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Abstract: On a global basis, both potent vaccine efficacy
and high vaccine coverage are necessary to control and
eliminate vaccine-preventable diseases. Emerging evi-
dence from animal and human studies suggest that
neglected tropical diseases (NTDs) significantly impair
response to standard childhood immunizations. A review
of efficacy and effectiveness studies of vaccination among
individuals with chronic parasitic infections was conduct-
ed, using PUBMED database searches and analysis of data
from the authors’ published and unpublished studies.
Both animal models and human studies suggest that
chronic trematode, nematode, and protozoan infections
can result in decreased vaccine efficacy. Among pregnant
women, who in developing countries are often infected
with multiple parasites, soluble parasite antigens have
been shown to cross the placenta and prime or tolerize
fetal immune responses. As a result, antenatal infections
can have a significant impact on later vaccine responses.
Acquired childhood parasitic infections, most commonly
malaria, can also affect subsequent immune response to
vaccination. Additional data suggest that antiparasite
therapy can improve the effectiveness of several human
vaccines. Emerging evidence demonstrates that both
antenatal and childhood parasitic infections alter levels
of protective immune response to routine vaccinations.
Successful antiparasite treatment may prevent immuno-
modulation caused by parasitic antigens during pregnan-
cy and early childhood and may improve vaccine efficacy.
Future research should highlight the varied effects that
different parasites (alone and in combination) can have on
human vaccine-related immunity. To optimize vaccine
effectiveness in developing countries, better control of
chronic NTDs may prove imperative.

Introduction

Since the inception of the Expanded Program on Immunization
(EPI) in 1974, many global partners, including the World Health
Organization, United Nations Children’s Fund, and the Gates
Foundation, have joined to support mass global immunization
projects that have resulted in a significant drop in child mortality
worldwide [1]. Programmatic effectiveness has been primarily
measured as the operational improvement In vaccine coverage,
with the tacit assumption that average individual vaccine response
(i.e., average vaccine efficacy) remains the same for all populations
[2,3]. For example, the Global Alliance for Vaccines has improved
the percentage of children receiving diphtheria—tetanus—pertussis
(DTP) vaccinations from 71% in 1999 to 78% in 2004 [4]. Despite
these impressive attempts at mass vaccination coverage, vaccine-
preventable diseases still kill an estimated 1 to 2 million African
children each year [5]. Whereas efficacy is the measure of the
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impact of treatment in an ideal (study) environment, effectiveness
1s the measure of impact in “real-world” settings [6]. These
preventable deaths contribute to the high infant and childhood
mortality rates experienced by these countries and, by definition,
highlight the lapse in vaccine effectiveness in resource-poor areas.

Vaccines are among the most cost-effective health interventions
available for the prevention of life-threatening and disabling
infectious diseases. Even so, the overall effectiveness of vaccine
strategies requires both adequate coverage among vulnerable
populations and induction of a satisfactory protective immune
response in each susceptible individual. Although extensive
resources are now being committed to improve global childhood
vaccination coverage, in developing nations the response to
standard vaccination often remains suboptimal [2,7-12]. The
reasons for this poor vaccination response are undoubtedly
complex, yet there are several causes that are likely to be
amenable to intervention or preventive treatment (Figure 1). In
particular, emerging clinical evidence suggests that chronic
antenatal parasitic infection can significantly alter infant immune
responses to standard childhood vaccinations [13-21]. More
limited evidence also suggests that parasitic infections in the first
few years of life can also impact immunity and response to
vaccines [22]. In this review, our premise is that vaccine
effectiveness will not be optimal among children of developing
countries until there is adequate treatment and prevention of
antenatal and early childhood parasitic infections.

The reduced effectiveness of vaccination programs in develop-
ing communities often has been blamed on cold-chain lapses and a
lack of support infrastructure [23-27]. However, as detailed later
in this review, chronic infections with neglected tropical diseases
(NTDs) also appear to play a significant role in poor vaccine
efficacy. Of special interest, maternal parasitic infections affect the
unborn infant and appear to act as important immune response
modifiers, although the mechanisms of the parasite-induced
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Figure 1. Theoretical mechanisms of reduced vaccine response in infants.
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immune effects are not yet fully understood. Current evidence
suggests that maternal parasitic infections such as schistosomiasis
[28], filariasis [28-30], other helminths [31], and malaria [32]
during the period of gestation can suppress an infant’s later
immune responses to standard childhood vaccinations.

Population-Based Evidence of Reduced Vaccine
Effectiveness

Several vaccination studies have shown that children from areas
of sub-Saharan Africa are less responsive to standard childhood
vaccines than children from developed countries. These include
vaccine trials of the antituberculosis vaccine BCG (Bacillus
Calmette-Guerin) [7,8,33] and of typhoid fever [9], measles
[10,23], and polio vaccines [11,12]. For example, after receiving
three oral polio vaccines, vaccinated children from industrialized
nations have 97%, 100%, and 100% seroconversion rates to polio
virus types 1, 2, and 3, whereas vaccinated children from developing
nations show only 73%, 90%, and 70% protection, respectively [11].

