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Abstract

Background

Chronic parasitic infections are associated with active immunomodulation which may
include by-stander effects on unrelated antigens. It has been suggested that pre-natal expo-
sure to parasitic infections in the mother impacts immunological development in the fetus
and hence the offspring’s response to vaccines, and that control of parasitic infection among
pregnant women will therefore be beneficial.

Methodology/Principal findings

We used new data from the Entebbe Mother and Baby Study, a trial of anthelminthic treat-
ment during pregnancy conducted in Uganda, to further investigate this hypothesis. 2705
mothers were investigated for parasitic infections and then randomised to albendazole
(400mg) versus placebo and praziquantel (40mg/kg) during pregnancy in a factorial design.
All mothers received sulfadoxine/pyrimethamine for presumptive treatment of malaria. Off-
spring received Expanded Programme on Immunisation vaccines at birth, six, 10 and 14
weeks. New data on antibody levels to diphtheria toxin, three pertussis antigens, Haemophi-
lus influenzae type B (HiB) and Hepatitis B, measured at one year (April 2004 —May 2007)
from 1379 infants were analysed for this report. Additional observational analyses relating
maternal infections to infant vaccine responses were also conducted. Helminth infections
were highly prevalent amongst mothers (hookworm 43.1%, Mansonella 20.9%, Schisto-
soma mansoni17.3%, Strongyloides 11.7%, Trichuris 8.1%) and 9.4% had malaria at enrol-
ment. In the trial analysis we found no overall effect of either anthelminthic intervention on
the measured infant vaccine responses. In observational analyses, no species was
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associated with suppressed responses. Strongyloidiasis was associated with enhanced
responses to pertussis toxin, HiB and Hep B vaccine antigens.

Conclusions/Significance

Our results do not support the hypothesis that routine anthelminthic treatment during preg-
nancy has a benefit for the infant’s vaccine response, or that maternal helminth infection has
a net suppressive effect on the offspring’s response to vaccines.

Trial Registration
ISRCTN.com ISRCTN32849447

Author summary

Parasitic infections, such as worms and malaria, have potent effects on the human
immune system. These effects include modification of immune responses in the fetus
and infant if a mother has a parasitic infection during pregnancy. These immunological
changes can influence the way a child responds to the same infection when exposed in
later life. It has been suggested that the immunological changes might also influence how
the child responds to the vaccines given in infancy, and that treating mothers for para-
sitic infections when they are pregnant might be helpful. In this study we compared
responses to vaccines between infants of mothers who had, or had not, been treated for
worms while they were pregnant. We found no overall differences. We also compared
vaccine responses between groups of mothers with and without parasitic infections. We
found no evidence that the parasitic infections were associated with reduced responses
in the children. This means that, although treating worms during pregnancy may have
some benefits, improvements in the children’s responses to vaccines are not likely to be
among them.

Introduction

There is substantial evidence that pre-natal exposures are important in shaping immunological
development [1]. This includes strong evidence that prenatal exposure and sensitisation to par-
asite antigens determines susceptibility to the same parasite in the offspring [1] and that
immunisation during pregnancy influences the infant response to the same vaccine [2]. There
is also evidence that prenatal exposures may influence the offspring’s response to unrelated
antigens [1]. It is important to better understand such effects since they are likely to be impor-
tant in broadly determining susceptibility to infectious diseases, either directly or through
responses to immunisation, as well as determining susceptibility to other immunologically
mediated conditions (such as allergy-related disease [3, 4]). Vaccines provide an example of a
standardised immunological challenge given at a standardised time and hence an opportunity
to evaluate the effects of pre-natal exposures on infant immune responses.

Recently, Malhotra and colleagues reported a study among children of mothers infected or
uninfected with malaria and helminths in a coastal region of Kenya which suggested that
infants of parasite-infected mothers had a reduced ability to develop antibody responses to
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Haemophilus influenzae type B (HiB) immunisation and diphtheria toxoid (DT), but showed
no effect on responses to hepatitis B (Hep B) immunisation or tetanus toxoid (TT) [5].

If there is a causal association between prenatal parasitic exposure and infant vaccine
responses, then treatment of maternal parasitic infections might be expected to remove par-
asite-associated effects. We conducted a randomised controlled trial (the Entebbe Mother
and Baby Study, ISRCTN32849447) to investigate whether anthelmintic treatment of preg-
nant mothers improved the vaccine response amongst their children [6]. We have previ-
ously reported the effects of treatment on cellular responses following BCG and tetanus
immunisation, and on tetanus and measles antibody concentrations: there were no overall
effects but, in planned subgroup analyses, albendazole treatment of mothers with hook-
worm was associated with reduced T-helper 2 cytokine responses to TT in their infants, and
(unexpectedly) albendazole treatment of mothers without hookworm resulted in increased
interferon-y(IFN-y) responses to mycobacterial antigen; otherwise no effects of maternal
treatment on responses to BCG, TT or measles were observed [7]. Here, we report on the
effects of maternal anthelminthic treatment on a further six serological responses (DT, per-
tussis [pertussis toxin (PT), filamentous haemagglutinin (FHA) and pertactin], Hep B and
HiB).

