24 h co-μ
culture.

Figure 5.3. Timecourse and titration of microparticles.

Treatment with iRBC-derived microparticles reliably and consistently elicits

induction of both IL-6 (Figure 5.4A, Dunn’s multiple comparisons test, p<0.01) and

TNFα (Figure  5.4B,  Dunn’s  multiple  comparisons  test,  p<0.001)  from  PBMC

obtained from multiple donors. Microparticles derived from P. falciparum therefore

represent  a  plausible  candidate  for  the  parasite  factor(s)  that  initiate  cytokine

upregulation and, eventually lead to hepcidin upregulation. 
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Figure 5.4. iRBC-derived microparticles consistently upregulate IL-6 and TNFα in PBMC from multiple healthy donors. 
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Figure 5.4. iRBC-derived microparticles consistently upregulate IL-6 and TNFα
in PBMC from multiple healthy donors. PBMC (n= 8) were co-cultured with 50 Lμ
uRBC  microparticles,  iRBC-derived  microparticles,  or  LPS  for  24  h.  iRBC
microparticles, but not uRBC microparticles, caused significant upregulation of both
IL-6 (A)  and  TNFα (B)  mRNA.  Each  donor  is  represented  by  a  single  dot,
experiments  were  performed  in  biological  duplicate.  Statistical  comparisons  are
Dunn’s multiple comparisons’ test after Friedman’s test. ** p<0.01. 
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 In order to further investigate the mechanism of microparticle recognition by

PBMC, an assortment of TLR antagonists were used to attempt to block cytokine

upregulation in PBMC. Multiple pilot experiments were performed (not shown) to

examine  the  effects  of  cathepsin  inhibitors  (Z-FA-fmk)  [224],  endosomal

acidification inhibitors (bafilomycin A, chloroquine, NH4Cl), and TLR4 antagonists

(LPS-RS).  None  of  these  compounds  produced  an  appreciable  decrease  in  TNFα

expression from iRBC-treated PBMC (not shown).  LPS-RS and NH4Cl appeared to

cause a minor decrease in  IL-6 expression,  but both compounds also produced a

considerable IL-6 upregulation when used to treat PBMC alone, as did chloroquine,

making these results challenging to interpret. 

The  most  promising  inhibitor  noted  was  the  endosomal  acidification

inhibitor bafilomycin A. This experiment was repeated with different PBMC donors

(n=5),  and  found  that  overall,  bafilomycin  A  inhibited  IL-6 with  marginal

significance  in  iRBC-derived  microparticles-treated  PBMC  without  appreciably

affecting controls (Figure 5.5A, Wilcoxon matched-pairs signed rank test, p=0.06),

but had no clear effect on TNFα (Figure 5.5B, Wilcoxon matched-pairs signed rank

test, p>0.05). Bafilomycin A, by preventing endosomal acidification and potentially

blocking the action of endosomal TLR receptors, may prevent the activation of some

intracellular signaling pathways following the treatment of PBMC with iRBC-derived

microparticles.
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Figure 5.5.  Bafilomycin A, an endosomal acidification inhibitor, partially blocks the cytokine upregulation elicited by iRBC-
derived microparticles. 
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Figure  5.5.  Bafilomycin  A,  an  endosomal  acidification  inhibitor,  partially
blocks the cytokine upregulation elicited by iRBC-derived microparticles. (A)
IL-6 upregulation  is  partially  inhibited  by  bafilomycin  A  (abb.  as  “Bafilo”)  with
marginal significance. (B) TNFα is not inhibited by addition of bafilomycin A. Donors
(n=5)  are depicted as in  Figure  5.4. Statistical  tests  are Wilcoxon matched-pairs
signed-rank test on iRBC- treated vs. iRBC+bafilomycin A-treated cells. 
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Finally, we explored whether whole iRBC or microparticles might stimulate

production of activin A from white blood cells. Previous studies (see Chapter 2-4)

had implicated activin A and B proteins as  playing a role in  hepcidin control  in

malaria infection. Armitage et al (2009) had demonstrated that hepcidin message

was upregulated in PBMC co-cultured with whole  P.  falciparum iRBC  [132].  This

experiment was reanalyzed and INHBA message measured from PBMC samples co-

cultured with uRBC or iRBC for 3 h.  Both hepcidin (Figure 5.6A, Dunn’s multiple

comparisons test, p<0.01) and activin A (Figure 5.6B, Dunn’s multiple comparisons

test,  p<0.05) were upregulated in PBMC co-cultured with whole iRBC, but not in

PBMC co-cultured with uRBC.

INHBA  expression  was  also  shown  to  be  upregulated  in  a  representative

standard microparticle (PBMC +/- iRBC microparticles or uRBC microparticles for

24 h,  Figure 5.6C).  Although further studies are needed,  these data suggest  that

PAMP carried by iRBC-derived microparticles or whole iRBC may cause PBMC to

increase production of activin A, and therefore lead eventually to an upregulation of

hepcidin, during malaria infection. Activin B mRNA (INHBB) was difficult to detect

in PBMC and did not appear to show an appreciable change in response to either

schizonts or to microparticles (not shown). 
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Figure 5.6. PBMC upregulate activin A message in response to both whole iRBC and iRBC-derived microparticles.
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Figure 5.6. PBMC upregulate activin A message in response to both whole iRBC
and iRBC-derived microparticles. An experiment was re-analyzed in which PBMC
(n donors =4) were co-cultured with iRBC or uRBC for 3 h [132]. Both HAMP (A) and
INHBA (B) were elevated at the message level in PBMC co-cultured with iRBC, but
not  those  co-cultured  with  uRBC.  (C)  Microparticles  also  stimulate  increased
production of INHBA. One donor’s PBMC were incubated with 50 L microparticlesμ
for 24 h as in previous figures: microparticles from uRBC but not iRBC stimulated an
increase in  INHBA  message.  Comparisons are  Dunn’s  multiple  comparisons tests
after Friedman test. * p<0.05, ** p<0.01.
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5.4. Discussion 

This  study presents  the  derivation  of  microparticles  from cultures  of  the

malaria parasite  P. falciparum. These microparticles are membrane-bound entities

that contain proteins and parasite gDNA. Microparticles derived from iRBC, but not

uRBC,  reproducibly  elicit  a  potent  cytokine  response  from  human  PBMC  at  the

transcriptional level. This effect is partially abrogated by the pre-administration of

the  endosomal  acidification  inhibitor  bafilomycin  A.  Finally,  activin  A  mRNA  is

induced in PBMC by either iRBC-derived microparticles or whole iRBC, providing a

potential mechanism for the increases in activin A peptide in the serum of malaria-

infected volunteers described in Chapter 3. 

P. falciparum-derived microparticles consistently induced increased cytokine

expression. Since microparticles may carry different  P. falciparum-derived PAMP,

such  as  GPI  or  parasite-derived  nucleic  acids,  a  range  of  experiments  were

performed with different TLR inhibitors. Bafilomycin A, a highly selective inhibitor

of H+-ATPase, the proton pump that is required for the acidification of endosomes

[225], inhibited IL-6 mRNA production across donors, but had less of a clear effect

on  TNFα.  Endosomal  TLR,  which  are  likely  to  be  affected  by  bafilomycin  A

treatment,  comprise  TLR3,  TLR7,  TLR8,  and  TLR9.  All  four  recognize  different

nucleic acid PAMP: TLR3 recognizes double-stranded RNA  [226], TLR9 recognizes

unmethylated  single-stranded  DNA  [227],  and  TLR7  and  8  recognize  single-

stranded  RNA,  as  well  as  small-molecule  antiviral  compounds  [228,  229].

Bafilomycin A therefore likely blocks PBMC detection of parasite nucleic acids; these
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data are in keeping with observations that TLR9-knockout murine macrophages are

less responsive to P. berghei iRBC-derived microparticles [218]. 

There  is  corroborative  evidence  for  an  effect  of  endosomal  inhibitor

compounds  on  cytokine  responses  in  malaria  infection.  One  study  found  that

chloroquine, also an endosomal acidification inhibitor, could greatly reduce TNFα

serum  levels  in  a  mouse  model  of  malaria  infection  [230].  A  novel  synthetic

antagonist  of  endosomal  TLR  restricted  TNF  production  in  splenic-derivedα

dendritic cells from malaria-infected mice [231]. 

The discrepancy between bafilomycin A’s effects on IL-6 and TNFα inhibition

is  intriguing.  Bafilomycin  A  administration  noticeably  inhibits  IL-6 mRNA

production, but not  TNFα. Transcriptional effects of TLR stimulation are mediated

through  multiple  mechanisms  that  can  be  MyD88-  dependent  or  -independent

(reviewed in [232]), but it is not immediately obvious why TNFα and IL-6 should be

differently affected at the message level. 

One  limitation  of  this  study  is  that  we  did  not  formally  show  that  the

membrane-bound bodies studied were microparticles or exosomes. The distinction

between microparticles and exosomes is based on both their size and their origin.

Microparticles (100-400 nm diameter) are thought to be released by vesiculation,

while exosomes (30-150 nm) are derived from endosomes [214, 215]. The particles

isolated in this work ranged from 10 nm in diameter to 1,000 nm, and no specific

steps were taken to eliminate the presence of smaller particles beyond the disposal

of supernatant that may have contained particles too small to be pelleted out during

centrifugation.  It  is  therefore  possible  that  these  microparticle  preparations
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contained  exosomes,  and/or  the  iRBC-derived  exosome-like  bodies  described  by

Regev-Rudzki  et  al  (2013)  [214],  as well  as  microparticles.  Further work should

fractionate the particles by size to determine which size category appears to exhibit

the most immunostimulatory properties. Another major limitation of this study is

that  we  were  unable,  in  numerous  pilot  experiments  not  presented  here,  to

investigate the immunostimulatory effects of other malaria-derived PAMP, such as

parasite  gDNA  or  membrane  GPI.  Therefore,  this  study  is  limited  only  to

microparticles. 