What are the implications of this phenomenon? Recent
outbreaks of polio in Africa show us that our “control” of
vaccine-preventable diseases is tenuous at best. A short-term
failure in vaccine coverage resulted in the rapid and serious
resurgence of a vaccine-preventable disease [34]. In recent
Nigerian polio outbreaks, the rapid spread to nearby African
countries was in part related to low herd immunity caused by
decreased vaccine coverage (10 countries) [35]. Of special
importance, however, polio also reemerged in well-vaccinated
African countries such as Ghana, Botswana, and, now more
recently, Kenya, where the vaccine coverage rate was high
(>90%) [35,36]. Vaccine programs in these countries were
ineffective in preventing these outbreaks, despite high vaccination
coverage, suggesting suboptimal vaccine efficacy among at-risk
individuals within well-vaccinated local populations.

Potential Causes of Reduced Efficacy in
Developing Countries

Failure to respond appropriately to vaccination is most often
associated with a suite of poverty-related conditions, including both
malnutrition and chronic infection. Clinical features of poverty
include protein-calorie and micronutrient undernutrition and
recurring exposure to parasites (protozoa and helminths) that
independently contribute to chronic anemia and poor physical
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growth and development [37]. Chronic parasitic infections also have
a substantial impact on cognitive and intellectual development and
education [38—40]. Fortunately, many of these deleterious effects can
be reversed with antiparasite treatment [41-44]. However, reinfec-
tion remains common in this setting, and the global burden of
parasitic infections remains unacceptably high [45].

Effects of Parasitic Infection on Host Immunity

The deleterious effects of polyparasitism on host immunity may
help to explain the poor response to childhood vaccination that is
seen in the developing world. Both animal and human studies
indicate that parasitic infections can impair long-term responses to
vaccination. In addition, multiple concurrent infections are likely to
have additive or synergistic effects on immune responses. Studies in
both human and animal models have shown that trematode,
nematode, and Plasmodium infections lead to decreased vaccine
efficacy and an inability to ward off new infection [19,46-48].

Trematode Infections

Elias et al. [15] compared the efficacy of BCG vaccine in mice
with and without Schistosoma mansoni infection and determined that
BCG-vaccinated, schistosome-infected mice have significantly less
vaccine-induced protection against virulent tuberculosis challenge
than those without schistosome infection. In studies of humans
with trematode infection, a decreased response to tetanus toxoid
vaccination has been demonstrated in the presence of schistoso-
miasis, associated with significantly altered Thl- and Th2-type
immune responses to tetanus toxoid in vitro [18].

Nematode Infections

Two studies performed in mice show that nematode infection
impairs response to malaria vaccination and further illustrate that
cure of parasitic infection before immunization, and not after,
increases host vaccine response [18,46,47]. Additionally, in
humans, deworming with albendazole has been shown to improve
the effectiveness of vaccine response to BCG [16] and to oral
cholera vaccine [13,14].

Protozoan Infections

Chronic protozoan infections also have been proven to have
harmful effects on vaccination response, with decreased levels of
response to tetanus, Haemophilus influenzae type b [5], and typhoid
vaccines noted in the presence of concurrent malaria infection
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Figure 2. Typical profile of parasitic infection prevalence among pregnant women attending an antenatal clinic in coastal Kenya.
Dual infection was detected in 26% of women; three or more infections were detected in 11% of women.
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[17,20,21]. Whether or not treatment of malaria can improve
vaccine response is controversial and appears to depend on which
vaccines are tested. No effect was observed on DTP and measles
vaccination [49,50], but malaria treatment has been found to be
associated with improved immunization response to meningococ-
cal vaccines [51,52].

Evidence on the Impact of Antenatal Parasite
Infection on Later Childhood Vaccine Responses

