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Chapter 8

What we already knew

Helminth-induced modulation of Plasmodium sp. immune responses:
What have we learnt from population based studies?

Studies using animal models have been pivotal to understand the effect
of helminths on their host immune responses. In general they indicated
that chronic helminth infections had the potential to skew the immune
response toward a Th2 profile and to trigger the stimulation of a
powerful regulatory network (1). Interestingly these immune
modifications have been shown to lead to alterations of the host
immune response to helminths in the first place, but also to others
pathogens such as Plasmodium sp. (2). The implication of such
findings is enormous given the geographical distribution of malaria
worldwide. During the past years efforts have been put into
epidemiological studies to verify these findings in affected populations.
With regard to the humoral response, the main hypothesis was that in
the context of coinfection the antibodies against P. falciparum which is
dominated by cytophilic antibodies (IgG1 and IgG3) would be altered
by the Th2 skewing of immune response observed in those chronically
infected with helminths characterized by the predominance of 1gG4 and
IgE. To date only few studies have addressed this. Two of these studies
were conducted in Senegal. The first one by Diallo ef al. showed that
IgG1 and IgG3 antibodies specific to PIMSP1-19 and to P. falciparum
schizont extract were significantly increased in children co-infected
with S. haematobium and P. falciparum by comparison to those with P.
falciparum mono infection only (3). Interestingly neither 1gG2, 1gG4
nor IgE levels specific to the same antigens were different between the
two groups compared. These observations suggest that S. haematobium
favours an efficient anti-malaria protective antibody response despite
its Th2 skewing. In the second study the opposite observation was
made by Roussilhon and co-workers (4). They showed that worm
carriage was significantly correlated, on the one hand, with a decrease
in cytophilic IgG1 and IgG3 antimalarial antibodies and, on the other,
with an increase of non cytophilic IgG4 antibodies. Finally in a third
study conducted in Mali no difference was observed between co-
infected and mono-infected subjects in terms of their humoral response
(5). These discrepancies in results obtained might indicate differences
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in the study methodology or numerous environmental factors but most
importantly indicates the need for further studies.

Antibody response although important is not enough to clear malaria
infection on its own. Studies have shown that in contrast to normal
mice, mice that are deficient in T cells cannot mount a sufficient
immune response to P. yoeli infection after passive transfer of
Plasmodium specific antibodies (6). These mice have a delayed time to
appearance of microscopic parasitemia but cannot completely clear the
parasite. This indicates that the humoral response might be important at
the onset of the infection to limit the progression of the disease but that
a complete clearance of the parasite is cell mediated. Cell mediated
immunity specific to Plasmodium spp. has been shown to be complex
and to involve a wide range of interacting innate and adaptive
responses. Controlled human infection of malaria naive volunteers with
P. falciparum has shown that both innate and adaptive immune cells
contribute to the production of IFNy a major pro-inflammatory
cytokine (7,8) marking the so called Thl response important for
parasite clearance (9). Although in these studies no data were provided
on the Th2 and regulatory responses the importance of the Th2
response in anti-malarial immunity as well as the need for an efficient
regulatory response to avoid tissue damage has been suggested
(reviewed in 10). There is evidence that some of the innate and
adaptive effector mechanisms involved in immunity to malaria are
modulated by helminths. For example in a study conducted in
Sudanese children, it was observed that S. haematobium and S. mansoni
were able to significantly impair the function of NK cells, a major
source of IFNy (11). In addition subjects chronically infected with
helminths have been shown to have a lower frequency of dendritic
cells (DC) which, also have an impaired function as indicated by their
reduced capacity to respond to TLR ligands and to activate T cells
(12,13). With regard to adaptive immune responses, it is now known
that chronic helminth infections are linked to T cell hyporesponsivness
mediated either through intrinsic mechanisms (14) or via their ability to
induce regulatory cells that inhibit T cell responses (15—-17). All these
mechanisms are in the first place for helminths to evade the immune
system, but as a off target effect may interfere with anti-malarial
immunity.
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In the context of coinfection it has been suggested that the anti-
inflammatory milieu induced by chronic helminth infections may
dampen both the protective and immunopathological immune responses
to Plasmodium spp.. As a consequence subjects living in endemic areas
would be more likely to acquire new malaria infection but will develop
fewer symptoms or have less severe disease. Researchers have tried to
test this hypothesis in naturally exposed individuals who live in areas
endemic for both parasites. From a clinical point of view, some studies
reported that helminths could exert either a protective (18-20) or an
aggravating effect (21,22) on malaria outcomes while others indicated
no association (23). Finally whether the cell mediated immune response
specific to Plasmodium spp. was affected by a concurrent helminth
infection has also been assessed during the past few years. The studies
looked at the cytokine profile of co-infected subjects and compared it to
Plasmodium spp. mono-infected ones. They showed an increase
(24,25), a decrease (26,27) or even an absence (28) of effect of chronic
helminth infections on the levels of Th1, Th2 or regulatory cytokines in
coinfected subjects. Several reasons were suggested to explain the
observed differences such as methodology, study design, helminths
species, environmental factors (29) and again, more data are needed to
draw a definitive conclusion.

Key points regarding what we already knew:

Helminths and malaria overlap in their geographical distribution.
Chronic helminth infections induce a Th2 skewed immune response
and a potent immune regulatory network in chronically infected

subjects.

Helminths induced immune modulation can interfere with
Plasmodium spp. specific immune response in mouse models.