Previous work (Chapters  2-4)  demonstrated that  activin  A and B may be

involved  in  hepcidin upregulation  in  malaria  infection.  Both proteins  upregulate

hepcidin  in vitro  and  in vivo; activin B message is upregulated in malaria-infected

mouse liver tissue, and activin A protein increases with hepcidin in the serum of

malaria-infected volunteers. This work shows that PBMC, when co-incubated either

with iRBC derived-microparticles or with whole iRBC, upregulate activin A at the

message level. The response of PBMC to P. falciparum-infected red blood cells and

the  microparticles  that  are  produced  during  infection  represents  a  plausible

mechanism for increased circulating activin A levels in malaria infection. 

Future work should continue to elucidate the effects of parasitized red blood

cells  and parasite  products,  including microparticles,  on activin  A production by

white blood cells. Both message and whole activin A protein should be measured by

ELISA  in  different  cell  types  following  co-culture  with  iRBC  or  microparticles.

Neutrophils in particular are known to release preformed activin A in response to

treatment with different cytokines  [154]. Carefully designed  in vitro  experiments
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could enable a better understanding of what cell types might be responsible for the

systemic activin A protein increases noted in Chapter 4. 

Moreover, an important unanswered question is the relative contributions of

increased activin A and activin B to hepcidin upregulation in malaria infection. As

stated in Chapter 4, we were unable to obtain a reliable ELISA for activin B protein,

but as soon as this is possible, relative levels and changes in both activins’ serum

protein levels should be measured and compared during natural human infections

and/or CHMI. Might the short-term release of preformed activin A protein (as noted

in multiple animal models following inflammatory stimuli, for example  [139,  140,

149]),  stimulate the initial  hepcidin increase,  then the  de novo synthesis  of  both

activins  continue  to  maintain  raised  hepcidin  levels?  Studies  that  examine  the

timing of  the  increases  of  both activin  proteins,  to  compare and contrast  to  the

elevation of hepcidin, may help to answer this question.

Finally,  are  both  activins  A  and  B  required  for  hepcidin  upregulation  in

malaria infection? Knockout or knockdown mouse models may prove particularly

important for assessing the differing requirements for activins A and B in hepcidin

upregulation.  If  activin B or activin A can be knocked out (the latter requiring a

conditional knockout or a tissue-specific knockout, as Inhba-/- mice exhibit neonatal

lethality [159]) what are the effects on hepcidin expression at baseline and during

infection?  Can  higher  upregulation  of  activin  compensate  for  loss  of  the  other?

These issues present fruitful  areas for further study. Given the relative technical

difficulty  of  malaria  infections,  as  well  as  the  long  time  (~8  days)  that  elapses

between sporozoite infection and hepcidin upregulation, it is possible that some of
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these  studies  should  be  carried  out  using  a  more  tractable  model  of  hepcidin

upregulation, such as LPS injection.  
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CHAPTER 6: MEASUREMENT OF HEPCIDIN IN CORD SAMPLES FROM

A LONGITUDINAL COHORT AND AN ASSESSMENT OF EPIGENETIC

ASSOCIATIONS  WITH  HEPCIDIN  AND  CYTOKINE  CONCTRATIONS

AT BIRTH 

6.1. Introduction

Susceptibility to malaria is controlled by multiple host and parasite factors.

Host genotype has been estimated to control only approximately 25% of variation in

malaria risk [233], and the remainder is still partially unexplained. A previous study

in a longitudinal cohort in Muheza,  Tanzania demonstrated that TNF  and IL-1α β

levels in cord blood predict parasite densities and risk of severe malaria in infancy

and early childhood [120]. The data presented herein expands the findings from this

previous  work,  firstly  by analyzing  cord  blood  hepcidin in  this  cohort,  and  in  a

second  part  of  this  study,  by  exploring  the  possible  contributions  of  epigenetic

changes in DNA methylation to individual differences in levels of cord hepcidin and

cytokines. 

Hepcidin levels and function during the neonatal period have only recently

begun to be explored. Evidence linking cord hepcidin values with maternal hepcidin

or maternal iron stores is mixed. In a rodent model of pregnancy, iron stores in the

fetus  appear  to  be  maintained  at  the  expense  of  maternal  iron  stores  [234].

Meanwhile, hepcidin expression in the fetal liver is altered in response to maternal

iron stores, with hepcidin message decreasing in the fetuses of rat dams fed an iron
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deficient diet  [234,  235]. At term, maternal  serum hepcidin levels are low, likely

reflecting  the  intense  iron  requirements  of  pregnancy,  especially  in  the  third

trimester. Cord blood hepcidin values in healthy neonates have been noted to be

higher than mothers’ serum hepcidin values; no correlation was observed between

the two [121, 122]. 

The  studies  that  have  examined  hepcidin  in  cord  blood  have  observed

various correlations between hepcidin values  and other  iron status  markers. All

studies  reporting  both  cord  blood  hepcidin  and  ferritin  values  noted  a  positive

correlation  between  the  two  [121,  122,  124,  236],  with  one  exception  where

hepcidin  and  ferritin  were  not  correlated  [123].  sTfR  was  reported  as  inversely

correlated with hepcidin in one study [121], in another, an index based on the sTfR/

ferritin  ratio  was  inversely  associated  with  hepcidin  [122].  One  study  noted  an

inverse  association  between  hepcidin  and  EPO  [121],  two  others  found  no

association between hepcidin and EPO [123, 237]. 

Several studies suggest that hepcidin in neonates and infants may increase in

response to inflammatory or infectious stimuli. Hepcidin in low birth-weight infants

associates with neonatal sepsis [236, 238]. However, in the only study to date that

has examined cord serum hepcidin in a cohort where malaria was endemic, cord

hepcidin  levels  were  not  altered  due  to  placental  malaria,  but  this  study  was

relatively limited in in sample size  [125]. Only one study, to our knowledge,  has

compared cord blood CRP and IL-6 with cord blood hepcidin in a healthy population

of premature and term neonates; the authors found no association in either case

[124]. 
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The question of whether hepcidin is functionally active as an iron-regulating 

hormone in neonates is currently under investigation. A study focusing on iron 

absorption from milk at 6 and 9 months of life showed that iron absorption may not 

be regulated at all at 6 months of age, but is regulated at 9 months [239]. However, 

the increase in hepcidin associated with sepsis in neonates [236, 238] and the 

correlations detailed above between iron indices and hepcidin indicate a probable 

functional role in both iron homeostasis and response to infection, as in later life.

The  first  part  of  this  chapter  presents  an  analysis  of  cord  hepcidin  from

participants in a longitudinal cohort study in a malaria endemic-area, and compares

hepcidin with iron markers and other cytokines already assayed in these samples.

Cord hepcidin is also analyzed to assess any correlation with the future risk of iron

deficiency (ID), severe malaria (SM), or severe malarial anemia (SMA).

The second part of this study characterizes the epigenetic variation that may

underlie  differing  levels  of  hepcidin  or  cytokines  in  cord  blood.  Genetic

polymorphisms in cytokine-encoding loci have been frequently noted in populations

in geographical areas in which malaria is endemic (e.g. [240, 241]). However, to our

knowledge,  the role of  epigenetic  variation has not been studied in  this  context.

Epigenetic variation has also been shown to be associated with susceptibility to a

variety of diseases,  including systemic lupus erythematosus  [242],  asthma  [243],

and  diabetes  [244].  Epigenetic  variation  can  indicate  any  non-genetic  heritable

alteration that can affect gene expression:  including histone methylation,  histone

acetylation, or DNA methylation at CpG (cytosine-phosphate-guanine) genome sites.

The work presented here focuses on DNA methylation, which is currently the best
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studied  epigenetic  change,  as  one  factor  that  may  help  to  explain  the  differing

cytokine and hepcidin levels noted in this cohort at birth. 

DNA methylation was initially explored in the context of  CpG methylation

within  gene  promoters,  which  frequently  have  an  unusually  high  proportion  of

unmethylated CpG sites (CpG islands, reviewed in [245]). Increased methylation at

these promoter  sites  has  been viewed as  a  long-term means of  decreasing  gene

transcription, particularly in the cases of X-chromosome inactivation and parent-of-

origin-specific imprinting of genes (reviewed in [246] and [247]). However, further

work has showed that methylation at other genomic sites can affect gene expression

in more subtle ways. Primarily, studies have linked within-gene methylation with

increased transcriptional  activity  [248,  249],  although other  studies  have shown

that  increased  methylation  within  a  gene  may  block  transcriptional  elongation

[250].  Furthermore,  these  relationships  may vary by cell  type  [251].  In  general,

variations in DNA methylation in different gene regions appear to be important for

gene expression control, but the precise transcriptional consequences of changing

methylation at a particular CpG site cannot be predicted with confidence. 

As  large-scale  analyses  of  DNA  methylation  have  only  recently  become

available,  previous studies comparing DNA methylation with protein levels  in an

epidemiological context are limited.  One study has demonstrated that changes in

DNA methylation at a promoter CpG site in IL-2, as measured in cord blood, was

associated with asthma exacerbation and hospital admissions in a cohort of children

followed from birth to 8 years of age [128]. Promoter methylation at a CpG site in

the estrogen receptor   gene  was associated  both with  lower  transcription  andα
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protein levels of estrogen receptor  in the context of systemic lupus erythematosusα

in adult women [130]. Another study has shown that TNFα promoter methylation in

PBMC of women was negatively associated with TNF  protein levels in serum α [129].

In this study, the methylation of each CpG site within the genes encoding cytokines

and  hepcidin  are  compared  independently  with  the  cord  concentration  of  the

protein product of the appropriate gene.
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Materials and Methods

Cohort and clinical monitoring procedures

Cohort samples in this study were from the Mother-Offspring Malaria Studies

(MOMS) study at Muheza Designated Hospital, Tanzania. Descriptions of this study

cohort, and findings from it, have been previously described elsewhere [24, 30, 120,

252].  This  study  was  ethically  approved  by  the  Institutional  Review  Boards  of

Seattle BioMed, the National Medical Research Coordinating Committee in Tanzania,

and  the  International  Clinical  Studies  Review  Committee  of  the  Division  of

Microbiology  and  Infectious  Diseases  at  the  US  National  Institutes  of  Health.