“Imprinting” of the immune system during fetal development also
may play a significant role in reduced vaccine effectiveness in
parasite-endemic areas. In developing countries, women of child-
bearing age are frequently infected with one or more parasites, as
seen in our cohorts in coastal Kenya and others [53] (Figure 2). If left
untreated, their chronic infections will persist throughout the period
of pregnancy. As a consequence of persistent infection, soluble
parasite-derived products cross the placenta, potentially priming or
tolerizing the fetal immune system’s response to these parasite-specific
antigens and to unrelated antigens [31]. Many helminth-mediated
immunoregulatory effects drive the balance of human host immunity
towards Th2-type reactivity, yet natural or vaccine-mediated
immunity requires mainly Thl-type responses to provide vaccine-
mediated protection [30,54]. On the basis of emerging evidence from
longitudinal maternal-infant cohort studies, exposure to parasites in
utero appears to induce an immunomodulatory phenotype that
persists into infancy and later childhood, significantly affecting
protective responses to antigens included in standard childhood
vaccines (Figure 3). The treatment of helminthic infections during
pregnancy has been shown to have many beneficial effects, including
the reduction of HIV mother-to-child transmission (MTCT), low
birth weight incidence, and infant mortality [55]. Data suggest many
other detrimental effects of chronic maternal parasitic infection on
infant outcomes [55-64]. Whether or not parasitic treatment of
pregnant women can impact infant immunization efficacy has not
been adequately studied, although evidence suggests that treatment of
parasitic infections in pregnant women has significant immunity-
modifying effects in their infants [28,65].

Evidence on the Impact of Early Childhood
Parasitic Infection on Vaccination Responses

Successful treatment of pregnant mothers for parasitic infections
may prevent sensitization to parasitic antigens during pregnancy
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and may improve vaccination outcomes of the unborn child by
diminishing parasite-driven fetal priming. Later primary exposure
to parasitic infections during the first years of life also can affect
subsequent immune response to vaccination. Although malaria is
the most common parasitic infection in young children, schisto-
somiasis, filariasis, and intestinal helminthic infections also have
been shown to occur in infants [30,66,67]. Polyparasitism is known
to affect immune function and vaccination response
[15,18,19,46,47]. The evidence that early childhood parasitic
treatment yields improved response to vaccination is sparse and
deserves further study [16,51,52].
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Figure 3. Effect of maternal helminth infection on an infant’s
acquisition of protective antibodies (polyribosylribitol phos-
phate-specific 1gG) following Haemophilus influenzae type b
vaccination at 6, 10, and 14 wk of age. Values represent geometric
means (+£95% confidence interval) for infants subsequently tested at 6
months of age. *p<<0.001 for observed differences between the
offspring of uninfected versus multiply parasitized women.
doi:10.1371/journal.pntd.0000442.9g003
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Proposed Mechanisms

Studies have clearly established the presence of T and B cell
responses by the human fetus to maternal parasitic infections
[32,68-70]. Animal models suggest that exposure to parasites in
utero may be either beneficial (by accelerating the development of
protective antibodies and cellular immune responses) or detri-
mental (by impairing the acquisition of a protective immune
response and inducing immune tolerance) [71-74].

Immune tolerance may be due to clonal deletion of specific cell
subsets, which leads to loss of antigen-reactive cells in utero and
subsequent lack of recall response during antigen exposure later in
infancy. Another possible tolerance mechanism is clonal anergy,
which results from a lack of adequate costimulation by antigen-
presenting cells to CD4+ cells. Finally, tolerance may be due to the
de novo generation of populations of immunoregulatory cells.
Prenatal exposure to malaria, schistosomiasis, and filariasis may
lead to the acquisition of a subset of immunoregulatory CD4+ T
cells. A distinct population of CD4+ regulatory-1 cells (Trl) has
been shown to be able to arise from CD34+ cells in the neonate
[75] in response to IL-10 and IFN-a [76]. Specifically, IL-10 has
been proposed to be responsible for modulating subsequent
immune responses during subsequent exposure to new, unrelated
antigens. Trl cells are antigen-specific CD4+ cells that are distinct
from Thl and Th2 cells in that they produce significant amounts
of IL-10, variable IFN-y, TGF-B, and IL-5, but little or no IL-2
and no IL-4. The CD4+CD25+ T cells represent another
population of regulatory T cells whose development is partially
mediated by IL-10 and TGF-B [77]. As with chronic helminth
infections, exposure to maternal malaria leads to the generation of
significant levels of malaria blood stage antigen-driven IL-10 in
cord blood and infant lymphocytes. Presumably, this immuno-
modulation may benefit the human host by limiting inflammation
caused by chronic parasite infections in early childhood and later
adolescence. However, the concomitant downside is a reduced
ability to respond to acute bacterial and viral infections and to
vaccination.

In humans, “tolerance” (manifested by the generation of
immunoregulatory populations of lymphocytes by prenatal
antigenic exposure) is likely to contribute to the long-term
persistence of many intravascular parasitic infections [30,54,78—
80]. In our studies, tolerance is defined as an altered or suppressed
immune response to parasite antigens during infancy or childhood
in the progeny of women infected during pregnancy. Maternal
infection with lymphatic filariasis, schistosomiasis, and the
protozoan parasites Trypanosoma cruzi and 1. gondi have been
shown to enhance the offspring’s susceptibility to subsequent
infection, and this phenomenon is associated with impaired or
altered fetal immune response to parasite antigens. Children born
to filarial-infected mothers, for example, have depressed cytokine
responses in 1" cells and lymphocyte proliferation by peripheral
blood mononuclear cells to filarial antigens compared to offspring
from uninfected mothers. They are also significantly more likely to
acquire filarial infection in the first 5 years of life and continue to
show altered responses to parasite antigens years after birth [29].