Epidemiological studies show variable effect of helminths on malaria
outcome and immune response to malaria parasites.
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What this thesis adds to our knowledge

Chronic 8. haematobium infection leads to an alteration of B cells
function and changes in the distribution of B cell subsets

The role of B cells in immunity against pathogens is being actively
examined and is currently shown to expand beyond the classical
antibody production. B cells are at the intersection between innate and
adaptive immune response. They can produce cytokines upon
stimulation through pathogens recognition receptor (PRR) and B cell
receptors (BCR) and activated B cells can act as antigen presenting
cells (APC) and are able to deliver co-stimulatory signals leading to the
differentiation of Th2 effector cells. Moreover in recent studies they
have been recognized for their immune regulatory properties (reviewed
in (30)). The multitude of B cell functions are mediated through a
variety of subsets with distinct phenotypic and functional
characteristics, however, data are still scarce on the extent to which
their distribution and function are altered in subjects bearing chronic
infection. This research question was addressed in a field study
described in chapter 3. B cell subsets and B cell responses to BCR and
Toll-like receptor 9 stimulation was assessed in infected school aged
children and in their uninfected counterparts at baseline and 6 months
after the removal of the trematodes by Praziquantel. We observed that
while the percentage of total B cells was similar between infected and
uninfected individuals the distribution of some B cell subsets was
significantly altered by active S. haematobium infection. This alteration
was characterised by a trend toward a decrease of the naive B cell
population in infected individuals that was significantly increased upon
praziquantel treatment. On the other hand, we noted an increased
percentage of activated and atypical B cells in the schistosoma infected
group along with an increase of double negative and switched memory
B cells subsets. These findings should be interpreted to be in line with
data suggesting that atypical and double negative memory B cells are
increased in chronic infection or disease and are functionally impaired
(31-33) . Recently, the function of atypical MBC was assessed in
relation to classical MBC in Malian adults with lifelong exposure to
malaria and Malian children developing clinical malaria (33). It was
observed that in malaria exposed and infected individuals atypical
MBC differentiated from classical MBC and these cells were
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characterized by the expression of an array of inhibitory receptors and
by an impairment of BCR signalling. These changes were associated
with an impaired B cell proliferation, cytokine production and antibody
secretion upon stimulation. In our study we noted some functional
changes as well in that the total B cell population of S. haematobium-
infected children had a lower expression of Ki-67, a marker of cell
proliferation, and produced less TNF, somehow resembling what might
be considered as an exhausted profile. Taken together these findings
might indicate that as expected infection with S. haematobium leads to
B cells activation and immunoglobulin class switching of B cells.
However in chronically infected individuals the repeated stimulation of
B cells results in a state of B cells exhaustion or hyporesponsiveness
that is partially restored upon specific anti-schistosoma treatment. This
phenomenon might help the parasite to prolong it survival within the
definitive host and explain why acquisition of protective humoral
immunity takes time to develop in individuals living in endemic areas.
It can also contribute towards limiting tissue damage in the host.
However it is still unclear whether and how this down regulation of the
B cell response due to S. haematobium infection can also affect the host
response to other pathogens.

Individuals chronically infected with helminths have an impaired
antibody response to P. falciparum sexual stage antigens

Sexual stage of Plasmodium spp. plays a central role in malaria
transmission. Epidemiological studies have indicated that helminth co-
infected individuals are more likely to carry P. falciparum gametocyte
(34). Unfortunately not much is known about the mechanisms
underlying such association. Gametocytogenesis can be influenced by
various stress-inducing factors including the Plasmodium specific
immune responses (reviewed in (35)). On the other hand helminths are
well known for their ability to modulate the immune system of their
host and question might arise as to whether in coinfected individuals
this helminth induced immune modulation might interfere with anti-
gametocyte immunity. This question was addressed for the first time in
a cross-sectional study described in chapter 4. Our principal objective
was to determine the influence of S. haematobium and filaria co-
infection with malaria parasite on the antibody responses to P.
falciparum sexual stage antigens. The study was conducted in an area
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endemic for both helminths and for malaria as described in chapter 2.
Total IgG to sexual stage antigens Pfs230 and Pfs48/45 was measured
and their levels compared between individuals coinfected with
helminths and P. falciparum or with only with P. falciparum. It was
observed that IgG to Pfs48/45 sexual stage antigen but not Pfs230 was
significantly lower in co-infected individuals even after adjustment for
confounding factors such as age, haemoglobin level or the density of P.
falciparum asexual stage parasite. This is the first time that helminth
infection is reported to influence an immunological response to a P.
falciparum sexual stage antigen. Additional studies will be needed to
test this finding in different geographical areas. If confirmed, this
could have implications for malaria transmission. Indeed anti Pfs48/45
IgG is known to exert transmission blocking activity by inhibiting the
fertilisation of P. falciparum gametes in the mosquito gut (36). Hence a
lower antibody response to this antigen due to helminths might result in
an increased multiplication of P. falciparum in the mosquito gut and an
increase of its transmission to humans. This hypothesis will need to be
tested in future studies.

From the two helminth species considered in this study only S.
haematobium but not filarial parasites was associated with a significant
decrease in antibodies to P. falciparum sexual stage antigens. Although
this has to be confirmed in further studies, we hypothesize that while L.
loa, M. perstans and S. haematobium are all located in the blood
vasculature of their host, their effect on the immune response or on host
metabolism might be more pronounced for S. haematobium. For
example, anaemia was more frequent in subjects infected with S.
haematobium. The selective effect of S. haematobium infection on
Pfs48/45 and not Pfs230 1s difficult to explain. It is possible that the
modulatory effect exerted by helminths is not sufficient to impair the
humoral response to Pfs230 antigens. Data from field studies (35,36)
have shown Pfs230 to be more immunogenic than Pfs48/45, however,
another explanation would be that our study was underpowered to
detect such an effect.

Despite the fact that S. haematobium infection was associated with an
impaired response to Pfs48/45 antigens, we did not observe a decrease
in gametocyte carriage in subjects infected with schistosoma and/or
filarial parasites. This suggests that Pfs48/45 plays a limited role in the
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development of gametocytes within the human host. This is supported
by a study where sera from individuals naturally exposed to P.
falciparum were used to assess the capacity of sexual stage antigens to
induce complement-mediated lysis of P. falciparum gametes (37). In
the study, antibodies to Pfs230 but not Pfs48/45 were positively
associated with complement-mediated lysis of P. falciparum gametes in
vitro. Interestingly they observed that Pfs230-induced gamete lysis was
more pronounced in the presence of Pfs48/45.