Mothers were recruited at the time of parturition and provided informed consent

for themselves and their children. 

From birth to 1 year of age, well children were monitored by clinical visits

every two weeks; clinical visits were performed monthly in children above the age

of  1  year.  Visits  included  a  thin  smear  for  malaria  analysis.  Routine  sample

collection for further analysis, including assessment of iron status, was performed at

3, 6, and 12 months of age, and then every 6 months. Children who presented at the

mobile clinics or central hospital were treated appropriately, and samples were also

taken at sick visits.
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Clinical definitions of ID, SM, and SMA

ID  was  defined  as  published  in  this  cohort  [24] using  a  combination  of

ferritin and CRP measurements. Ferritin values <30 ng/mL were defined as ID in

conjunction with low CRP values (<8.2 g/mL); when CRP was high (>8.2 g/mL),μ μ

ferritin values <70 ng/mL were defined as ID. 

Because  ID status  can  change  throughout  life  and  there  were  differences

between the number of samples for iron measurement that were obtained per child,

a continuous variable was calculated that was representative of the iron status of

each child throughout the study. The proportion of ID visits was defined as for each

child as follows: (visits categorized as ID between 24-100 weeks of age)/(total visits

between 24-100 weeks of age at which samples were collected)

SM was defined by World Health Organization (WHO) criteria (also reported

in the context of this cohort  [120,  253]) as any of the following symptoms with a

malaria-positive  blood  smear:  prostration,  Hb  <50  g/L,  respiratory  distress,

hypoglycemia, or ≥2 convulsions in 24 hours. SMA was also defined in accordance

with  WHO  criteria,  as  Hb  <50  g/L  in  association  with  a  malaria-positive  blood

smear.

Processing of cord blood and serum samples 

Cord samples were obtained as previously described [120]. Samples of whole

blood were frozen for future epigenetic analysis. Serum samples were spun at 3000

g for 3 min to pellet out cells, serum was then frozen. All samples were kept at -80°C

until thawed for testing, and freeze-thaws were kept to a minimum. 
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Statistical analyses of cord hepcidin data 

All  analyses  except  comparison  between  cord  hepcidin  and  ID  visits  and

longitudinal  assessment  of  hepcidin  were  performed  by  E.  Brickley  using  Stata

(StataCorp LP version 12). Tabular data is presented in Word. ID visit comparison

was performed in R with support from R. Morrison. Cord hepcidin comparison to

peripheral serum concentrations of hepcidin at 76-100 weeks of age was performed

in GraphPad Prism (GraphPad Software, Inc., La Jolla, CA). P values are for two-sided

tests,  and  the  level  of  statistical  significance  was  set  at  P  ≤  0.05.  All  cytokine

measurements that were below the LOD were replaced by 50% of the LOD. 

Epigenetic sample selection, gDNA extraction, and analysis

Samples for epigenetic analysis were selected to represent groups within the

cohort of significant biological interest, such as participants who experienced severe

malaria  and  participants  born  to  mothers  of  different  gravidities  and  placental

malaria  status.  Participants  were  excluded  from  analysis  if  they  were  human

immunodeficiency  virus  (HIV)  infected,  twins,  stillbirths,  or  if  they  were  lost  to

follow-up or died in the neonatal period. 

Cord blood samples were extracted using one of two methods depending on

the amount of sample available. If >300 L blood was available, the Qiagen QIAampμ

DNA Midi Kit (Vacuum Protocol) was used according to manufacturer’s protocol. If
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<300 L was available, the Qiagen QIAamp DNA Mini Kit (Vacuum Protocol) wasμ

used.  DNA  concentration  and  purity  were  assessed  using  a Nanodrop  ND-1000

Spectrophotometer  (Wilmington,  DE,  USA).  A  subset  of  these  samples  were

extracted by E. Kabyemela.  No difference was observed between DNA yields and

purity from the two protocols. DNA methylation was measured by the 450k Illumina

HumanMethylation microarray as previously described [131], by the Johns Hopkins

University genetic resources core facility in collaboration with J. Bressler. 

Beta values, data normalization and processing

Raw 450k Illumina HumanMethylation data were processed using the lumi

software  pipeline  [254-256] by  K.  Shen  and  R.  Morrison.  Quality  control,  color

balance  adjustment,  background  correction,  and  quantile  normalization  were

performed using lumi in R. Probes located in the X or Y chromosomes were excluded

from analysis. Data are presented as beta values. Beta value = [methylated probe

intensity]/[methylated probe intensity + unmethylated probe intensity]. Therefore,

more methylated CpG sites will  have a higher beta value.  Beta values were logit

transformed before analyses for normality. 

Statistical analyses of epigenetic data: gene regions, false discovery rate, and sex

This study focuses on probes that were classified as associated with genes

that  encoded  proteins  for  which  we  had  cord  serum  concentration  data.  Probe

binding regions were classified as transcription start site (TSS) (defined as TSS1500,
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1500 base pairs (bp) upstream to start of promoter), promoter (1000 bp upstream

of 5’UTR), 5’ UTR (start of gene to first exon), exons, introns, or 3’UTR (end of last

exon to end of gene). 

False discovery rate (FDR) was defined in this study using a novel method.

For probes in a given gene X, FDR was determined by randomly choosing K probes

from  the  total  ~450,000  probe  database  at  random,  where  K  is  the  number  of

probes in gene X. This process was repeated 25,000 times to calculate the likelihood

that methylation at a randomly selected CpG site from within the genome shows a

correlation with protein X as significant as does a given CpG site in  X. Spearman’s

correlations were used to compare methylation beta-values at CpG sites with log-

transformed protein levels.

Site methylation-protein correlations were designated as significant if  and

only if  both FDR<0.05, and Spearman’s p<0.05. Correlations that were significant

are highlighted with bold lines in graphs. 

In previous epigenetic studies, sex has been established as an effect modifier

in humans and murine models [257-259]. Each gene was analyzed for any modifying

effect of sex. For a given gene X, associations were calculated between each CpG site

within  X  and protein X with males and females separately analyzed. Correlations

were ranked by significance. The Mann-Whitney test was used to test the resulting

distribution against the null hypothesis that sex had no modifying effect and that

significant probe-protein relationships should be equally distributed between sexes.

If  p<0.05,  relationships  between  methylation  in  X  and  X  protein  levels  were

significantly different between sexes, and further analyses for X were stratified by
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sex.  All  analyses of epigenetic data were performed in R with assistance from R.

Morrison. 

White blood composition in cord blood samples 

White  blood  cell  composition  was  measured  using  an  impedance-based

analyzer  (Abbott  Cell  Dyne  1200)  as  reported  in  [24].  White  blood  cells  were

divided  into  lymphocytes,  granulocyte,  and  mid-cells  (eosinophils,  basophils,

monocytes,  and precursors  [260]).  % of each cell type was calculated as follows:

(cell  type  of  interest/(granulocyes+lymphocytes+mid-cells))*100%.  Analysis  was

performed  in  GraphPad  Prism (GraphPad  Software,  Inc.,  La  Jolla,  CA).  In  this

chapter, PBMC is used to refer to white blood cells inclusive of neutrophils, as cells

were not fractionated prior to DNA extraction. 

Identifying SNPs in probe target sites 

The  National  Center  for  Biotechnology  Information  (NCBI)  maintains  a

database of all known human SNPs (dbSNP)  [261]. SNPs were extracted that fall

within the ~60 bp target region of each probe of interest in dbSNP and are reported

in Table 6.

Previously described methods

Human hepcidin EIA was performed as in Chapter 4. 
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6.3. Results

Hepcidin levels in cord blood vary by placental malaria status and marginally by sex,

but not by season of birth, genotype, birth weight, or maternal age or gravidity

Untransformed  hepcidin  cord  values  were  compared  by  different

biographical,  biological,  and  maternal  characteristics  and  examined  for  any

differences (Table 6.1, all statistical tests are Kruskal-Wallis tests). Notably, children

born  to  mothers  with  placental  malaria  had  significantly  higher  cord  hepcidin

(Table 6.1, p<0.05). The sex of the participant had a trend towards an association

with  hepcidin  values,  with  female  children  slightly  more  likely  to  exhibit  high

hepcidin  values  (p=0.06).  No  difference  was  noted  between  participants  born

during different seasons (malaria season defined as high between May and October,

low between November and April,  as previously reported  [120]),  thalassemia or

sickle  cell  genotype,  or  maternal  gravidity  (divided  into  primi-,  secondi-  and

multigravidae) (all p>0.05). Neither birth weight nor maternal age, both of which

were divided into tertiles for the purposes of analysis, associated with hepcidin level

(both p>0.05).
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Table 6.1. Placental malaria associates with higher cord hepcidin levels.

Characteristic Hepcidin  P value
Median (ng/mL) (IQR)

Questionnaire
Data

Sex 
  Female, n=341
  Male, n=370

31.6 (13.6, 55.9)
27.1 (14.6, 46.1)

0.0631

Transmission  season  at
delivery
  Low, n=341
  High, n=370

29.3 (15.9, 49.7)
27.2 (13.0, 50.5)

0.1885

Biological Measurements Thalassemia
  α2/ α2, n=321
  α2/ α3.7, n=294
  α3.7/ α3.7, n=85

29.6 (15.2, 50.2)
26.1 (13.7, 50.2)
27.9 (12.6, 46.0)

0.4563

Sickle cell trait 
  AA, n=593
  AS,n=116

27.9 (14.0, 50.1)
28.9 (14.8, 47.3)

0.9681

Birth weight 
  Low  (2.00-3.00  kg),
n=255
  Middle  (3.03-3.40  kg),
n=268
  High  (3.41-4.50  kg),
n=187

29.4 (14.2, 51.3)
28.5 (15.5, 50.1)
26.8 (13.1, 48.2)

0.5207

Maternal Characteristics Maternal gravidity 
  Primigravid, n=203
  Secundigravid, n=167
  Multigravid, n=341

31.3 (14.2, 50.8)
28.4 (15.5, 50.1)
27.7 (12.7, 48.2)

0.4894

Maternal age 
  Low (18-22 y), n=260
  Middle (23-28 y), n=231
  High (29-45 y), n=220

27.4 (15.7, 50.2)
29.4 (14.7, 49.7)
26.9 (11.6, 50.7)

0.6621

Placental malaria 
  No, n=613
  Yes, n=98

27.6 (13.3, 48.2)
34.2 (18.8, 63.6)

0.0150

Table  6.1.  Placental  malaria  associates  with  higher  cord  hepcidin  levels.
Untransformed hepcidin levels are compared between neonate groups subdivided
by different characteristics. Hepcidin median values for each group are shown, with
interquartile-range (IQR) in parentheses. P values are Kruskal-Wallis tests.