Not all in utero exposure to maternal helminth infections results
in tolerance. Instead, for some newborns, prenatal parasite
exposure results in a constant state of antiparasite immune
activation that is characterized by a Th2-dominant cytokine
profile, high IgE levels, and eosinophilia. Such an immune profile
also may have an adverse impact on the efficacy of vaccines by
limiting Thl pathways of immune response to vaccination. By
altering the immunologic balance between Thl and Th2
pathways, chronic parasitic infections appear to alter the
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immunologic milieu and would also likely impair or suppress the
“normal” responses to vaccines that have been described in
parasite-free, developed countries.

Other Implications of Parasite Infection for
Infectious Disease Transmission

Polyparasitism’s effects on immunity are believed to be partly
responsible for the increasing virulence of the world’s most lethal
infections: HIV [81,82], malaria [83,84], and tuberculosis [85,86].
In addition, helminth infection is associated with an increased risk
for MTCT of HIV [87]. Some studies of HIV—parasite coinfection
suggest that antihelminthic therapy may reduce CD4 depletion
and progression of viral load in HIV-infected patients [88].
Parasite effects on immunity need to be highlighted as new
vaccines against HIV, malaria, and tuberculosis are moving
forward in clinical trials, because optimal vaccine efficacy may
require effective antiparasite therapy to control for the immune
system impact of these chronic pathogens [38,89-92].

Suggestions for Current Antenatal and Infant
Care and for Future Research

A growing body of evidence now demonstrates that antenatal
and childhood parasitic infections both deleteriously alter
responses to routine vaccination. To truly optimize vaccination
campaign effectiveness and vaccine efficacy in all areas of the
world, parallel efforts are needed to control endemic parasitic
infections. More data are needed to identify the multifactorial
causes of impaired vaccine efficacy, including research specifically
addressing the impact of preventive antiparasite therapy on
maternal and infant health outcomes.

The immune response to parasites can be beneficial or
detrimental. Immune modulation makes it difficult to predict the
impact of intermittent parasite treatment. Perhaps a repeating
cycle of infection/treatment/reinfection may be worse for vaccine
response than low level chronic infection. This area is worthy of
further study and must determine the appropriate treatment
intervals for these infections. Also, more data are needed to
objectively define the optimal timing between deworming and
vaccination. Ideally, pregnant women should be free of infection
throughout all three trimesters of pregnancy, but perhaps
reinfection in the last trimester is particularly detrimental with
respect to fetal priming. Ultimately, a carefully designed double-
blind, placebo-controlled trial in infected pregnant women would
provide the critical evidence to support or refute the need for
antenatal parasitic treatment.

If antenatal and early child deworming are to be implemented
as standard interventions, then the associated changes in vaccine
efficacy and effectiveness should be concurrently documented in
well-designed, prospective studies. Animal models suggest that the
loss of cross-protective or immunomodulatory effects of polypar-
asitism may mean that some parasitic diseases may become
clinically worse before they are fully eradicated. So far, the
available evidence indicates that deworming has clear benefits in
terms of birth outcomes [62,93]. If deworming is also found to
amplify vaccination effects, then it is clearly time to intensively test
and implement antiworm strategies and their “indirect vaccina-
tion” effect on at-risk populations. Ultimately, because of the real-
world roadblock that parasite infections present to vaccine
effectiveness, mass vaccination campaigns likely will not reach
their full potential unless vaccines and antiparasite strategies are
implemented together.

May 2009 | Volume 3 | Issue 5 | e442



References

. PATH. Available: http://www.path.org/vaccineresources/.
. Arevshatian L, Clements C, Lwanga S, Misore A, Ndumbe P, et al. (2007) An

evaluation of infant immunization in Africa: is a transformation in progress? Bull

World Health Organ 85: 449-457.

. World Health Organization. Available: http://www.who.int/immunization_

delivery/systems_policy/red/en/index.html.

4. GAVI Alliance. Available: http://www.gavialliance.org/.

20.

21.

22.

23.

24.

26.

27.

28.

. Bryce J, Boschi-Pinto C, Shibuya K, Black RE (2005) WHO estimates of the

causes of death in children. Lancet 365: 1147-1152.

Gartlehner G, Hansen RA, Nissman D, Lohr KN, Carey TS (2006) A simple
and valid tool distinguished efficacy from effectiveness studies. J Clin Epidemiol
59: 1040-1048.

Colditz GA, Brewer TF, Berkey CS, Wilson ME, Burdick E, et al. (1994)
Efficacy of BCG vaccine in the prevention of tuberculosis. Meta-analysis of the
published literature. JAMA 271: 698-702.