Our study presented some limitations that need to be addressed. For
example, a longitudinal study design would have been more
appropriate, it will take into account the effect of seasonality on
gametocytogenesis (38,39) and will allow the dynamic study of the
association between helminths, P. falciparum sexual stage carriage and
the immune response. Furthermore gametocyte carriage was
determined by microscopy which has proven to be less sensitive than
PCR to detect low parasite load (38). Finally functional assays such as
Standard Membrane Feeding assays (SMFA) are instrumental to assess
whether the decrease of sexual stage antibodies translate into an
increased transmission of P. falciparum to the mosquito and should be
included in future studies. Despite these limitations our study brings
novel information on the complex interaction between helminths and
malaria and generates a hypothesis that needs to be further tested.

Antibody responses to P. falciparum asexual stage antigens are not
influenced by either S. haematobium or filarial infections

To date only few studies have assessed whether chronic helminth
infections could influence carriage and antibody responses to asexual
stages of P. falciparum. So far such studies have generated
contradictory outcomes. This indicates the need for additional data and
gives justification for the study described in chapter 4. This study was
conducted in an area where malaria and helminths are highly endemic
despite regular mass drug administration. It aimed at assessing the
relationship between helminth infection, carriage of P. falciparum
trophozoites and antibody responses to asexual stage antigens. Our first
observation was that the asymptomatic carriage of P. falciparum was
quite high (42% by microscopy and 75% by PCR) and was
accompanied by a similarly high prevalence of S. haematobium (75%)
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in the area. Moreover individuals infected with S. haematobium had a
higher carriage of P. falciparum asexual forms as determined by
microscopy. Interestingly this association disappeared when P.
falciparum carriage was assessed by PCR. These findings suggest that
schistosoma infected and uninfected individuals are equally susceptible
to P. falciparum infection however higher parasite replication seems to
be favoured in the presence of S. haematobium. Similar increase of
microscopic carriage of asexual form of P. falciparum in helminth
infected individuals have been reported elsewhere (40,41). However
there are also studies where a negative association was reported
(42,43). The difference in the studies might be due to confounding
factors such as the characteristic of the study area, differences in study
methodology, malaria seasonality, the type of helminths species
assessed as well as the intensity and chronicity of helminth infections.

Despite the higher density of P. falciparum detected by microscopy in
S. haematobium coinfected subjects we failed to link this to an
impairment of the IgG response to asexual stage antigens (MSPI,
AMAT1 and GLURP). When considering published data, we noted that
only one study have so far reported an increase in antibodies specific to
asexual stage antigens in S. haematobium coinfected individuals (12).
In this study, subjects free of schistosome infection who served as the
comparator group to those with both schistosomes and malaria were
selected from an area not endemic for helminths. This might have
represented a bias since confounding factors such as differences in the
living environment were not controlled for. Other population studies in
which helminth infected and uninfected subjects were recruited in the
same area showed a decrease of the IgG response to P. falciparum in
helminths coinfected individuals (44) or even an absence of effect of
helminths (45).

These differences reflect the complex interaction that exists between
helminths and malaria parasite. It could indicate that in individuals
living in affected areas the modulation induced by helminths on malaria
specific humoral response might be confounded by the degree of
endemicity as well as by past helminth infections. It is also possible
that the modulatory effect of helminths that favour P. falciparum
replication is exerted through different mechanisms. For example
through T cells hypo responsiveness or possibly through metabolic
changes. Future studies would need to consider both the humoral and
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cellular immune response of the study participants. It would also be
important to determine whether helminths are capable of favouring the
switch from asymptomatic to symptomatic P. falciparum infection.
This was not possible in this study considering its cross sectional
design.

P. falciparum infection imposes a distinct signature on the cytokine
and chemokine profiles, which is not impaired by a concurrent
infection with S. haematobium

The innate and adaptive cellular immune responses play an important
role in anti-malarial immunity (46). They serve to control the infection
but at the same time can also be detrimental to the host by causing
tissue damage (47). Several studies have been conducted in individuals
naturally exposed to Plasmodium sp. to characterize their cytokine
response when they are infected. These studies mainly focus on few
cytokines and in addition their data analysis does not take into
consideration the level of correlation that might exist among the
measured cytokines. This is rather an important aspect given that from
a functional perspective cytokines can have a synergistic (48,49) or
antagonist effect (50). In chapter 6 we set out to assess the effect of P.
falciparum and S. haematobium infections on the cytokine response of
infected individuals. We assessed both the innate and adaptive immune
responses using in vitro assays where cytokines and chemokines were
measured after PBMC or whole blood stimulation with either SEB (to
assess the adaptive immune response) or various TLRs ligands (to
assess the innate immune response). Moreover instead of looking at
individual cytokine s, we opted for “Principal Component Analysis”
(PCA), which allows a simultaneous assessment of multiple variables
that are then summarized into new synthetic variables or components
containing most of the information in the dataset. An additional
advantage of this PCA is that the synthetic components also take into
consideration the magnitude of the correlation between the different
cytokines/chemokines. What we observed when we compared the
different principal components among the study groups is that; P.
falciparum infection was associated with an increase of the general
immune responsiveness of the study subjects. This increase was seen
both for the innate and the adaptive immune system and was not
impaired by a concurrent S. haematobium infection despite its ability to
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decrease the pro-inflammatory immune response as observed in S.
haematobium singly infected subjects. From an immunological point of
view our finding might indicate that although schistosomes have the
potential to modulate the immune response, the observed immune
modulation is not sufficient to dampen the cell mediated immune
response triggered by the presence of P. falciparum in the blood
stream. It is possible that malaria parasites, seen as an acute infection
by the host immune system, overcome the threshold set by the
regulatory network induced by helminths. Another explanation for lack
of an effect of helminth infections on cytokine response to malaria
infection could be the epidemiological feature of the study area as well
as on the characteristic of the study population. It is possible that the
subjects that appear free of a particular helminth infection have been
infected in the past or carry other helminths species capable of shaping
the host immune system. Our study participants were recruited in an
areca where the prevalence of helminths has been shown to be
consistently high (51) and although we did not assess whether they had
past helminths infection, it is very likely that they were infected in the
past. In this regard in chapter 5 we observed that regulatory T cells of
new-borns from filaria infected mothers correlated negatively with the
level of pro-inflammatory Thl cells suggesting that regulatory T cells
acquired functional capacity already before birth probably as a
consequence of in utero exposure to helminths. If the in utero effect of
helminth infections would be long-lived, these data would be in line
with the notion that early life exposure to helminths might make it
difficult to see any clear effect of current helminth infection on various
immune responses.