Hepcidin levels in cord blood samples correlate with iron status measurements, acute

phase indices, and cytokines

Hepcidin concentrations in cord blood were compared with measures of

iron status and cytokines previously obtained. Hepcidin was inversely correlated
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with  sTfR  (Table  6.2,  all  tests  are  Spearman’s  rank  correlation  with  Bonferroni

correction,  p<0.05,  r=  -0.14),  positively  correlated  with  acute  phase  marker  C-

reactive  protein  (CRP,  Table  6.2,  p<0.05,  r=0.18),  and  positively  correlated  with

ferritin, which is both an acute phase protein and a marker of iron status (Table 6.2,

p<0.05, r=0.29). Hepcidin was not associated with EPO (Table 6.2, p>0.05, r= -0.05).

Table 6.2. Cord hepcidin correlates with sTfR, CRP, and ferritin, but not EPO.

Hepcidin EPO sTfR CRP
EPO -0.0547

sTfR -0.1351* 0.1168*

CRP 0.1821* 0.0101 0.3648*

Ferritin 0.2851* 0.1341* -0.1073 0.0501

Table 6.2. Cord hepcidin correlates with sTfR, CRP, and ferritin, but not EPO.
Correlations are Spearman’s rank correlation with Bonferroni correction performed
using  untransformed  measurements  (n= 591).  Numbers  are  Spearman’s  rank
correlation coefficients, *p<0.05. 

The  correlations  between  hepcidin  and  other  cytokines  were  examined.

Hepcidin  was  significantly  correlated  with  TNF  (Table  6.3,  all  correlations  areα

Spearman’s  rank  correlation  with  Bonferroni  correction,  p<0.05,  r=0.27),  IL-6

(p<0.05, r=0.14), and IL-10 (p<0.05, r=0.16). Hepcidin was not correlated with TNF-

receptor 1 (TNF-RI),  TNF-receptor 2 (TNF-RII),  IL-1 ,  IL-4,  IL-5,  or IFN-  (all  inβ γ

Table 6.3, all p>0.05). The other correlations noted between cytokines have been

previously reported [120]; as previously noted, significant correlations are evident

between both pro- and anti-inflammatory cytokines in these cord samples. 
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Table 6.3. Cord hepcidin correlates with TNF , IL-6, and IL-10.α
Hepcidin TNFα TNF-RI TNF-RII IL-1  β IL-4 IL-5 IL-6 IL-10

TNFα 0.2710*

TNF-RI 0.1157 0.4107*

TNF-
RII

-0.0478 -0.1077 0.1310*

IL-1β 0.0690 0.6522 0.4552* -0.0646

IL-4 -0.0325 0.2332* 0.1288* -0.0227 0.2406*

IL-5 0.0396 0.3988* 0.2222* -0.0808 0.3470* 0.1727*

IL-6 0.1351* 0.1545* 0.2047* 0.1858* 0.3794* 0.1310* 0.1409*

IL-10 0.1610* 0.3219* 0.2169* 0.2178* 0.3375* 0.2244* 0.2654* 0.4569*

IFN-γ 0.0720 0.3583* 0.1659* 0.0130 0.3231* 0.3221* 0.2520* 0.1746* 0.3454*

Table 6.3. Cord hepcidin correlates with TNF , IL-6, and IL-10.α  Correlations are
Spearman’s  rank  correlation  with  Bonferroni  correction  performed  using
untransformed  cytokine  measurements  (n= 711).  Numbers  are  Spearman’s  rank
correlation coefficients, *p<0.05. 

Hepcidin levels in cord blood do not correlate with hepcidin in peripheral blood at 76-

100 weeks of age 

In  a  previous  analysis  of  data  derived  from  this  cohort,  TNF  proteinα

concentration  in  neonatal  cord  blood  was  shown  to  be  predictive  of  peripheral

TNF  levels  during  childhood (up to  3 years)  α [120].  Other  cytokines  previously

examined,  however,  did not show a similar correlation (IL-6,  IL-5,  and IL-10) or

were noted to correlate with cord levels only up to 1 year of life (IL-1 ). β

An initial subset of samples were examined for any correlation between cord

hepcidin and hepcidin from peripheral blood samples taken during scheduled well-

child visits. Peripheral samples were taken from well-child visits at 76 weeks of age

when  available  (n=68);  when  samples  from  76-week  visits  were  not  available,

samples from week 100 were substituted (n=20). No difference was noted between
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the distribution of hepcidin values at week 76- and week 100 timepoints (Mann-

Whitney test, p>0.05, not shown). The subset of children examined was not random,

but was selected to include representative children of both sexes from mothers of

every gravidity status.

Hepcidin  concentration  in  cord  blood  was  not  correlated  with  peripheral

blood samples taken from 76-100 weeks (Figure 6.1, Spearman correlation, p>0.05,

r=0.15). Interestingly, hepcidin was markedly lower in peripheral blood at 76-100

weeks than it  was in cord samples (Figure 6.1, Wilcoxon paired t-test,  p<0.0001,

geometric mean 34.11 ng/ L in cord blood vs. 8.00 ng/ L in peripheral samples).μ μ

This decrease likely reflects the suppression of hepcidin due to the intense need for

iron during a period of rapid growth. 
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Figure 6.1. Hepcidin at 76-100 weeks
is  not  correlated  with  cord  values.  

Figure 6.1.  Hepcidin at
76-100  weeks  is  not
correlated  with  cord
values.  Hepcidin  was
measured  in  a  pilot
subset  of  peripheral
blood samples from well
child  visits  at  76  weeks
(n=68)  or  100  weeks
(n=20)  of  age,  and
compared  with  cord
blood  samples  from  the
same  children.  No
correlation  was  noted
(Spearman’s  correlation
test,  p>0.05).  Values  at
76-100  weeks  were
significantly  lower  than
those  in  cord  blood
(Wilcoxon matched-pairs
signed  rank  test,

p<0.0001).

Hepcidin levels in cord blood are not associated with visits with iron deficiency 

Hepcidin cord values were examined for any association with future risk of

iron deficiency. The percentage of visits for each child that were categorized as ID

(detailed in Materials and Methods) was compared with hepcidin. As sex is known

to  modulate  iron levels  at  different  age  groups,  male  and  female  children  were

considered both as separate groups and combined.  No correlation was observed

between  the  proportion  of  ID  (termed  “IronDef”  in  figure)  visits  and  with  cord

hepcidin in either or both sexes (Figure 6.2, Spearman’s correlation, all p>0.05). 
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Figure 6.2. Hepcidin in cord samples does not predict proportion of visits with ID.

Figure 6.2. Hepcidin in cord samples does not predict proportion of visits with
ID. Percent of visits called as ID (“IronDef”) are compared with cord hepcidin for
male and female participants separately. Each dot represents a single child; color of
the  dot  indicates  sex.  No  correlation  was  significant  for  males,  females,  or  both
combined (all Spearman’s correlations, all p>0.05). 

Hepcidin levels in cord blood are not associated with increased risk of SM or SMA

Previously, IL-1  cord levels have been shown to predict the future risk ofβ

SM [120]. SM is defined as fulfillment of one of multiple pathophysiological criteria,

including  prostration,  hypoglycemia,  convulsions,  respiratory  distress,  or  severe

anemia [120]. Because distinct mechanisms may be involved in the development of

these different clinical signs, and because it was our judgment that any effects of
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hepcidin would be most likely to alter the risk of SMA, these data were also analyzed

for any relationship between cord hepcidin and SMA only. 

Table 6.4. Hepcidin values are not associated with occurrence of SM.

Table  6.4.
Hepcidin
values  are

not associated with occurrence of SM.  Hepcidin (n=  696 with full clinical data,
n=95 cases) is considered as a continuous variable and square-root transformed for
normality. Univariate model considers hepcidin against SM risk as a sole risk factor,
multivariate model adjusts for shared frailties:  village,  sex,  delivery transmission
season, thalassemia, sickle cell trait, birth weight, maternal gravidity, and placental
malaria status. SM is defined as in  [253] according to WHO criteria. P values are
calculated using Wald tests; hazard ratios (HR) are from Cox Proportional Hazards
Model.

The link between cord hepcidin and risk of severe  malaria  in  this  cohort

(n=696 children with hepcidin measurements and complete clinical data,  n=95 SM

cases,  results  shown  in  Table  6.4)  was  analyzed  using  univariate  analysis  or  a

multivariate  model  that  accounted  for  shared  frailties  (fully  listed  in  Table  6.4

legend).  Hepcidin was not a  significant  predictor for SM risk using either of  the

methods explored (both Wald tests, both p>0.05). No significant effect of hepcidin

on  risk  by  univariate  or  multivariate  analysis  was  present  when  analysis  was

restricted to SMA cases (n=696 children with hepcidin measurements and complete

clinical data, n=36 SMA cases, Table 6.5). 

Table 6.5. Hepcidin values are not associated with SMA occurrence.