. Comstock GW (1994) Efficacy of BCG vaccine. JAMA 272: 766.
. Mirza NB, Wamola IA, Estambale BA, Mbithi E, Poillet M (1995) Typhim Vi

vaccine against typhoid fever: a clinical trial in Kenya. East Afr Med J 72:
162-164.

. Onoja AL, Adu FD, Tomori O (1992) Evaluation of measles vaccination

programme conducted in two separate health centres. Vaccine 10: 49-52.

. Patriarca PA, Wright PF, John TJ (1991) Factors affecting the immunogenicity

of oral poliovirus vaccine in developing countries: review. Rev Infect Dis 13:
926-939.

. Triki H, Abdallah MV, Ben Aissa R, Bouratbine A, Ben Ali Kacem M, et al.

(1997) Influence of host related factors on the antibody response to trivalent oral
polio vaccine in Tunisian infants. Vaccine 15: 1123-1129.

. Cooper PJ, Chico M, Sandoval C, Espinel I, Guevara A, et al. (2001) Human

infection with Ascaris lumbricoides is associated with suppression of the
interleukin-2 response to recombinant cholera toxin B subunit following
vaccination with the live oral cholera vaccine CVD 103-HgR. Infect Immun
69: 1574-1580.

. Cooper PJ, Chico ME, Losonsky G, Sandoval C, Espinel I, et al. (2000)

Albendazole treatment of children with ascariasis enhances the vibriocidal
antibody response to the live attenuated oral cholera vaccine CVD 103-HgR.

J Infect Dis 182: 1199-1206.
. Elias D, Akuffo H, Pawlowski A, Haile M, Schon T, et al. (2005) Schistosoma

mansoni infection reduces the protective efficacy of BCG vaccination against
virulent Mycobacterium tuberculosis. Vaccine 23: 1326-1334.

. Elias D, Wolday D, Akuffo H, Petros B, Bronner U, et al. (2001) Effect of

deworming on human T cell responses to mycobacterial antigens in helminth-
exposed individuals before and after bacille Calmette-Guerin (BCG) vaccination.
Clin Exp Immunol 123: 219-225.

Greenwood BM, Bradley-Moore AM, Bryceson AD, Palit A (1972) Immuno-
suppression in children with malaria. Lancet 1: 169-172.

Sabin EA, Araujo MI, Carvalho EM, Pearce EJ (1996) Impairment of tetanus
toxoid-specific Thl-like immune responses in humans infected with Schistosoma

mansoni. J Infect Dis 173: 269-272.

. Urban JF Jr, Steenhard NR, Solano-Aguilar GI, Dawson HD, Iweala OI, et al.

(2007) Infection with parasitic nematodes confounds vaccination efficacy. Vet
Parasitol 148: 14-20.

Usen S, Milligan P, Ethevenaux C, Greenwood B, Mulholland K (2000) Effect
of fever on the serum antibody response of Gambian children to Haemophilus
influenzae type b conjugate vaccine. Pediatr Infect Dis J 19: 444-449.
Williamson WA, Greenwood BM (1978) Impairment of the immune response to
vaccination after acute malaria. Lancet 1: 1328-1329.

Stothard JR, Gabrielli AF (2007) Schistosomiasis in African infants and
preschool children: to treat or not to treat? Trends Parasitol 23: 83-86.

Adu FD, Akinwolere OA, Tomori O, Uche LN (1992) Low seroconversion rates
to measles vaccine among children in Nigeria. Bull World Health Organ 70:
457-460.

Bonu S, Rani M, Razum O (2004) Global public health mandates in a diverse
world: the polio eradication initiative and the expanded programme on
immunization in sub-Saharan Africa and South Asia. Health Policy 70:

327-345.

. Borus PK (2004) Missed opportunities and inappropriately given vaccines reduce

immunisation coverage in facilities that serve slum areas of Nairobi. East Afr
Med J 81: 124-129.

Ndiritu M, Cowgill KD, Ismail A, Chiphatsi S, Kamau T, et al. (2006)
Immunization coverage and risk factors for failure to immunize within the
Expanded Programme on Immunization in Kenya after introduction of new
Haemophilus influenzae type b and hepatitis b virus antigens. BMC Public
Health 6: 132.

Sheldon SJ, Alons C (2003) A Study to Describe Barriers to Childhood
Vaccination in Mozambique, Final Report. Available: http://www.changepro-
ject.org/pubs/MozFinalReport.pdf.

Malhotra I, Mungai P, Wamachi A, Kioko J, Ouma JH, et al. (1999) Helminth-
and Bacillus Calmette-Guerin-induced immunity in children sensitized in utero
to filariasis and schistosomiasis. J Immunol 162: 6843-6848.