Although poly-helminth infections are the norm in tropical and sub
tropical areas (52,53), epidemiological studies where the effect of
helminths on anti-malaria immunity was assessed have mainly focused
on one or maximum two helminth species. This could be responsible
for the disparities in outcomes. The influence of poly helminth
infection as well as past helminth infections on the outcomes of the
responses studied was further assessed in the meta-analysis describe in
chapter 7. This meta-analysis indicates that there are currently 19
eligible studies conducted in endemic areas to assess the influence of
helminths on immune responses of P. falciparum infected subjects. The
results seem highly conflicting. However when these studies are pooled
together within a meta-analysis, the emerging trend was that the cell
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mediated immune response to P. falciparum was not affected by
helminths in coinfected individuals. Interestingly when we stratified
our assessment using a moderator analysis we noted that studies where
stringent criteria were used, to control for the confounding effect of
past exposure to helminth antigens, showed that in those who have no
current or past exposure to helminths, there is significantly higher pro-
inflammatory cytokines in malaria infected subjects (54,55).
Additionally this moderator analysis indicated that poly-helminth
infections with schistosomes and intestinal helminths resulted in a
significant increase of regulatory cytokines (56). These findings
support the results described in chapter 6 and further indicate that
interaction between helminths and malaria is complex. It is indeed
possible that the helminth induced modulation of their host immune
system has the potential to interfere with their cell mediated immune
response to P. falciparum. However in areas where the force of
infection with helminths is high, this effect could be masked by past
and/or current (poly) helminth infections.

The type of immunological assays used in epidemiological studies
might influence outcomes

When we conducted the meta-analysis described in chapter 7 we
noticed that our current knowledge of malaria and helminth co-
infection was based on studies that used different immunological
assays. For example some studies report on circulating plasma or serum
cytokines (25,26,57,58) whereas others measure cytokines after
stimulation of whole blood (27,59-62) or PBMC (63) either in
supernatants or intra-cellularly. In addition the type of stimuli used
when cells are stimulated can also be different between studies. These
differences may contribute to the heterogeneity of the results observed
in different studies. Indeed when performing a moderator analysis
aiming to understand the variation in study outcomes we noted that the
Th17 response was higher in helminth and malaria co-infected
individuals when this cytokine was measured by flow cytometry after
intracellular staining (27). Moreover studies where cells were
stimulated with PHA (64) or P. falciparum-infected red blood cells
(1RBC) (27,59,61), were more likely to report a higher Th2 or anti-
inflammatory response in helminths and malaria co-infected individuals
compared to those with malaria only. These observations underline the
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importance of statistical method such as meta-analysis to account for
the heterogeneity in study design when interpreting results from
population based studies. Moreover they also indicate the need for
standard operating procedures to harmonize the protocols used in field
studies.

Key points on what this thesis adds to our knowledge

Regulatory T cells of a newborn from helminth-infected mother can
suppress the development of effector T cells probably as a result of
in-utero exposure to helminths.

Helminths can alter B cell profile and function but in particular lead
to expansion of atypical and double negative B cells.

Helminths can influence antibody response to P. falciparum sexual
stage antigens.

Individuals chronically infected with helminths do not have an
impaired IgG response to P. falciparum asexual stage antigens.

P. falciparum leads to a general increase of the innate and adaptive
immune response in infected individuals.

The innate and adaptive cytokine responses of individuals infected
with P. falciparum is not altered by a concurrent S. haematobium
infection.

The absence of an effect of helminths on the cellular immune
response of individuals with malaria is confirmed by a meta-analysis
of all the studies available to date.

Past infection with helminths or current poly-helminth infections can
mask the effect of a helminth on P. falciparum immune response.

There is substantial degree of heterogeneity in studies that assess the
association between helminths and malaria. Standardized and uniform
protocols are needed to be able to answer whether helminth infections
affect immune responses to P. falciparum.
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Direction for future research
Helminths and malaria transmission

Indirect evidence suggests a role for helminths in sustaining malaria
transmission. However to date very few studies have addressed this
question. In this thesis we showed that S. haematobium was able to
decrease antibody responses to P. falciparum sexual antigens. This
might lead to an overall impairment of the transmission blocking
immunity. Whether this finding could result in a significant increase of
malaria transmission in a given area would need to be addressed in
future studies. These studies might also need to use approaches such as
Standard Membrane Feeding Assays (SMFA) to assess the
transmission blocking activity of these antibodies or ecological studies
to determine whether malaria incidence, or asymptomatic carriage of
sexual and asexual stage P. falciparum correlate with the
prevalence/burden of helminths in the population.

Helminths and malaria vaccine

Malaria vaccines bear a lot of promise for the eradication or at least the
control of malaria in affected areas. To date more than 150 malaria
vaccine candidate are or were undergoing clinical evaluation (65) and
only one candidate vaccine, the RTS’S has reached a phase III where it
was shown to confer modest protection against malaria (66). Data are
still scarce as to whether helminths could impair or augment the
response to these candidate vaccines in endemic populations. A study
recently showed that the immunogenicity of the GMZ2-4 blood stage
malaria vaccine candidate was significantly reduced in 1 to 5 years old
children who were infected with Trichuris trichiura (67). Similar
studies need to be repeated. If this effect is confirmed, understanding
the mechanism of this interaction could be of importance in the design
of malaria vaccine and immunization program. A particular attention
should also be given to malaria transmission blocking vaccine
candidates such as Pfs48/45 antigen given that the antibody response
elicited has been shown to be impaired by helminths.
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Beyond helminths: Rural VS urban differences