Table  6.5.
Hepcidin
values  are
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Biomarker SD WHO SM (n=95)
HR (95% CI) P value

Hepcidin (Univariate) 2.72 1.09 (0.89, 1.34) 0.399
Hepcidin
(Multivariate) 

2.72 1.09 (0.89, 1.33) 0.414

Biomarker SD      WHO SMA (Hb<50 g/L, n= 36)
HR (95% CI) P value

Hepcidin (Univariate) 2.72 1.02 (0.73, 1.42) 0.927
Hepcidin
(Multivariate) 

2.72 0.97 (0.69, 1.36) 0.851



not associated with SMA occurrence. Hepcidin (n= 696 children with full clinical
data,  n=36 SMA cases) is considered as in Table 6.4. SMA is defined according to
WHO criteria of Hb <50 g/L. P values are calculated using Wald tests; HR are from
Cox Proportional Hazards Model.

DNA methylation in  hepcidin and cytokine genes correlates  with concentrations in

cord blood 

Environmental  influences,  gestational  age,  genetic  variation,  or  epigenetic

differences may all play a role in determining the variable levels of cytokines and

hepcidin  observed  in  cord  samples.  Epigenetic  contributions  were  assessed  by

performing a full-genome DNA methylation assay on gDNA from a subset of cohort

participants. gDNA was obtained from cord blood samples; as red blood cells are

non-nucleated, gDNA is presumed to be primarily from PBMC including neutrophils.

Analyses were restricted to CpG sites in the TSS regions, promoters, 5’ UTR, exons,

introns, and 3’UTR of genes encoding measured cytokines and hepcidin. Methylation

levels at CpG sites were examined for any correlations with the cord concentrations

of the appropriate protein. 

As a first step, methylation-protein correlations for each gene were analyzed

for any modifying effect of sex. Correlations between CpG methylation and TNFα

protein  levels  were  significantly  different  between  male  and  female  neonates

(p<0.0001,  Mann-Whitney  test).  There  was  also  a  significant  difference  in  the

relationship between CpG methylation and hepcidin protein levels by sex (p<0.05,

Mann-Whitney  test).  Therefore,  CpG  sites  occurring  in  these  two  genes  were

analyzed separately by sex in all  future analyses.  All  other cytokine analyses are
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shown with male  and female  data combined.  Correlations (as  in  Methods)  were

defined as significant if both FDR and Spearman’s P values were <0.05. 

No significant correlations were noted between CpG methylation and protein

levels  for  ferritin,  IFN- ,  IL-1 ,  or  IL-6  (not  shown).  TNF  concentrations  wereγ β α

significantly  correlated  with  TNF  α methylation  status  at  a  number  of  CpG  sites

(Figure  6.3A-B);  however,  most  of  these  correlations  were  only  observed  when

analysis was restricted to male neonates. In male neonates, methylation at two CpG

sites  in  the  promoter  region  of  the  gene  were  positively  associated  with  TNFα

protein values,  methylation at  one promoter site was negatively associated with

protein  levels.  One  exonic  site  was  positively  associated  with  protein  levels;

negative associations were observed at four CpG sites within exons and a single site

in the 3’UTR (Figure 6.3A). Notably, correlations in females were almost completely

absent, with methylation at only a single CpG site within an exon showing an inverse

relationship with protein levels (Figure 6.3B). 

163



Figure 6.3. Methylation values in different CpG sites associated with the TNFα gene are associated with TNF  protein levels inα
male neonates.

Figure 6.3. Methylation values in different CpG sites associated with the TNFα
gene are associated with TNF  protein levels in male neonates.  α (A-B) Graphs
show  logit-transformed  beta  values  compared  to  log-transformed  TNFα
concentration. Each dot represents a single individual’s measurement , color-coded
by region of gene in which probe was located. For each site, line shows relationship
(linear model). Significant correlations are highlighted by bold lines and the probe
number that corresponds with that site is included both in table and graph. Tables
are ordered according to Spearman P value. (A) Nine significant correlations exist
between CpG site methylation and TNF  in male neonates (α n=64).  (B) In female
neonates  (n=71),  conversely,  only  one  CpG  site  within  an  exon  is  significantly
negatively associated with cytokine levels. 
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Hepcidin had one site within an intron at which methylation was negatively

correlated with hepcidin cord protein levels  in  female neonates  but not in  male

neonates (Figure 6.4A-B).

Figure 6.4.  Methylation values in one CpG site in an intron of the  HAMP gene is associated with hepcidin protein levels in
female neonates.

Figure 6.4. Methylation values in one CpG site in an intron of the HAMP gene is
associated with hepcidin protein levels in female neonates. Data is presented as
in Figure 6.3. No significant correlations are noted in male neonates (A) but one CpG
site in an intron is significantly negatively associated with log-transformed hepcidin
values in female neonates (B). 
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All  other  cytokines  were  analyzed  without  first  subdividing  for  sex.

Correlations  between  methylation  at  two  IL-10  intronic  sites  were  significantly

negatively  correlated with  cytokine  levels  of  IL-10 (Figure  6.5A).  Methylation of

TNF-RI  at  three  exon  probe  sites  were  positively  associated  with  TNF-RI  levels

(Figure 6.5B). Finally, the methylation status at one site in the promoter region of

TNF-RII, and one site in the 5’ UTR region, were negatively associated with TNF-RII

protein levels. with respective cytokine values. 
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Figure 6.5. Methylation values in IL-10, TNF-RI, and TNF-RII show some correlations with respective cytokine values.

Figure  6.5.  Methylation  values  in  IL-10. TNF-RI,  and  TNF-RII show  some
correlations with respective cytokine levels. Data is presented as in Figure 6.3-4,
but male and female neonates are combined for the purposes of analysis (n=135).
(A) IL-10 log protein levels are negatively associated with methylation at two sites
in  an  intron.  (B)  TNF-RI  is  positively  associated with  methylation at  three sites
within exons, and (C) TNF-RII is negatively associated with methylation at two sites
in the gene’s promoter.
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Figure 6.5. Methylation values in IL-10. TNF-RI, and TNF-RII show some correlations with respective cytokine levels.

Correlations between gene methylation and protein levels are unlikely to result from

variation in PBMC composition, except in the case of TNF-RI

PMBC are comprised of a heterogeneous mixture of cells that may exhibit

different DNA methylation patterns as a result of differentiation [262]. Hence, inter-

individual differences in PBMC composition may be misinterpreted as differences in

methylation. In the individuals for whom both cord blood cell type composition and

epigenetic  data  had  been  measured,  cell  type  composition  was  compared  with

methylation levels at the 18 probe sites that showed significant correlations with

their  protein  products  (sites  of  interest).  Analyses  for  methylation  in  TNF  α and

HAMP genes  were  subdivided  by sex (n=50  males,  n=61  females,  the  remaining

individuals did not have available cell composition data). For other cytokines, males

and female data were analyzed together (n=111). Logit(beta) values for each site of

interest  were compared with % lymphocytes,  % granulocytes,  and % mid-range

white cells.

No significant correlations was observed between the percentage of any of

the  three  cell  types  to  methylation  levels  at  15/18  probe  sites  examined  (all

Spearman’s  correlation  tests,  all  p>0.05,  not  shown).  The  only  significant

correlations  were  noted  for  probes  cg26391891,  cg11268190,  and  cg16429476.

Notably, all were sites of interest associated with exons of the TNF-R1 gene. All three

had  logit(beta)  values  that  were  significantly  positively  correlated  with  the

percentage of lymphocytes, not associated with % mid-range cells, and negatively
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correlated with the % of granulocytes (Figure 6.6A-C, respectively, all Spearman’s

correlation tests, p and r values shown on graphs). 

Figure 6.6. Methylation values at probe sites in TNF-RI are significantly associated with cell type.
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Figure  6.6.  Methylation  values  at  probe  sites  in  TNF-RI are  significantly
associated  with  cell  type.  %  Granulocytes  (A),  %  mid-range  cells  (B),  and  %
leukocytes (C) were compared to logit (beta) values for the three probes in TNF-R1
that showed significant correlations with the protein product. Each symbol in dot
plots represents a single individual’s measurement (n=111); each probe is depicted
in a different color. All correlations are Spearman’s correlation tests.

Epigenetic analysis may be confounded by SNPs at several probe sites

SNPs at the site of a CpG probe can, by altering the sequence to which the

probe binds,  cause what appear to be inter-individual  differences in methylation

levels  [263]. Studies performed specifically to examine the effects of SNPs on the
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HumanMethylation450k Illumina assay have estimated that 4.3% of Illumina probes

may  have  a  documented  SNP  at  the  CpG  probe-binding  site  [264].  dbSNP  was

examined for the presence of known human SNPs in the 18 sites of interest; SNPs

were  located  within  the  probe-binding  area  of  9  of  them,  including  the  probe-

binding area within HAMP (Table 6). 

Table 6.6 SNPs are present at 9/18 probe sites of interest.

Gene Probe ID Probe Location SNP (dbSNP)
HAMP cg27273033 Intron rs74887182:35773676
TNFα cg24452282 Promoter rs4248160:31542693
TNFα cg01569083 Promoter rs41297589:31543262
TNFα cg03037030 Promoter  
TNFα cg04425624 Exon  
TNFα cg21467614 Exon  
TNFα cg23384708 Exon  
TNFα cg20477259 Exon  
TNFα cg09637172 Exon  
TNFα cg05952498 Exon  
TNFα cg06825478 3'UTR rs191617007:31546014
IL-10 cg15096505 Intron rs190113461:206943569

IL-10 cg17067005 Intron
rs140487354:206945304
rs3024490:206945311

TNF-RI cg11268190 Intron  
TNF-RI cg26391891 Exon rs200900510:6439066
TNF-RI cg16429476 Exon rs200029309:6439013
TNF-RII cg13836770 Promoter  
TNF-RII cg24635257 Promoter rs36205948:12226905

Table 6.6 SNPs are present at 9/18 probe sites of interest.  NCBI database was
used to identify SNPs at the sites of probes from the analyzed genes. Analysis was
limited  to  SNPs  at  which  significant  association  between  methylation  level  and
protein levels had been detected.
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6.4. Discussion

Cord levels of some cytokines have been shown to be predictive of the risk of

both malaria parasitemia and of severe malaria syndromes in early childhood [120].