. Malhotra I, Mungai PL, Wamachi AN, Tisch D, Kioko JM, et al. (2006)

Prenatal T cell immunity to Wuchereria bancrofti and its effect on filarial

@ www.plosntds.org

30.

31.

32.

33.

34.

36.

37.

38.

39.

40.

41.

43.

44.

46.

47.

48.

49.

50.

51.

53.

54.

56.

57.

. Chan MS (1997) The global burden of intestinal nematode infections

immunity and infection susceptibility during childhood. J Infect Dis 193:
1005-1013.

Malhotra I, Ouma JH, Wamachi A, Kioko J, Mungai P, et al. (2003) Influence of
maternal filariasis on childhood infection and immunity to Wuchereria bancrofti
in Kenya. Infect Immun 71: 5231-5237.

Malhotra I, Ouma J, Wamachi A, Kioko J, Mungai P, et al. (1997) In utero
exposure to helminth and mycobacterial antigens generates cytokine responses
similar to that observed in adults. J Clin Invest 99: 1759-1766.

King CL, Malhotra I, Wamachi A, Kioko J, Mungai P, et al. (2002) Acquired
immune responses to Plasmodium falciparum merozoite surface protein-1 in the
human fetus. J Immunol 168: 356-364.

Comstock GW (1994) Field trials of tuberculosis vaccines: how could we have
done them better? Control Clin Trials 15: 247-276.

Progress toward poliomyelitis eradication—Nigeria, January 2004—July 2005.
MMWR Morb Mortal Wkly Rep 54: 873-877.

. Heymann DL, Aylward RB (2004) Eradicating polio. N Engl J Med 351:

1275-12717.

Pallansch MA, Sandhu HS (2006) The eradication of polio—progress and
challenges. N Engl J Med 355: 2508-2511.

Steketee RW (2003) Pregnancy, nutrition and parasitic diseases. J Nutr 133:
1661S-1667S.

Hotez PJ, Molyneux DH, Fenwick A, Ottesen E, Ehrlich Sachs S, et al. (2006)
Incorporating a rapid-impact package for neglected tropical diseases with
programs for HIV/AIDS, tuberculosis, and malaria. PLoS Med 3: el102.
doi:10.1371/journal. pmed.0030102.

Jukes MC, Nokes CA, Alcock KJ, Lambo JK, Kihamia C, et al. (2002) Heavy
schistosomiasis associated with poor short-term memory and slower reaction
times in Tanzanian schoolchildren. Trop Med Int Health 7: 104-117.

Nokes C, Grantham-McGregor SM, Sawyer AW, Cooper ES, Bundy DA (1992)
Parasitic helminth infection and cognitive function in school children. Proc Biol
Sci 247: 77-81.

Stephenson LS, Latham MC, Adams EJ, Kinoti SN, Pertet A (1993) Weight
gain of Kenyan school children infected with hookworm, Trichuris trichiura and
Ascaris lumbricoides is improved following once- or twice-yearly treatment with
albendazole. J Nutr 123: 656-665.

Stephenson LS, Latham MC, Kinoti SN, Kurz KM, Brigham H (1990)
Improvements in physical fitness of Kenyan schoolboys infected with hookworm,
Trichuris trichiura and Ascaris lumbricoides following a single dose of
albendazole. Trans R Soc Trop Med Hyg 84: 277-282.

Stephenson LS, Latham MC, Kurz KM, Kinoti SN (1989) Single dose
metrifonate or praziquantel treatment in Kenyan children. II. Effects on growth
in relation to Schistosoma haematobium and hookworm egg counts. Am J Trop
Med Hyg 41: 445-453.

Stephenson LS, Latham MC, Kurz KM, Kinoti SN, Brigham H (1989)
Treatment with a single dose of albendazole improves growth of Kenyan
schoolchildren with hookworm, Trichuris trichiura, and Ascaris lumbricoides
infections. Am J Trop Med Hyg 41: 78-87.

fifty
years on. Parasitol Today 13: 438-443.

Su Z, Segura M, Morgan K, Loredo-Osti JC, Stevenson MM (2005) Impairment
of protective immunity to blood-stage malaria by concurrent nematode
infection. Infect Immun 73: 3531-3539.

Su Z, Segura M, Stevenson MM (2006) Reduced protective efficacy of a blood-
stage malaria vaccine by concurrent nematode infection. Infect Immun 74:
2138-2144.

Borkow G, Bentwich Z (2008) Chronic parasite infections cause immune
changes that could affect successful vaccination. Trends Parasitol 24: 243-245.
Rosen JB, Breman JG (2004) Malaria intermittent preventive treatment in
infants, chemoprophylaxis, and childhood vaccinations. Lancet 363: 1386-1388.
Rosen JB, Breman JG, Manclark CR, Meade BD, Collins WE, et al. (2005)
Malaria chemoprophylaxis and the serologic response to measles and diphtheria-
tetanus-whole-cell pertussis vaccines. Malar J 4: 53.