Rapid urbanization is taking place in Africa. In western countries an
increase of urbanization index has been linked with a decrease of
biodiversity and emergence of inflammatory diseases (68). Such an
alteration of the biodiversity might be reflected in differences in
immune responses of subjects from different areas. This was recently
shown by Mbow et al. in a study where they compare the immune
profile of subjects living in rural Africa to those of individuals from
urban Africa and Europe (69). What they observed was a rural to urban
gradient marked by a higher Thl and Th2 and markedly a Th2/Thl
ratio in subjects from rural Africa by comparison to those from urban
Africa and Europe. Similar rural and urban differences were also
observed between individuals from urban Africa and Europe and when
memory T cells subsets were assessed (69). In a different study Smolen
et al. showed that innate cytokine response of 2 years old children
measured after stimulation of whole blood cells with TLR ligands were
similar between children from North America, South America and
Europe despite obvious differences in their living environment (70).
Yet children from South Africa presented a different profile. Difference
in innate response between African and Europeans children was
reported in a study by Labuda et al. (71). How geographical differences
in immune response of rural and urban dwellers can affect response to
malaria parasites or how this affects interaction between helminths and
malaria parasites is not yet known. Filling this gap in our knowledge
will be of particular importance in the future, since according to the
United Nation nearly 50% of African population will be leaving in
urban cities by 2035.

Beyond helminths: Microbiome and malaria

Additional effort should be invested in assessing the relationship
between P. falciparum and the microbiome of their host, particularly
the gut microbiota. A recent study indicated that the gut microbiome
could protect their human host against P. falciparum through antibody
responses against the Gala1-3Gal1-4GlcNAc-R glycan (also known as
alpha-gal) (72). This xeno-glycan has been shown to be expressed both
by bacteria of the gut flora and by Plasmodium sp. parasite. In this
study the protective effect of the microbiome was shown to be
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mediated through the production of anti-alpha-gal antibodies capable of
blocking Plasmodium sp. growth in vitro through complement
activation and to interfere with the invasion of hepatocytes by the
parasite (72). It is possible that additional xeno-glycans commonly
expressed by gut bacteria and by Plasmodium sp. are able to generate
such an anti-malarial immunity. Their identification and the
characterization of the mechanism by which they are able to modulate
anti-malaria immunity could open the door to a new era of glycan
based anti-malaria vaccines. Whether the composition of the
microbiome could influence the immunogenicity and efficacy of
malaria vaccine candidates would also need to be addressed. This has
been shown for influenza vaccine in mice (73). Moreover the
interaction of helminths with malaria might need to take the microbome
into account as it has been shown that helminths can influence the gut
microbiome (74).

Age might matter

Studies that describe the epidemiology of helminths and malaria
coinfection have mainly focused on school aged children and adults to
some extent. There is currently an important gap in our knowledge on
co-infection in pre-school age children. However there are data
suggesting that this group is also affected. In a exploratory studies
where the burden of helminths was assessed in 1 to 5 years old children
in Gabon we found a prevalence of 29% of intestinal helminths
(Ascaris lumbricoides, Trichuris trichiura, Necator Americanus) and
7% of S. haematobium (unpublished data). It is likely that helminths
have a more potent effect on anti-malaria immunity in this age group.

Standard operating procedure for immuno-epidemiological studies

In this thesis we were able to show that the differences in
immunological assays set up to study the effect of helminths on
immune responses to Plasmodium spp. infection influence the direction
of the study outcome. Given the importance of immuno-
epidemiological studies, there is a need to harmonize the protocols used
or at least to define some strict guidelines.

206



General discussion

References

1.

Hoerauf A, Satoguina J, Saeftel M, Specht S. Immunomodulation
by filarial nematodes. Parasite Immunol. 2005 Nov;27(10-
11):417-29.

Maizels RM, Balic A, Gomez-Escobar N, Nair M, Taylor MD,
Allen JE. Helminth parasites--masters of regulation. Immunol
Rev. 2004 Oct;201:89-116.

Diallo TO, Remoue F, Gaayeb L, Schacht A-M, Charrier N, De
Clerck D, et al. Schistosomiasis coinfection in children influences
acquired immune response against Plasmodium falciparum
malaria antigens. PloS One. 2010;5(9):e12764.

Roussilhon C, Brasseur P, Agnamey P, Pérignon J-L, Druilhe P.
Understanding human-Plasmodium falciparum immune
interactions uncovers the immunological role of worms. PloS One.
2010;5(2):€93009.

Lyke KE, Wang A, Dabo A, Arama C, Daou M, Diarra I, et al.
Antigen-specific B memory cell responses to Plasmodium
falciparum malaria antigens and Schistosoma haematobium

antigens in co-infected Malian children. PloS One.
2012;7(6):e37868.

Roberts DW, Rank RG, Weidanz WP, Finerty JF. Prevention of
recrudescent malaria in nude mice by thymic grafting or by

treatment with hyperimmune serum. Infect Immun. 1977
Jun;16(3):821-6.

Roestenberg M, Teirlinck AC, McCall MBB, Teelen K,
Makamdop KN, Wiersma J, et al. Long-term protection against
malaria after experimental sporozoite inoculation: an open-label
follow-up study. Lancet. 2011 May 21;377(9779):1770-6.

Roestenberg M, McCall M, Hopman J, Wiersma J, Luty AJF, van

Gemert GJ, et al. Protection against a malaria challenge by
sporozoite inoculation. N Engl J Med. 2009 Jul 30;361(5):468—77.

207



Chapter 8

10.

1.

12.

13.

14.

15.

16.

208

Inoue S-I, Niikura M, Mineo S, Kobayashi F. Roles of IFN-y and
v0 T Cells in Protective Immunity Against Blood-Stage Malaria.
Front Immunol. 2013;4:258.

Perez-Mazliah D, Langhorne J. CD4 T-cell subsets in malaria:
TH1/TH2 revisited. Front Immunol. 2014;5:671.

Feldmeier H, Gastl GA, Poggensee U, Kortmann C, Daffalla AA,
Peter HH. Relationship between intensity of infection and
immunomodulation in human schistosomiasis. II. NK cell activity
and in vitro lymphocyte proliferation. Clin Exp Immunol. 1985
May;60(2):234-40.