In addition to the trial results, we also present an observational analysis of associations
between multiple maternal infections and infant immunological responses, analogous to the
observational analyses reported by Malhotra and colleagues, using our existing dataset to
investigate whether similar associations are also present in our cohort of mothers and babies
from rural and urban areas of central Uganda.

Methods
Study design and participants

Healthy pregnant mothers in their second or third trimester were enrolled as part of the
Entebbe Mother and Baby Study (EMaBS; ISRCTN32849447) between 2003 and 2005,
described elsewhere [6, 7]. Briefly, this was a randomised, placebo-controlled, factorial study
of the effect of single-dose albendazole (400 mg) and praziquantel (40 mg/kg) given during
the second or third trimester of pregnancy on postnatal outcomes. Mothers were enrolled at
their first antenatal visit unless they attended in the first trimester, in which case enrolment
was postponed to minimise risk of teratogenicity. After enrolment they continued to receive
standard antenatal care, including intermittent presumptive treatment for malaria with sulfa-
doxine/pyrimethamine and tetanus immunisation, and intrapartum and neonatal single-
dose nevirapine for prevention of mother-to-child HIV transmission for the minority in
whom it was required. Infants received the routine EPI (Expanded Programme on Immuni-
sation) vaccines (BCG and polio at birth; DT, pertussis toxin, T'T, Hep B and HiB at age six,
10 and 14 weeks, measles at nine months). All mothers gave informed written consent on
behalf on themselves and their children. We have previously reported on responses to vac-
cines against tuberculosis, TT and measles [7]. Here we assess six immunological responses
amongst children at age one year: DT, Hep B, pertussis, FHA, pertactin, Hep B, and HiB.
Only children who received all three doses of pentavalent vaccine are included in this
analysis.

Ethical consent was granted for the original trial and for subsequent analysis from UVRI
(GC/127/12/07/32), the Uganda National Council for Science and Technology (MV625), Lon-
don School of Hygiene & Tropical Medicine (790, A340), and the Oxford Tropical Research
Ethics Committee (39-12).
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Maternal and infant infection status

At screening during pregnancy, and at delivery, or as soon as possible after delivery (for those
whose children were born outside hospital), blood samples were obtained from each woman
to test for presence of malaria parasites by thick film and for microfilariae of Mansonella per-
stans using a modified Knott’s method [8]; a single stool sample was obtained for diagnosis of
intestinal parasites including hookworm (Necator americanus in this area [9]), Schistosoma
mansoni, Trichuris trichiura and Ascaris lumbricoides using the Kato Katz technique [10] and
for Strongyloides stercoralis by culture [11].

In case of multiple births just the first child was considered for inclusion in this analysis.
Mother-baby pairs were excluded if the infant did not receive the standard three doses of EPI
vaccines before samples were collected.

At one-year of age a blood sample was obtained from infants. Plasma and serum were sep-
arated and stored at -80°C until processing. Plasma or serum were assessed for antibody con-
centrations against DT, pertussis antigens and HiB using a Luminex bead-based multiplex
immunoassay described in detail elsewhere[12, 13]. Antibody concentrations against Hep B
were measured using the ABBOTT Architect i2000 with their anti-HBs kit (Abbott Laborato-
ries, Chicago IL, USA) using the recommended protocol. We elected to measure the unsti-
mulated serological response to vaccination in order to maintain consistency with other
published reports of helminth-vaccine response associations. In the cases of DT and HiB
these measures are likely correlated with protection against disease. In the case of pertussis it
remains unclear which antigen is responsible for inducing protection and whether serological
levels are sufficient correlates, whereas for hepatitis B, there is evidence that measuring peak
response of antibody (approximately 6 weeks post final vaccination) is the optimal correlate
of protection although practically this is very difficult to achieve [14].

Mothers were categorised by parasite exposure in three ways, following the approach of
Malhotra 2015 for comparability [5]. First, mothers were grouped according to the total num-
ber of infections (helminths and malaria: 0; 1; 2; >3). Second, mothers were grouped as no
infection; malaria only; malaria plus one helminth infection; malaria plus two or more hel-
minth infections. Third, mothers without malaria were grouped as follows: no helminth infec-
tions; one infection and no malaria, two infections and no malaria; three or more infections
and no malaria.