Bradley-Moore AM, Greenwood BM, Bradley AK, Bartlett A, Bidwell DE, et al.
(1985) Malaria chemoprophylaxis with chloroquine in young Nigerian children.
II. Effect on the immune response to vaccination. Ann Trop Med Parasitol 79:
563-573.

Greenwood A, Greenwood B, Bradley A (1981) Enhancement of the immune
response to meningococcal polysaccharide vaccine in a malaria endemic area by
administration of chloroquine. Ann Trop Med Parasitol 75: 261-263.

Hillier SD, Booth M, Muhangi L, Nkurunziza P, Khihembo M, et al. (2008)
Plasmodium falciparum and helminth coinfection in a semi urban population of
pregnant women in Uganda. J Infect Dis 198: 920-927.

Malhotra I, Mungai P, Muchiri E, Ouma J, Sharma S, et al. (2005) Distinct
Thl- and Th2-type prenatal cytokine responses to Plasmodium falciparum
erythrocyte invasion ligands. Infect Immun 73: 3462-3470.

. Christian P, Khatry SK, West KP Jr (2004) Antenatal anthelmintic treatment,

birthweight, and infant survival in rural Nepal. Lancet 364: 981-983.

Adam I, Elwasila E, Homeida M (2005) Praziquantel for the treatment of
schistosomiasis mansoni during pregnancy. Ann Trop Med Parasitol 99: 37-40.
Adam I, Elwasila el T, Homeida M (2004) Is praziquantel therapy safe during
pregnancy? Trans R Soc Trop Med Hyg 98: 540-543.

May 2009 | Volume 3 | Issue 5 | e442



58.

59.

60.

61.

62.

63.

64.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Cowden J, Hotez P (2000) Mebendazole and albendazole treatment of
geohelminth infections in children and pregnant women. Pediatr Infect Dis J
19: 659-660.

Diav-Citrin O, Shechtman S, Arnon J, Lubart I, Ornoy A (2003) Pregnancy
outcome after gestational exposure to mebendazole: a prospective controlled
cohort study. Am J Obstet Gynecol 188: 282-285.

Friedman JF, Mital P, Kanzaria HK, Olds GR, Kurtis JD (2007) Schistosomiasis
and pregnancy. Trends Parasitol 23: 159-164.

Gyorkos TW, Larocque R, Casapia M, Gotuzzo E (2006) Lack of risk of adverse
birth outcomes after deworming in pregnant women. Pediatr Infect Dis J 25:
791-794.

Larocque R, Casapia M, Gotuzzo E, MacLean JD, Soto JC, et al. (2006) A
double-blind randomized controlled trial of antenatal mebendazole to reduce
low birthweight in a hookworm-endemic area of Peru. Trop Med Int Health 11:
1485-1495.

Olds GR (2003) Administration of praziquantel to pregnant and lactating
women. Acta Trop 86: 185-195.

Savioli L, Crompton DW, Neira M (2003) Use of anthelminthic drugs during
pregnancy. Am J Obstet Gynecol 188: 5-6.

. Elliott AM, Namujju PB, Mawa PA, Quigley MA, Nampijja M, et al. (2005) A

randomised controlled trial of the effects of albendazole in pregnancy on
maternal responses to mycobacterial antigens and infant responses to Bacille
Calmette-Guerin (BCG) immunisation [ISRCTN32849447]. BMC Infect Dis 5:
115.

Guyatt H, Brooker S, Lwambo NJ, Siza JE, Bundy DA (1999) The performance
of school-based questionnaires of reported blood in urine in diagnosing
Schistosoma haematobium infection: patterns by age and sex. Trop Med Int
Health 4: 751-757.

Woolhouse ME, Mutapi F, Ndhlovu PD, Chandiwana SK, Hagan P (2000)
Exposure, infection and immune responses to Schistosoma haematobium in
young children. Parasitology 120: 37-44.

Agarwal M, Prasad GB, Harinath BC, Bhatia BD (1986) Transplacental transfer
of filarial infection. Indian Pediatr 23: 169-174.

Rasheed FN, Bulmer JN, De Francisco A, Jawla MF, Jakobsen PH, et al. (1995)
Relationships between maternal malaria and malarial immune responses in
mothers and neonates. Parasite Immunol 17: 1-10.

Weil GJ, Hussain R, Kumaraswami V, Tripathy SP, Phillips KS, et al. (1983)
Prenatal allergic sensitization to helminth antigens in offspring of parasite-
infected mothers. J Clin Invest 71: 1124-1129.

Carlier Y, Rivera M'T, Truyens C, Ontivero M, Flament J, et al. (1992) Chagas’
disease: decreased resistance to Trypanosoma cruzi acquired infection in
offspring of infected mice. Am J Trop Med Hyg 46: 116-122.