Everts B, Adegnika AA, Kruize YCM, Smits HH, Kremsner PG,
Yazdanbakhsh M. Functional impairment of human myeloid

dendritic cells during Schistosoma haematobium infection. PLoS
Negl Trop Dis. 2010;4(4):e667.

Semnani RT, Liu AY, Sabzevari H, Kubofcik J, Zhou J, Gilden
JK, et al. Brugia malayi microfilariae induce cell death in human
dendritic cells, inhibit their ability to make IL-12 and IL-10, and
reduce their capacity to activate CD4+ T cells. J Immunol Baltim
Md 1950. 2003 Aug 15;171(4):1950-60.

Taylor JJ, Krawczyk CM, Mohrs M, Pearce EJ. Th2 cell
hyporesponsiveness during chronic murine schistosomiasis is cell
intrinsic and linked to GRAIL expression. J Clin Invest. 2009
Apr;119(4):1019-28.

Wammes LJ, Hamid F, Wiria AE, Wibowo H, Sartono E, Maizels
RM, et al. Regulatory T cells in human lymphatic filariasis:

stronger functional activity in microfilaremics. PLoS Negl Trop
Dis. 2012;6(5):e1655.

Garcia-Hernandez MH, Alvarado-Sanchez B, Calvo-Turrubiartes
MZ, Salgado-Bustamante M, Rodriguez-Pinal CY, Gamez-Lopez
LR, et al. Regulatory T Cells in children with intestinal parasite
infection. Parasite Immunol. 2009 Oct;31(10):597-603.



General discussion

17.

18.

19.

20.

21.

22.

23.

24.

Taylor MD, LeGoff L, Harris A, Malone E, Allen JE, Maizels
RM. Removal of regulatory T cell activity reverses
hyporesponsiveness and leads to filarial parasite clearance in vivo.
J Immunol Baltim Md 1950. 2005 Apr 15;174(8):4924-33.

Nacher M, Gay F, Singhasivanon P, Krudsood S, Treeprasertsuk
S, Mazier D, et al. Ascaris lumbricoides infection is associated
with protection from cerebral malaria. Parasite Immunol. 2000
Mar;22(3):107-13.

LYKE KE, DICKO A, DABO A, SANGARE L, KONE A,
COULIBALY D, et al. ASSOCIATION OF SCHISTOSOMA
HAEMATOBIUM INFECTION WITH PROTECTION
AGAINST ACUTE PLASMODIUM FALCIPARUM MALARIA
IN MALIAN CHILDREN. Am J Trop Med Hyg. 2005
Dec;73(6):1124-30.

Lemaitre M, Watier L, Briand V, Garcia A, Le Hesran JY, Cot M.
Coinfection with Plasmodium falciparum and Schistosoma
haematobium: additional evidence of the protective effect of

Schistosomiasis on malaria in Senegalese children. Am J Trop
Med Hyg. 2014 Feb;90(2):329-34.

Sangweme DT, Midzi N, Zinyowera-Mutapuri S, Mduluza T,
Diener-West M, Kumar N. Impact of Schistosome Infection on
Plasmodium falciparum Malariometric Indices and Immune
Correlates in School Age Children in Burma Valley, Zimbabwe.
PLoS Negl Trop Dis. 2010 Nov 9;4(11):e882.

Sokhna C, Le Hesran J-Y, Mbaye PA, Akiana J, Camara P, Diop
M, et al. Increase of malaria attacks among children presenting
concomitant infection by Schistosoma mansoni in Senegal. Malar
J. 2004 Nov 15;3:43.

Mulu A, Legesse M, Erko B, Belyhun Y, Nugussie D, Shimelis T,
et al. Epidemiological and clinical correlates of malaria-helminth
co-infections in Southern Ethiopia. Malar J. 2013;12:227.

Dolo H, Coulibaly YI, Dembele B, Konate S, Coulibaly SY,
Doumbia SS, et al. Filariasis attenuates anemia and

209



Chapter 8

25.

26.

27.

28.

29.

30.

31.

32.

210

proinflammatory responses associated with clinical malaria: a
matched prospective study in children and young adults. PLoS
Negl Trop Dis. 2012;6(11):¢1890.

Noone C, Parkinson M, Dowling DJ, Aldridge A, Kirwan P,
Molloy SF, et al. Plasma cytokines, chemokines and cellular
immune responses in pre-school Nigerian children infected with
Plasmodium falciparum. Malar J. 2013;12:5.

Lyke KE, Dabo A, Sangare L, Arama C, Daou M, Diarra I, et al.
Effects of concomitant Schistosoma haematobium infection on the
serum cytokine levels elicited by acute Plasmodium falciparum
malaria infection in Malian children. Infect Immun. 2006

Oct;74(10):5718-24.

Metenou S, Dembele B, Konate S, Dolo H, Coulibaly Y1, Diallo
AA, et al. Filarial infection suppresses malaria-specific
multifunctional Th1 and Th17 responses in malaria and filarial
coinfections. J Immunol Baltim Md 1950. 2011 Apr
15;186(8):4725-33.

Panda M, Sahoo PK, Mohapatra AD, Dutta S kanti, Thatoi PK,
Tripathy R, et al. Decreased prevalence of sepsis but not mild or
severe P. falciparum malaria is associated with pre-existing filarial
infection. Parasit Vectors. 2013;6:203.

Nacher M. Interactions between worms and malaria: good worms
or bad worms? Malar J. 2011;10:259.

Harris N, Gause WC. B cell function in the immune response to
helminths. Trends Immunol. 2011 Feb;32(2):80-8.

Evidence for HIV-associated B cell exhaustion in a dysfunctional
memory B cell compartment in HIV-infected viremic individuals.
- PubMed - NCBI [Internet]. [cited 2015 Dec 22]. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/18625747/

Atypical memory B cells are greatly expanded in individuals
living in a malaria-endemic area. - PubMed - NCBI [Internet].



General discussion

33.