Hepcidin  fulfills  a  unique  role:  controlling  iron  metabolism  both  during  normal

homeostasis  and  in  the  context  of  infection.  This  work  presents  an  analysis  of

hepcidin levels in cord blood samples from a cohort in Muheza, Tanzania, and a first

investigation  into  the  epigenetic  mechanisms  that  may  underlie  the  individual

differences in hepcidin and cytokine levels at birth. 

The  only  biographical  variables  that  were  significantly  associated  with

increased  cord  hepcidin  values  were  placental  malaria,  and  with  marginal

significance,  female  sex.  The  association  of  increased  cord  blood  hepcidin  with

placental malaria is novel: the only previous report to examine cord hepcidin in a

malaria-endemic area found no effect of placental malaria on cord hepcidin [125]. A

different hepcidin quantification assay is used herein, but round-robin comparison

of different hepcidin assays showed that although absolute numbers tend to vary by

assay, trends are generally conserved, as mentioned previously in Chapter 4  [192,

193]. Hence,  the different findings reported in van Santen et al  (2011) are more

likely to result from differences in cohort size and composition rather than technical

variability.  This previous study was smaller than ours in number of participants

(n=69  neonates  in  [125] as  opposed to  n=711  in  the  study reported  here),  and

subtle effects would therefore have been more likely to be detected in the analysis

reported herein. However, no trend towards higher hepcidin values in cord blood

from neonates whose mothers had experienced placental malaria was evident in the
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previous study. Other explanations for these different results may be found in the

differences between study participants: the previous study restricted its analysis to

primigravidae,  while  the  data  reported  here  considers  all  gravidity  categories.

Furthermore, van Santen et al (2011) conducted their study in a cohort localized in

Gabon, in an area of “stable meso- to hyperendemic malaria transmission”  [125],

whereas the Tanzanian cohort reported here typically experiences intense seasonal

transmission. It is possible that differences in participant demographics, ethnicity,

or malaria transmission patterns may account for the distinct findings.

The presence of raised hepcidin in the cord blood of neonates whose mothers

have  placental  malaria  is  of  potential  clinical  importance.  It  is  plausible  that

upregulated  hepcidin  by  the  fetus,  in  response  to  placental  malaria,  serves  to

restrict maternal-fetal iron transfer, thereby resulting in lower iron stores at birth

(although  some  studies  suggest  that  placental  malaria  is  not  associated  with

lowered neonatal iron stores [265]) or, if hepcidin remains elevated, to reduce post-

birth iron acquisition.  Upregulation of hepcidin at  the message level  has already

been noted in placental tissue from pregnant women with placental malaria [266],

and it is possible that an unknown proportion of the hepcidin we have measured is

partially sourced from the placenta rather than the fetal liver. 

The  fact  that  cord  blood  hepcidin  correlates  with  CRP  may  indicate  that

hepcidin’s upregulation in the fetus in placental malaria is modulated partially by

inflammatory signaling. Chapters 2-5 describe the possible involvement of activin A

and  activin  B  proteins  in  hepcidin  upregulation  in  malaria  infection  in  rodent

models  and  in  adults  infected  in  CHMI  trials.  Activin  A  has  previously  been
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measured in cord blood in several studies  [267], and shown to be upregulated in

neonates  from  pregnancies  in  which  pre-eclampsia  occurred  [268],  in  the  cord

blood of neonates whose mothers who had been treated with selective serotonin re-

uptake  inhibitors  during  pregnancy  [269],  and  in  hypoxic  neonates  [270].  As

methods of measuring activin B are still novel, to our knowledge, activin B has not

yet been measured in cord blood. The measurement of activin A and activin B in

cord blood,  and comparison with hepcidin and with placental  malaria status are

logical next steps for these studies. 

In addition, the finding of marginally higher hepcidin cord blood values in

females is  worthy of further investigation.  A single study found that cord serum

hepcidin did not vary significantly by sex [121], but as the difference we noted was

only marginally statistically significant with a sample size of 711 participants, it is

possible that this relatively subtle effect may not have been detected in the smaller

cohort previously reported (n=191 neonates in  [121]). A sex-related difference in

hepcidin  at  birth  is  an important  contribution to  our  evolving  understanding of

differences  in  iron metabolism  throughout  life.  Adult  men  and  post-menopausal

women tend to have higher iron-related indices and higher baseline hepcidin levels

than women of childbearing age [198]. This has largely been thought to be due to

the  monthly  iron  loss  of  menstruation  in  women  of  child-bearing  age  and  the

subsequent need for more efficient iron intake than men. In infants, evidence exists

to  suggest  that  hepcidin  may  be  lower  in  males  than  females,  following  the

immediate post-birth period. A study of healthy Zimbabwean non-anemic infants at

3, 6, and 9 months of age revealed that hepcidin was non-significantly lower in male
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infants  [271]. A separate study of Kenyan infants at 6 months found that hepcidin

was lower in males and correlated with lower iron-related indices [272]; lower iron

indices in male infants have additionally been noted elsewhere [273, 274]. The data

presented  here  adds  to  our  total  knowledge  of  sex-related  hepcidin  differences

throughout  life.  Summarizing  the  available  information,  it  appears  that  hepcidin

may be marginally higher in female neonates,  that higher female hepcidin values

persist  throughout  infancy  and  possibly  childhood,  but  that  this  trend  reverses

during puberty, likely coinciding with menarche.

The data presented in this chapter confirm a positive association of cord

blood hepcidin with ferritin and the negative association of hepcidin with sTfR in

these neonatal samples, in agreement with reports from the literature. As stated in

the Introduction (Chapter 6), the majority of studies that have examined cord blood

hepcidin and ferritin find a positive correlation between the two, and an inverse

correlation with sTfR. In this study, hepcidin was not found to correlate with EPO, in

agreement  with  some  studies  [123,  237],  but  not  all  [121].  These  findings  may

indicate  that  hepcidin  in  the  perinatal  period,  in  this  population,  is  affected  by

inflammation and iron status, but not by hypoxia. 

Several of the iron indices’ correlations were unexpected. EPO and sTfR

were correlated, as previously reported in adults [275] and in cord blood [123]. The

observed correlation between CRP and sTfR is harder to explain. It is possible that

the neonates who are more inflamed (high CRP) also exhibit iron deficiency (higher

sTfR). If inflammation is also associated with iron deficiency in these neonates, then

the lack of correlation between ferritin and CRP might also be explained, if ferritin is
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both downregulated by iron deficiency and upregulated by the inflammatory stimuli

that increase CRP. Finally, that ferritin should exhibit a positive correlation with EPO

is surprising and not immediately explicable. 

Serum cord  levels  of  pro-  and  anti-inflammatory  cytokines  in  this  cohort

have been previously found to be significantly positively associated with each other

[120]. In the data presented in this chapter, hepcidin was found to be significantly

correlated with TNF , IL-6, and IL-10, but not other cytokines. Hepcidin and IL-10,α

and hepcidin and IL-6,  have previously been shown to be correlated in  multiple

studies examining circulating cytokines in malaria-infected children [103, 104], and

both IL-10 and IL-6 have been proposed as cytokines responsible for the proximate

control of hepcidin in malaria infection [276]. The correlation of these factors with

hepcidin in cord blood suggests that the co-regulation of interleukins and hepcidin

begins  in  the  prenatal  period.  Fewer  prior  data  are  available  to  support  the

strongest correlation, between TNF  and hepcidin, reported in this chapter, but oneα

of  the  above-cited  studies  looking  at  circulating  cytokines  in  malaria-infected

children found an association between TNF  and hepcidin α [104].

In a limited pilot  study,  no association was noted between cord hepcidin

measurements and serum levels in early life, at a timepoint (76-100 weeks) when

TNF ,  but  not  any other  cytokine,  retains  a  correlation  with  cord  values  α [120].

Hepcidin in the serum is known to increase after oral intake of iron [277, 278], and

displays  a  diurnal  rhythm independent  of  oral  intake  [180].  Most  samples  were

taken in the morning, but there was variation both in the time of sample collection

and in the proximity of this time to oral intake. Both of these factors are potential
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sources  of  variation  in  hepcidin  levels  after  birth.  Given  these  limitations,  it  is

perhaps  not  surprising  that  no  evidence  was  observed  to  support  a  genetic  or

epigenetic  effect  continuing  into  infancy.  Similarly,  the  data  were  analyzed  to

identify  any  ongoing  effect  of  hepcidin  levels  at  birth  on  iron levels  or  malaria

susceptibility throughout life. Cord hepcidin was not found to be a predictor for iron

deficiency,  or  for  clinical  presentation  with  severe  malaria  or  severe  malarial

anemia. However, again, clinical outcomes are likely to be affected by multiple other

host or parasite factors, making any but the clearest effect challenging to observe. 

As evidenced by the association of cord levels of TNF  and IL-1  with futureα β

cytokine levels and incidence of severe malaria  [120], levels of some cytokines in

cord  blood  may  be  indicative  of  genetic  or  epigenetic  differences  that  persist

through  childhood  and  thereby  have  important  implications  for  disease

susceptibility.  Epigenetic contributions to neonatal cytokine levels have not been

well  explored.  In  this  work,  differences  in  DNA  methylation  in  cytokine-  and

hepcidin-encoding genes are found to associate with levels of their protein products

in cord samples. Several significant correlations, both positive and negative, were

noted between the cord protein concentration of TNF , hepcidin, IL-10, TNF-RI, andα

TNF-RII, and the levels of methylation at different CpG sites within their respective

genes.  Interestingly,  methylation at  different sites  within the introns,  exons,  and

UTR portions of several genes showed significant correlations with protein levels, as

well  as  sites  within  the  promoter  regions.  Moreover,  of  the  promoter  sites  that

showed  a  correlation  with  protein  levels,  several  showed  a  positive correlation.