Statistical analysis

The vaccines examined here were not the primary outcomes for this trial, so sample size calcu-
lations were not based on these responses. In a post-hoc evaluation of power, based upon the
standard deviations we observed, we had 80% power to detect differences ranging from 1.18
(FHA) to 1.34 (HiB). A complete case analysis was done where possible, and imputation of
missing data was not performed. Vaccine responses from the included and excluded records
were compared with t-tests or Mann-Whitney tests, as appropriate.

As this was a factorial trial, comparisons were made between all those randomised to alben-
dazole versus those randomised to matching placebo, and between praziquantel versus pla-
cebo. Linear regression was used to assess associations between exposures (albendazole and
praziquantel) and outcomes (infant vaccine responses). Outcome variables were transformed
onto the log (base 10) scale to reduce skew; hence reported coefficients represent geometric
mean ratios (GMR). Regression was performed with a bias-corrected bootstrap using 100 rep-
licates. Covariates were selected a priori and included maternal baseline characteristics of age,
parity (1; 2-4; >5), education level (none; primary; secondary; tertiary), and household socio-
economic group (on a six point scale, with six representing the highest group); infant

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0005213 February 8, 2017 4/13



@' PLOS NEGLECTED
Z) : TROPICAL DISEASES Prenatal exposure to parasitic infections and anthelminthic treatment on responses to immunisations

covarijates were sex, infant malaria and time (in days) since the third EPI vaccination. Pre-
planned sub-group analysis was carried out to examine the effect of albendazole on children of
mothers who had a hookworm infection, and separately for the effect of praziquantel on the
children of mothers with S. mansoni infection. This was performed using the same regression
technique as described above and allowing an interaction between randomised treatment and
infection. Interaction effects between the two randomised treatments were tested in a similar
way.

A similar approach was used to assess individual infections (including binary indicator vari-
ables for malaria, hookworm, S. mansoni, M. perstans, Ascaris, Trichuris and strongyloidiasis
in one linear regression model) and the exposure categories defined above. In each case we
also adjusted for randomised treatment. Exposure groups were treated as categorical variables
designed to allow for a comparison with the previously published results from mothers in
Kenya [5].

No adjustment was made for the numerous testing caused by assessing the effect of multiple
exposures on six outcomes. Stata version 14.1 was used for all analyses.

Results

A total of 2507 mothers were enrolled into the trial [7]. We had complete vaccine response
data (excluding hepatitis B) for 1379 (55%) mothers and first-born babies: 348 were rando-
mised to albendazole + praziquantel, 346 to albendazole + placebo, 336 to praziquantel + pla-
cebo, and 349 to placebos only. Due to limited serum and plasma from infants, samples were
unavailable for Hepatitis B assay for 374 of these infants (Fig 1). The demographic character-
istics of these 1379 mothers were similar to those who were missing from our analysis. The
biggest difference was in maternal malaria infection: this was 9.4% in those included in the
analysis and 12.9% in those excluded. Other characteristics were broadly similar: average age
was 23.9 years (included) and 23.4 years (excluded); education was “none” or “primary” in

16243 not resident in Entebbe/Katabi
£ 1186 unwilling to receive HIV result
11,783 assessed for eligibility 1 874 unwilling to participate

16461 ing p
: 115 already had baby in study
: 83 not normal
137 not planning to deliver in hospital
% 17 haemoglobin <8 g/dl
= 15 diarrhoea with blood in stool
% 5 adverse reaction to anthelminthics
1 47 other/ no reason stated

2,515 randomised

628 allocated to praziquantel 628 allocated to praziquantel Allocation 629 allocated to albendazole

& albendazole & placebo and placebo 830 allocated to placebo only
e f
§ 4 sible ehlments H T TT T  PEPPP PP PPN '

% 2 excluded due to haemoglobin<8
[>: 31 lost to follow-up before delivery :
: 4 miscarriages H

X 2 double enrolments E -»7 34 lost to follow-up before £ 2 double enrolments :

5 lost to follow-up before delivery = = delivery i P31 lostto follow-up before delivery :
- 4 miscarriages H £ 6 mi i - 4 miscarriages :
: : H :

591 deliveries 587 deliveries 587 deliveries 593 deliveries
596 births 600 births

599 births 596 births
12 stillbirths 13 stillbirths Birth 13 stillbirths 8 stillbirths
587 live births 583 live births d 583 live births 592 live births

................................................................................................. "