34.

35.

36.

37.

38.

39.

[cited 2015 Dec 22]. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/19592645/

Malaria-associated atypical memory B cells exhibit markedly
reduced B cell receptor signaling and effector function. - PubMed
- NCBI [Internet]. [cited 2015 Dec 22]. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/?term=Malaria-
associated+atypical+memory+B-+cells+exhibit+markedly+reduce
d+B+cell+receptor+signaling+and+effector+function

Nacher M, Singhasivanon P, Silachamroon U, Treeprasertsu S,
Krudsood S, Gay F, et al. Association of helminth infections with
increased gametocyte carriage during mild falciparum malaria in
Thailand. Am J Trop Med Hyg. 2001 Nov;65(5):644-7.

Talman AM, Domarle O, McKenzie FE, Ariey F, Robert V.
Gametocytogenesis : the puberty of Plasmodium falciparum.
Malar J. 2004 Jul 14;3(1):24.

van Dijk MR, Janse CJ, Thompson J, Waters AP, Braks JAM,
Dodemont HJ, et al. A Central Role for P48/45 in Malaria Parasite
Male Gamete Fertility. Cell. 2001 Jan 12;104(1):153—-64.

Healer J, McGuinness D, Hopcroft P, Haley S, Carter R, Riley E.
Complement-mediated lysis of Plasmodium falciparum gametes
by malaria-immune human sera is associated with antibodies to
the gamete surface antigen Pfs230. Infect Immun. 1997
Aug;65(8):3017-23.

Bousema T, Roeffen W, Meijerink H, Mwerinde H, Mwakalinga
S, van Gemert G-J, et al. The dynamics of naturally acquired
immune responses to Plasmodium falciparum sexual stage
antigens Pfs230 & Pfs48/45 in a low endemic area in Tanzania.

PloS One. 2010;5(11):¢14114.

Ouédraogo AL, de Vlas SJ, Nébi¢é I, Ilboudo-Sanogo E, Bousema
JT, Ouattara AS, et al. Seasonal patterns of Plasmodium
falciparum gametocyte prevalence and density in a rural
population of Burkina Faso. Acta Trop. 2008 Jan;105(1):28-34.

211



Chapter 8

40.

41.

42.

43.

44,

45.

46.

47.

212

Nacher M, Singhasivanon P, Yimsamran S, Manibunyong W,
Thanyavanich N, Wuthisen R, et al. Intestinal helminth infections
are associated with increased incidence of Plasmodium falciparum
malaria in Thailand. J Parasitol. 2002 Feb;88(1):55-8.

Degarege A, Legesse M, Medhin G, Animut A, Erko B. Malaria
and related outcomes in patients with intestinal helminths: a cross-
sectional study. BMC Infect Dis. 2012;12:291.

Lyke KE, Dicko A, Dabo A, Sangare L, Kone A, Coulibaly D, et
al. Association of Schistosoma haematobium infection with
protection against acute Plasmodium falciparum malaria in Malian
children. Am J Trop Med Hyg. 2005 Dec;73(6):1124-30.

Lemaitre M, Watier L, Briand V, Garcia A, Le Hesran JY, Cot M.
Coinfection with Plasmodium falciparum and Schistosoma
haematobium: additional evidence of the protective effect of
Schistosomiasis on malaria in Senegalese children. Am J Trop

Med Hyg. 2014 Feb;90(2):329-34.

Courtin D, Djilali-Saiah A, Milet J, Soulard V, Gaye O, Migot-
Nabias F, et al. Schistosoma haematobium infection affects
Plasmodium falciparum-specific IgG responses associated with
protection against malaria. Parasite Immunol. 2011
Feb;33(2):124-31.

Lyke KE, Wang A, Dabo A, Arama C, Daou M, Diarra I, et al.
Antigen-Specific B Memory Cell Responses to Plasmodium
falciparum Malaria Antigens and Schistosoma haematobium
Antigens in Co-Infected Malian Children. PLoS ONE [Internet].
2012 Jun 5 [cited 2013 Jan 17];7(6). Available from:
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3367916/

Inoue S-I, Niikura M, Mineo S, Kobayashi F. Roles of IFN-y and
v0 T Cells in Protective Immunity Against Blood-Stage Malaria.
Front Immunol. 2013;4:258.

Clark IA, Budd AC, Alleva LM, Cowden WB. Human malarial
disease: a consequence of inflammatory cytokine release. Malar J.
2006;5:85.



General discussion

48.

49.

50.

51.

52.

53.

54.

Gandhapudi SK, Tan C, Marino JH, Taylor AA, Pack CC,
Gaikwad J, et al. IL-18 acts in synergy with IL-7 to promote ex
vivo expansion of T lymphoid progenitor cells. J] Immunol Baltim
Md 1950. 2015 Apr 15;194(8):3820-8.

Amara S, Lopez K, Banan B, Brown S-K, Whalen M, Myles E, et
al. Synergistic effect of pro-inflammatory TNFa and IL-17 in
periostin mediated collagen deposition: potential role in liver
fibrosis. Mol Immunol. 2015 Mar;64(1):26-35.

Keller CC, Yamo O, Ouma C, Ong’echa JM, Ounah D, Hittner
JB, et al. Acquisition of hemozoin by monocytes down-regulates
interleukin-12 p40 (IL-12p40) transcripts and circulating IL-
12p70 through an IL-10-dependent mechanism: in vivo and in

vitro findings in severe malarial anemia. Infect Immun. 2006
Sep;74(9):5249-60.

Ngoa UA, Zinsou JF, Kassa RFK, Feugap EN, Honkpehed;ji YJ,
Massinga-Loembe M, et al. Assessment of the effect of
Schistosoma haematobium co infection on malaria parasites and

immune responses in rural populations in Gabon: study protocol.
SpringerPlus. 2014 Jul 29;3(1):388.

Hiirlimann E, Yapi RB, Houngbedji CA, Schmidlin T, Kouadio
BA, Silu¢ KD, et al. The epidemiology of polyparasitism and
implications for morbidity in two rural communities of Cote
d’Ivoire. Parasit Vectors. 2014;7:81.