These data bolster claims that that the general model of transcriptional suppression
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by promoter  methylation  may be incomplete  [246],  and the actual  relationships

between gene transcription and methylation more complex. 

Epigenetic  studies  frequently  find that  sex has  a  modifying  effect  in  both

human studies and rodent models [257-259, 279], although the reasons for this are

not yet fully understood. TNF  protein-methylation correlations were prominentlyα

skewed by sex: strong correlations existed between many CpG sites’  methylation

and TNF  cord values, but almost entirely in male neonates. Hepcidin also showed aα

modifying effect of sex: a significant correlation between methylation at one site

was  significantly  associated  with  protein  levels  in  females  but  not  males.  The

proximal  reason for  an  epigenetic  sex  bias  in  these genes  is  unclear:  TNFα and

HAMP are on autosomal chromosomes. 

PBMC are frequently used in epigenetic studies due to the relative ease of

sample  collection;  however,  multiple  authors  have  suggested  that  methylation

analyses should be performed on sorted cell populations due to differences between

DNA methylation in different cell types [262], or that computational analyses should

be used to determine PBMC compositions from epigenetic data [280]. We attempted

to  address  this  issue  by  analyzing  cell  composition  (in  terms  of  %lymphocytes

%granulocytes, and %mid-range cells) and whether cell composition was associated

with  methylation  at  key  CpG  sites.  Cell  composition  did  not  correlate  with

methylation at the majority of sites examined, with the notable exception of three

sites in the TNF-RI gene. PBMC samples with a greater % of lymphocytes showed an

increase in methylation at all three sites in the exons of the TNF-RI gene, suggesting

that TNF-RI gene body CpG sites may be more methylated in lymphocyte cells than
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in granulocytes, although we were not able to find previous reports of this in the

literature. Notably, the lack of any association observed between methylation status

in  other  genes’  probe  sites  and  cell  composition  indicates  that  the  other  15

correlations observed between cytokines’ methylation status and protein levels are

not likely due to changes in cellular composition. However, other published studies

have been able to subdivide cells into different and more precise categories by using

a variety of cellular markers  [262], and the possibility cannot be excluded that a

more subtle shift in composition of PBMC is responsible for the apparent differences

in methylation.

Finally,  multiple studies in populations affected by malaria,  similar to this

particular  cohort,  have  documented  polymorphisms  in  many  of  the  cytokine-

encoding genes described above (some examples:  [281-283]). SNPs at the site of a

CpG probe can affect methylation levels [263], even if the SNP is not precisely at the

site  of  probe  binding  [284-286].  The  dbSNP  database  has  records  of  SNPs  at  a

significant subset of this study’s probe sites of interest. 

Some authors  [264] have opined that the most appropriate action to take

with Illumina 450k probes that may harbor CpG site SNPs is to exclude them from

analysis altogether. However, we would posit that, in this particular case, exclusion

of all the CpG probes that may harbor SNPs in their target sequence is too general a

prohibition  for  both  technical  and  biological  reasons.  Technically,  the  dbSNP

database  is  an  evolving  resource,  our  knowledge  of  human  genetic  diversity  is

incomplete, and the SNPs currently recorded in the dbSNP database may not always

apply to our specific Tanzanian population.  Secondly,  SNPs occur in genes under
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selective pressure; variation in methylation may occur in similar locations for the

same reason. To exclude sites that may harbor SNPs risks excluding the methylation

changes  that  may  of  be  most  important  biological  significance  independent  of

genotype. Therefore, instead of excluding probes that may be associated with SNPs,

at the time of writing, work is underway to genotype our population at pertinent

sites in the cytokine and hepcidin genes, to permit direct comparison of genotype

and epigenotype at these important loci. These studies should enable us to ascertain

whether  epigenotype-protein  correlations  may  be  truly  attributable  to  genetic

differences, or whether the effects observed represent truly novel associations of

epigenetic changes with protein levels. 

In summary, these data present the first large-scale study of hepcidin levels

in cord blood samples from a cohort study in which malaria is endemic. Cord levels

of hepcidin were increased in neonates whose mothers had experienced placental

malaria. Cord hepcidin correlated with neonatal levels of some iron markers and

cytokines, but did not predict future hepcidin levels or clinical outcomes. Epigenetic

difference in cytokine and hepcidin-encoding genes and their correlation with their

protein  products  are  also  presented.  These  preliminary  results  still  must  be

validated by genetic sequencing of crucial loci, but this work is a first step towards

the  establishment  of  an  epigenetic  contribution  to  neonatal  cytokine  levels  and

subsequent clinical outcomes.
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CHAPTER 7: DISCUSSION

While iron supplementation or iron replete status are linked with malaria

susceptibility, malaria infection can precipitate potentially life-threatening anemia.

Hepcidin, the master controller of iron metabolism, has been shown to increase in

uncomplicated malaria infection, and may contribute to the dyserythropoiesis and

anemia  of  malaria,  modulate  susceptibility  to  superinfection,  and  inhibit  the

utilization of oral iron. 

On  the  global  level,  malaria  remains  a  major  cause  of  anemia,  and

pharmacologic means of alleviating anemia during or following malaria infection are

badly needed, for use in conjunction with the appropriate antimalarial treatments. A

first step towards the development of these agents is an improved understanding of

the mechanisms behind the hepcidin increase during malaria infection, and the bulk

of the data presented in this thesis are aimed at addressing that goal. 

Hepcidin  increases  in  the  context  of  non-malarial  infections  have  been

primarily  found  to  be  associated  with  an  increase  in  the  activity  of  the  Stat3

signaling pathway; however, the evidence from a murine model of malaria infection

presented in Chapter 2 challenges this prevailing view. No correlation was observed

between multiple indicators of Stat3 pathway activity and hepcidin expression in

this  model.  Conversely,  the  Smad  signaling  pathway  indicator  gene  Id1 was  co-

upregulated with hepcidin during increased parasitemia. These data may contrast

with previous studies of hepcidin upregulation in the context of other murine mouse

infections  [62], but they agree indirectly with a study that suggests that hepcidin
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increases post-LPS administration may be modulated through the Smad signaling

pathway [93], and confirm previous reports of Id1 upregulation in malarial infection

[67]. 

Further  studies  in  the  same  model  revealed  that  despite  the  apparent

involvement of the Smad signaling pathway in hepcidin increase in infection,  Bmp

genes themselves were either unchanged or downregulated in multiple tissues at

the message level. However, a recent report was published during this work that

detailed  the  involvement  of  TGF  superfamily  member  activin  B  on  hepcidinβ

upregulation via the Smad signaling pathway, in an inflammatory context  [93]. In

our model of malaria infection, hepatic expression of activin B was increased and

correlated with Id1. 

The  upregulation  of  hepcidin  by  activin  B  and  activin  A  have  only  been

described in a single report each, and the two studies were performed in different

human  hepatoma  cell lines  [84,  93].  The  experiments  presented  in  chapter  3

confirm these reports and show that both activin A and B upregulate hepcidin in

HepG2 hepatoma cells and in healthy iron-deprived mice, adding to the plausibility

of an effect of activins on hepcidin during malaria infection. 

To test the applicability of these in vitro and animal model findings to human

infection, samples were obtained from human CHMI experiments. Hepcidin protein

and  activin  A  were  found  to  co-increase  in  the  serum  of  volunteers  during  P.

falciparum  infection. The changes in hepcidin and activin A during infection were

significantly  correlated  between  volunteers;  indeed,  this  correlation  was  more

pronounced  than  were  the  correlations  between  hepcidin  and  changes  in  acute
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phase markers ferritin or CRP. Taken together, the data presented in the first part of

this thesis indicate a likely role for activin proteins in hepcidin upregulation in the

context of malaria infection, via Smad signaling.

A secondary aim in this thesis was to attempt to clarify what malarial PAMP

is recognized by circulating PBMC and initiates the systemic cytokine production

that  eventually leads to  hepcidin upregulation.  iRBC-derived microparticles  from

rodent parasite  P. berghei  have previously been described as cytokine-stimulatory

[218,  219]. A single study has shown a cytokine-stimulatory role for  P. falciparum

iRBC-derived microparticles; this study also demonstrated that microparticles may

have  a  role  in  promoting  gametocytogenesis  in  P.  falciparum  culture.  The  data

presented in Chapter 5 demonstrate that microparticles derived from P. falciparum

iRBC elicit  IL-6 and  TNF  α upregulation from PBMC. This upregulation is partially

inhibited  by  the  endosomal  acidification  inhibitor  bafilomycin  A,  adding  further

evidence  to  previous  studies  that  have  shown  a  role  for  endosomal  TLR  in

recognition of malaria infection [209-211]. Pilot studies indicate that iRBC-derived

microparticles  elicit  message-level  increases  of  INHBA  from  PBMC.  Additionally,

reanalysis  of  a  published  experiment  [132] showed  that  PBMC  also  upregulate

INHBA when co-cultured with whole iRBC. Together, these data indicate that iRBC-

derived  microparticles  can  act  as  a  trigger  of  cytokine  upregulation  in  malaria

infection, possibly via recognition by an endosomal TLR. These findings also suggest

a solution to the conundrum set up by data presented in Chapters 2 and 4, in which

activin  A protein was found to increase in  human serum but  to decrease at  the
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message level in the livers of malaria-infected mice. The increased levels of activin A

protein noted during human infection may come from circulating PBMC. 

What is the relative importance of activin B and activin A upregulation in

malaria,  and  what  physiological  source  does  each  protein  come  from?  Due  to

technical limitations, discussed fully in Chapter 5, we have only been able to form an

incomplete picture of how activins change in human malaria infection and in murine

models.  Activin  B  message  increases  in  the  livers  of  malaria-infected  mice,  and

activin  A  protein  in  the  serum  of  human  volunteers  infected  in  CHMI  trials.