= 9 younger twins excluded from £ 8 younger twin excluded from 1 7 younger twin excluded from &

:analyses H analyses :analyses H

: 56 died or lost to follow-up |, : 47 died or lost to follow-up 9 died or lost to follow-up

= before 1 year < before 1year efore 1 year :

£ 100 still in follow-up but did = 99 still in follow-up but did not 6 still in follow-up but did not &
isi X attend 1 year visit isi i

= 6 younger twins excluded fror
: analyses

b 58 died or lost to follow-up
= before 1year -
£ 98 still in follow-up but did nof

427 seen at one year 420 seen at one year Analysis at on year 432 seen at one year 422 seen at one year
348 samples for immune response 336 samples for immune response 346 samples for immune response 349 samples for immune response
249 samples for Hep B response 234 samples for Hep B resp 263 samples for Hep B response 259 samples for Hep B response

Fig 1. Flow of patients through the trial.
doi:10.1371/journal.pntd.0005213.9001
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54.7% in the included group and 54.5% in the excluded group. Hookworm infection was
43.2% and 45.3%, and S. mansoni infection was 17.3% and 19.7% in the included and
excluded groups respectively. The sex of the babies was also similar between the included
(49.6% female) and excluded groups (47.3% female), as was the parity of the mothers (mean
2.8 in both groups).

Baseline characteristics were broadly balanced between the randomised arms (Table 1). The
most common maternal infection among the mothers with vaccine response data was hook-
worm (43.1%), followed by Mansonella (20.9%), S. mansoni (17.3%), Strongyloides (11.7%),
malaria (9.4%), Trichuris (8.1%) and Ascaris (2.1%). We had stool samples for 1235 (89.6%) of
one-year olds. The most common parasites detected were Ascaris (n = 16) and Trichuris
(n =12). We found very low levels of hookworm (n = 4) and S. mansoni (n = 1).

We found no evidence of an effect of randomised treatment on any of the infant vaccine
responses (Table 2), nor any evidence for treatment interaction (p>0.1 for all outcomes, S1
Table). In pre-planned sub-group analysis, the only evidence of a differential treatment effect
was on DT response in children of mothers who received albendazole: in mothers with hook-
worm the adjusted geometric mean ratio (aGMR) for albendazole was 0.89 (95 CI% 0.74-1.08)
and in mothers without hookworm it was 1.24 (95% CI 1.04-1.47). The p-value for interaction
was p = 0.01 (Table 3).

For the observational analysis, a total of 1286 mothers-baby pairs had known status for all
seven infections of interest and five of the six vaccines (Hepatitis B, n = 940). We found no evi-
dence of different vaccine response results in the excluded records. Similar to the trial analysis,
the most common maternal infection in this group was hookworm (43.1%), followed by Man-
sonella (21.2%), S. mansoni (16.7%), Strongyloidiasis (11.6%), malaria (9.2%), Trichuris (8.5%)
and Ascaris (1.9%).

We found no evidence that maternal infections were associated with infant vaccine
response except for maternal strongyloidiasis. The aGMR of HiB response for children of
mothers with strongyloidiasis was 1.51 times greater (95% CI 1.11-2.01) than children of
mothers who were uninfected. For Hep B the increase was by a factor of 1.47 (95% CI 1.11-
1.94) and in pertussis response the aGMR was 1.41 (95% CI 1.06-1.88). We found no evidence
of an association between any of the maternal exposure groups (number of infections, number
of infections alongside malaria, number of infections among mothers without malaria) and
any infant vaccine response at one year. Full results are in Table 4.

Discussion

We found no evidence of enhanced vaccine responses among infants of infected mothers who
were treated for helminths during pregnancy, nor evidence of a suppressive effect of prenatal
exposure to maternal parasitic infections on infant vaccine responses, in this cohort of mothers
and infants in Uganda. Such possible effects as were observed were indicative of enhanced
responses for a number of vaccines in the infants of mothers identified as having strongyloidia-
sis, and of reduced DT responses in the infants of mothers with detectable hookworm infection
who were treated with albendazole.

The primary strength of our study is the randomised, controlled intervention during preg-
nancy. Hookworm infection was treated effectively by albendazole (declining from over 40%
prevalence before treatment to 5% after delivery among albendazole treated women) and
schistosomiasis was treated effectively by praziquantel (declining from about 18% to 5%) while
Mansonella and Strongyloides were unaffected by the treatment [15]. From a simplistic per-
spective, the lack of effect of maternal treatment on vaccine responses among infants of
women infected with hookworm and S. mansoni implies either that prenatal exposure to these
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Table 1. Baseline characteristics of mothers whose children were enrolled into the study and provided samples at nine years of age.