Midzi N, Sangweme D, Zinyowera S, Mapingure MP, Brouwer
KC, Munatsi A, et al. The burden of polyparasitism among
primary schoolchildren in rural and farming areas in Zimbabwe.
Trans R Soc Trop Med Hyg. 2008 Oct;102(10):1039-45.

Metenou S, Dembélé B, Konate S, Dolo H, Coulibaly SY,
Coulibaly Y1, et al. Patent filarial infection modulates malaria-
specific type 1 cytokine responses in an IL-10-dependent manner
in a filaria/malaria-coinfected population. J Immunol Baltim Md
1950. 2009 Jul 15;183(2):916-24.

213



Chapter 8

55.

56.

57.

58.

59.

60.

61.

62.

214

Metenou S, Dembele B, Konate S, Dolo H, Coulibaly Y1, Diallo
AA, et al. Filarial infection suppresses malaria-specific
multifunctional Th1l and Th17 responses in malaria and filarial
coinfections. J Immunol Baltim Md 1950. 2011 Apr
15;186(8):4725-33.

Hartgers FC, Obeng BB, Kruize YCM, Dijkhuis A, McCall M,
Sauerwein RW, et al. Responses to malarial antigens are altered in
helminth-infected children. J Infect Dis. 2009 May
15;199(10):1528-35.

Wilson S, Jones FM, Mwatha JK, Kimani G, Booth M, Kariuki
HC, et al. Hepatosplenomegaly associated with chronic malaria
exposure: evidence for a pro-inflammatory mechanism

exacerbated by schistosomiasis. Parasite Immunol. 2009
Feb;31(2):64-71.

Nmorsi O, Isaac C, Ukwandu N, Ekundayo A, Ekozien M.
Schistosoma haematobium and Plasmodium falciparum co-
infection with protection against Plasmodium falciparum malaria

in Nigerian children. Asian Pacific journal of tropical medicine.
:16-20.

Hartgers FC, Obeng BB, Kruize YCM, Dijkhuis A, McCall M,
Sauerwein RW, et al. Responses to malarial antigens are altered in
helminth-infected children. J Infect Dis. 2009 May
15;199(10):1528-35.

Hartgers FC, Obeng BB, Boakye D, Yazdanbakhsh M. Immune
responses during helminth-malaria co-infection: a pilot study in
Ghanaian school children. Parasitology. 2008 Jun;135(7):855-60.

Metenou S, Dembél¢ B, Konate S, Dolo H, Coulibaly SY,
Coulibaly Y1, et al. Patent filarial infection modulates malaria-
specific type 1 cytokine responses in an IL-10-dependent manner
in a filaria/malaria-coinfected population. J Immunol Baltim Md
1950. 2009 Jul 15;183(2):916-24.

Diallo TO, Remoue F, Gaayeb L, Schacht A-M, Charrier N, De
Clerck D, et al. Schistosomiasis coinfection in children influences



General discussion

63.

64.

65.

66.

67.

68.

69.

70.

acquired immune response against Plasmodium falciparum
malaria antigens. PloS One. 2010;5(9):e12764.

Lyke KE, Wang A, Dabo A, Arama C, Daou M, Diarra I, et al.
Antigen-specific B memory cell responses to Plasmodium
falciparum malaria antigens and Schistosoma haematobium

antigens in co-infected Malian children. PloS One.
2012;7(6):e37868.

Boef AGC, May L, van Bodegom D, van Lieshout L, Verweij JJ,
Maier AB, et al. Parasitic infections and immune function: effect

of helminth infections in a malaria endemic area. Immunobiology.
2013 May;218(5):706-11.

Schwartz L, Brown GV, Genton B, Moorthy VS. A review of
malaria vaccine clinical projects based on the WHO rainbow
table. Malar J. 2012 Jan 9;11:11.

RTS,S Clinical Trials Partnership. Efficacy and safety of
RTS,S/AS01 malaria vaccine with or without a booster dose in
infants and children in Africa: final results of a phase 3,
individually randomised, controlled trial. Lancet. 2015 Apr 23;

Esen M, Mordmiiller B, de Salazar PM, Adegnika AA, Agnandji
ST, Schaumburg F, et al. Reduced antibody responses against
Plasmodium falciparum vaccine candidate antigens in the

presence of Trichuris trichiura. Vaccine. 2012 Dec
14;30(52):7621-4.

von Hertzen L, Hanski I, Haahtela T. Natural immunity.
Biodiversity loss and inflammatory diseases are two global
megatrends that might be related. EMBO Rep. 2011
Nov;12(11):1089-93.

Mbow M, de Jong SE, Meurs L, Mboup S, Dieye TN, Polman K,
et al. Changes in immunological profile as a function of
urbanization and lifestyle. Immunology. 2014 Dec;143(4):569-77.

Smolen KK, Ruck CE, Fortuno ES, Ho K, Dimitriu P, Mohn WW,
et al. Pattern recognition receptor-mediated cytokine response in

215



Chapter 8

infants across 4 continents. J Allergy Clin Immunol. 2014

71.

72.

73.

74.

216

Mar;133(3):818-26.¢4.

Labuda LA, de Jong SE, Meurs L, Amoah AS, Mbow M, Ateba-
Ngoa U, et al. Differences in innate cytokine responses between
European and African children. PloS One. 2014;9(4):¢95241.

Yilmaz B, Portugal S, Tran TM, Gozzelino R, Ramos S, Gomes J,
et al. Gut microbiota elicits a protective immune response against
malaria transmission. Cell. 2014 Dec 4;159(6):1277-89.

Immunogenicity of influenza virus vaccine is increased by anti-
gal-mediated targeting to antigen-presenting cells. - PubMed -
NCBI [Internet]. [cited 2015 Dec 23]. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/17609270

Giacomin P, Zakrzewski M, Croese J, Su X, Sotillo J, McCann L,
et al. Experimental hookworm infection and escalating gluten
challenges are associated with increased microbial richness in
celiac subjects. Sci Rep. 2015;5:13797.