However, no data yet exists on the levels of both proteins in murine serum, and of

activin  B  in  human  serum,  during  malaria  infection.  Measurement  of  these

parameters  is  crucial  for  advancing  our  understanding  of  the  precise  roles  of

different  activins.  Additionally,  the  use  of  mice  with  organ-specific  activin  gene

knockouts may help to shed light on this question. Moreover, the roles of activins C

and E remain completely unexplored; neither is upregulated at the message level in

the livers of mice injected with LPS [93], but nor is activin A, which increases in the

serum presumably as a result of protein release or message-level upregulation in

other tissues. Activin proteins C or E may also have an as-yet unexplored role in

hepcidin  control  that  can  be  examined  by a  combination  of  in  vitro and  in  vivo

studies. 

Why  should  activins  and  the  Smad  signaling  pathway  be  responsible  for

hepcidin  upregulation  in  malaria  infection,  while  in  acute  viral  and  fungal

infections[62], the Stat3 signaling pathway appears to control hepcidin increases?

Two theoretical possibilities are the need for hepcidin upregulation in a relatively
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long term-rather than acute infection, and the need to upregulate hepcidin using the

dominant Smad signaling pathway. 

As opposed to the fungal and viral infections in which hepcidin upregulation

was previously analyzed in murine models  [62], malaria infection has a relatively

indolent course. The mouse model of malaria infection presented in this manuscript

requires  eight  days  to  exhibit  hepcidin  upregulation,  and  most  mice  are  not

outwardly symptomatic at that time. Children who live in highly malaria-endemic

areas  may  be  exposed  to  several  hundred  infective  bites  a  year,  have  several

episodes of febrile malaria, and frequently carry parasites asymptomatically as well

[287]. Upregulation of inflammatory cytokines such as IL-6 occurs mostly during

febrile episodes and, while likely critical for parasite control during some infections,

also contributes to the development of life-threatening severe malaria. Moreover, a

febrile  malaria  episode  reduces  the  subsequent  production  of  inflammatory

cytokines in response to parasite stimuli,  suggesting that  production of IL-6 and

other inflammatory cytokines are limited to protect the health of the host  [288]. If

hepcidin  upregulation  was  contingent  upon  increased  Stat3  signaling,  repeated

upregulation  of  IL-6  might  be  required,  which  could  be  harmful;  perhaps  Smad

signaling by activins has therefore evolved to be a more tolerable primary method

of  controlling  hepcidin  in  malaria  infection.  Against  the  theory  that  increased

activins may be more tolerable than increased IL-6 is a murine study that shows

that raised activin A following LPS injection in mice contributes to mortality [139],

but this was not replicated in a following mouse study that treated mice with whole

bacteria instead of LPS [170], and has not been yet shown in human studies. 
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Additionally, several studies have shown that Smad signaling is in some ways

dominant  to  Stat3 signaling  [94,  95].  Possibly  due  to  the  unique  red  blood  cell

tropism of the malaria parasite, malaria growth is closely tied to the iron status of

the  host  [289].  Perhaps  the  need  to  efficiently  control  iron  levels  in  a  malaria

infection requires the use of the most effective hepcidin upregulation pathway. It

might be beneficial  to discover if  hepcidin upregulation is also controlled by this

pathway in the context of other red blood cell-tropic parasitic infections, such as

babeiosis. 

What  are  the  practical  implications  of  activin  protein  involvement  in

hepcidin  increase?  The  inhibition  of  hepcidin  in  conjunction  with  antimalarial

treatment would likely permit more effective iron absorption and speed recovery

from malarial anemia. Multiple methods are being explored to develop and test safe

and effective anti-hepcidin treatments (reviewed in  [290]),  but none so far have

achieved  clinical  use.  Moreover,  use  of  hepcidin-inhibiting  drugs  risks  over-

inhibition of hepcidin and over-raising iron levels (which itself may contribute to

disease  susceptibility).  Drugs  targeted  at  the  factors  upstream  of  hepcidin

upregulation should only restore hepcidin to the levels appropriate for the host’s

iron status and therefore are a compelling alternative option for hepcidin control

during or following malaria infection. 

The  activin-binding protein  follistatin  has  been previously  used in  mouse

models of acute inflammation and found to decrease mortality [139], and follistatin

has  been  discussed  as  a  potential  clinical  option  to  block  activins  in  disease

conditions  [145].  Data  presented  in  Chapter  3  describes  the  attempted  use  of
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follistatin-315 to block activins’ actions on hepcidin during malaria infection in a

murine model. This series of experiments was affected by technical problems in vivo.

Follistatin-315 blocked activin-mediated hepcidin and Id1 upregulation in vitro, but

had no effect on gene expression in untreated cells, indicating that activins likely do

not control hepcidin outside of inflammation and infection. In subsequent murine

experiments,  follistatin  administration  did  not  show  a  notable  effect  on  gene

expression in uninfected mice.  Consequently,  when follistatin-315 failed to affect

hepcidin expression in malaria-infected mice, it was not clear whether the protein

was not biologically active, that the protein was active but cleared too quickly from

the  circulation  to  exert  any  meaningful  effect,  or  whether  follistatin-315  truly

inhibited  activin  proteins  but  did  not  affect  hepcidin  expression.  A  promising

alternative is the use of the activin trap sotatercept (in mice, RAP-011), discussed in

Chapter  3.  As  both  an  ESA  and  a  hypothesized  repressor  of  activin-mediated

hepcidin  increase,  sotatercept  represents  a  promising  option  to  speed  recovery

from malarial anemia, in conjunction with appropriate malaria treatments. 

An additional aspect of hepcidin control in malaria infection requires further

investigation. As stated in the Introduction, apparent hepcidin suppression has been

noted in children with severe malarial anemia [103, 104]. One possible mechanistic

explanation for this clinical observation is that increased erythropoietic drive leads

to  increased  levels  of  the  newly  described  hormone  ERFE  [117],  which  then

overrides  the  activin-mediated  upregulation  of  hepcidin  when  the  anemia  is

sufficiently severe. 
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Infections with the murine parasite  Plasmodium chabaudi  have been well-

described as a model  of  severe malarial  anemia (reviewed in  [291]),  and recent

preliminary work by our laboratory (Armitage et al, unpublished) has shown that

Erfe message is increased in the bone marrow of  P. chabaudi-infected mice, while

hepatic  hepcidin  message  is  suppressed.  At  the  time  of  writing,  a  collaborative

experiment is planned to examine if hepcidin is suppressed in ERFE -/- mice during P.

chabaudi infection. An additional test that should be completed is the measurement

of  ERFE protein levels  in  samples from patients with severe malarial  anemia as

compared to those with uncomplicated malaria infection.  These experiments will

increase  our  understanding  of  hepcidin  suppression  in  severe  infection,  a

counterpoint to the work presented here that delineates the mechanism of hepcidin

upregulation.  Therapeutic  strategies  should  take  the  hepcidin  suppression

described  into  consideration:  children  with  very  severe  malarial  anemia  (and

presumably  high  ERFE)  may  not  require  hepcidin-repressing  agents  until

parasitemia is successfully controlled and Hb levels increasing. 

In addition to the different hepcidin responses in malaria infection, hepcidin

in healthy individuals may partially determine baseline iron status, thereby affecting

malaria susceptibility through modulation of the iron available to the parasite.  A

report has demonstrated that levels of some cytokines at birth may predict future

cytokine levels and susceptibility to parasitemia and severe malaria [120]. Hepcidin

levels in the cord blood of the same cohort are described in Chapter 6, in an attempt

to identify any analogous effect. Hepcidin was found to vary by placental malaria

status, with cord blood hepcidin significantly higher in cord blood from neonates
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whose mothers had placental malaria. The precise implications of these data remain

to be explored. Do neonates with high hepcidin levels absorb subsequent oral iron

less effectively? Are activins involved in prenatal hepcidin upregulation in response

to placental malaria?

Furthermore, which proximate factors determine the levels of cytokines and

hepcidin in cord blood? Epigenetic alterations are a recently recognized contributor

to disease  risk.  The  450k  HumanMethylation  Illumina assay was used to  obtain

methylation  values  for  CpG  sites  throughout  the  genome,  and  changes  in  DNA

methylation in the appropriate genes were compared with different cord protein

levels of cytokines and hepcidin. These data, presented in Chapter 6, show multiple

statistically significant correlations between methylation at different sites and with

the  protein  level  of  the  appropriate  product.  Interestingly,  the  direction  of  the

correlations varied,  with no obvious association by CpG location with positive or

negative  correlations.  The epigenetic literature paints a complex portrait  of  how

methylation  at  different  gene  sites  may  affect  gene  expression  [246];  the  data

presented in this thesis suggests that methylation may have an important role in

controlling cytokine and hepcidin levels at birth, but does not explain the precise

mechanisms involved in transcriptional regulation by methylation at different sites.

As the methylation assay can be affected by SNPs at probe sites, these findings must

be considered in the light of full sequencing of gene regions of interest, a process

that is now underway, but provisionally this represents a significant advance in our

understanding of epigenetic control of neonatal cytokine and hepcidin levels. 
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Iron metabolism changes can be a part of malarial pathogenesis, while at the

same  time  healthy  iron  levels  may  contribute  to  malaria  susceptibility.

Understanding  the  mechanisms  involved  in  both  phenomena  will  inform  our

treatments  for  malaria  and  our  preventative  measures  against  it.  This  thesis

presents  work  in  multiple  systems  that  implicate  recently  described  hepcidin

control  proteins,  activin  A and  activin  B,  in  the  upregulation of  hepcidin  during

malaria infection. The final data chapter of the thesis examines hepcidin cord levels,

in a cohort from a malaria-endemic area, as a prognostic factor for future hepcidin

levels  and  for  clinical  outcomes,  and  delves  into  the  epigenetic  mechanisms

underlying  neonatal  levels  of  hepcidin  and  cytokines.  The  hepcidin-malaria

relationships described herein may help to develop new therapeutics that improve

recovery from anemia after malaria infection, and also shed light on innate immune

defenses against this ancient human pathogen. 
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