Haque A, Capron A (1982) Transplacental transfer of rodent microfilariae
induces antigen-specific tolerance in rats. Nature 299: 361-363.

Lewert RM, Mandlowitz S (1969) Schistosomiasis: prenatal induction of
tolerance to antigens. Nature 224: 1029-1030.

Schrater AF, Spielman A, Piessens WF (1983) Predisposition to Brugia malayi
microfilaremia in progeny of infected gerbils. Am J Trop Med Hyg 32:
1306-1308.

. Groux H, O’Garra A, Bigler M, Rouleau M, Antonenko S, et al. (1997) A CD4+

T-cell subset inhibits antigen-specific T-cell responses and prevents colitis.
Nature 389: 737-742.

@ www.plosntds.org

76.

77.

78.

79.

80.

81.

82.

83.

84.

86.

87.

88.

89.

90.

91.

92.

93.

Levings MK, Sangregorio R, Galbiati F, Squadrone S, de Waal Malefyt R, et al.
(2001) IFN-or and IL-10 induce the differentiation of human type 1 T regulatory
cells. J Immunol 166: 5530-5539.

Levings MK, Sangregorio R, Roncarolo MG (2001) Human CD25"CD4" T
regulatory cells suppress naive and memory T cell proliferation and can be
expanded in vitro without loss of function. J Exp Med 193: 1295-1302.

Dent A, Malhotra I, Mungai P, Muchiri E, Crabb BS, et al. (2006) Prenatal
malaria immune experience affects acquisition of Plasmodium falciparum
merozoite surface protein-1 invasion inhibitory antibodies during infancy.
J Immunol 177: 7139-7145.

Lammie PJ, Hitch WL, Walker Allen EM, Hightower W, Eberhard ML (1991)
Maternal filarial infection as risk factor for infection in children. Lancet 337:
1005-1006.

Steel C, Guinea A, McCarthy JS, Ottesen EA (1994) Long-term effect of
prenatal exposure to maternal microfilaraemia on immune responsiveness to
filarial parasite antigens. Lancet 343: 890-893.

Borkow G, Bentwich Z (2004) Chronic immune activation associated with
chronic helminthic and human immunodeficiency virus infections: role of
hyporesponsiveness and anergy. Clin Microbiol Rev 17: 1012-1030.

Fincham JE, Markus MB, Adams VJ (2003) Could control of soil-transmitted
helminthic infection influence the HIV/AIDS pandemic. Acta Trop 86:
315-333.

Druilhe P, Tall A, Sokhna C (2005) Worms can worsen malaria: towards a new
means to roll back malaria? Trends Parasitol 21: 359-362.

Spiegel A, Tall A, Raphenon G, Trape JF, Druilhe P (2003) Increased frequency
of malaria attacks in subjects co-infected by intestinal worms and Plasmodium
falciparum malaria. Trans R Soc Trop Med Hyg 97: 198-199.

. Borkow G, Weisman Z, Leng Q, Stein M, Kalinkovich A, et al. (2001)

Helminths, human immunodeficiency virus and tuberculosis. Scand J Infect Dis
33: 568-571.

Brown M, Miiro G, Nkurunziza P, Watera C, Quigley MA, et al. (2006)
Schistosoma mansoni, nematode infections, and progression to active tubercu-
losis among HIV-l-infected Ugandans. Am J Trop Med Hyg 74: 819-825.
Gallagher M, Malhotra I, Mungai PL, Wamachi AN, Kioko JM, et al. (2005)
The effects of maternal helminth and malaria infections on mother-to-child HIV
transmission. AIDS 19: 1849-1855.

Walson JL, John-Stewart G (2008) Treatment of helminth co-infection in HIV-1
infected individuals in resource-limited settings. Cochrane Database Syst Rev
2008: CD006419.

Borkow G, Bentwich Z (2000) Eradication of helminthic infections may be
essential for successful vaccination against HIV and tuberculosis. Bull World
Health Organ 78: 1368-1369.

Elias D, Akuffo H, Britton S (2006) Helminthes could influence the outcome of
vaccines against TB in the tropics. Parasite Immunol 28: 507-513.

Fincham JE, Markus MB, Brombacher F (2002) Vaccination against helminths:
influence on HIV/AIDS and TB. Trends Parasitol 18: 385-386.

Markus MB, Fincham JE (2001) Helminthiasis and HIV vaccine efficacy. Lancet
357: 1799.

de Silva NR, Sirisena JL, Gunasckera DP, Ismail MM, de Silva HJ (1999) Effect
of mebendazole therapy during pregnancy on birth outcome. Lancet 353:
1145-1149.

May 2009 | Volume 3 | Issue 5 | e442