Characteristic Albendazole + praziquantel Praziquantel only Albendazole only Placebo
(n=348) (n=336) (n=346) (n=349)
Mother’s age group
14-19 68 (20%) 82 (24%) 88 (25%) 72 (21%)
20-24 123 (35%) 129 (38%) 125 (36%) 144 (41%)
25-29 98 (28%) 78 (23%) 81 (23%) 74 (21%)
30-34 41 (12%) 32 (10%) 28 (8%) 44 (13%)
35+ 18 (5%) 15 (4%) 24 (7%) 15 (4%)
Mother’s education (2 missing
values)
None 11 (3%) 10 (3%) 10 (3%) 16 (5%)
Primary 181 (52%) 171 (51%) 182 (53%) 172 (49%)
Senior 124 (36%) 117 (35%) 134 (39%) 124 (36%)
Tertiary 32 (9%) 37 (11%) 20 (6%) 36 (10%)
Mother’s tribe (2 missing values)
Baganda 181 (52%) 173 (51%) 176 (51%) 167 (48%)
Banyankole 41 (12%) 20 (6%) 34 (10%) 40 (11%)
Batoro 11 (3%) 19 (6%) 11 (3%) 21 (6%)
Basoga 15 (4%) 8 (2%) 9 (3%) 10 (3%)
Luo 15 (4%) 25 (7%) 21 (6%) 18 (5%)
Banyarwanda 21 (6%) 15 (4%) 20 (6%) 19 (5%)
Others 64 (18%) 76 (23%) 75 (22%) 74 (21%)
Mother’s SES group (22 missing
values)
1 Lowest 16 (5%) 19 (6%) 14 (4%) 19 (6%)
2 26 (8%) 25 (8%) 34 (10%) 30 (9%)
3 105 (31%) 105 (32%) 94 (28%) 116 (34%)
4 101 (29%) 92 (28%) 90 (26%) 102 (30%)
5 73 (21%) 68 (21%) 87 (26%) 61 (18%)
6 Highest 22 (6%) 21 (6%) 21 (6%) 16 (5%)
Mother’s parity (22 missing values)
1 87 (25%) 90 (27%) 91 (26%) 86 (25%)
2-4 193 (55%) 191 (57%) 199 (58%) 209 (60%)
5+ 68 (20%) 55 (16%) 56 (16%) 54 (15%)
Hookworm (22 missing values)
No 189 (54%) 185 (55%) 214 (62%) 196 (56%)
Yes 159 (46%) 151 (45%) 132 (38%) 153 (44%)
S. mansoni (22 missing values)
No 292 (84%) 281 (84%) 284 (82%) 284 (81%)
Yes 56 (16%) 55 (16%) 62 (18%) 65 (19%)
Malaria (22 missing values)
No 321 (92%) 305 (91%) 311 (90%) 313 (90%)
Yes 27 (8%) 31 (9%) 35 (10%) 36 (10%)
Filariasis (22 missing values)
No 274 (79%) 266 (79%) 279 (81%) 272 (78%)
Yes 74 (21%) 70 (21%) 67 (19%) 77 (22%)
Ascaris (22 missing values)
No 343 (99%) 328 (98%) 339 (98%) 340 (97%)
Yes 5 (1%) 8 (2%) 7 (2%) 9 (3%)
(Continued)
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Table 1. (Continued)

Characteristic Albendazole + praziquantel Praziquantel only Albendazole only Placebo
(n=348) (n=336) (n = 346) (n=349)
Trichuris (22 missing values)
No 320 (92%) 306 (91%) 320 (92%) 321 (92%)
Yes 28 (8%) 30 (9%) 26 (8%) 28 (8%)
Strongyloidiasis (22 missing values)
No 301 (86%) 297 (88%) 308 (89%) 311 (89%)
Yes 47 (14%) 39 (12%) 38 (11%) 38 (11%)

doi:10.1371/journal.pntd.0005213.t001

Table 2. The effect of randomised maternal treatment on antibody concentrations among infants at one year of age.
Antibody concentrations | Geometric mean
Albendazole |Placebo

Geometric mean ratio (95% Cl)* | Geometric mean Geometric mean ratio (95% Cl)*

Praziquantel |Placebo

HiB (g/ml) 0.89 0.78 | 1.14(0.93-1.39) 0.8 0.87 | 0.92(0.75-1.13)
Diphtheria (Dtox IU/ml) 0.03 0.03 | 1.07 (0.94-1.22) 0.03 0.03 | 0.93 (0.82—1.05)
Hepatitis B (mIU/ml) 99.94 97.27 | 1.03(0.86-1.23) 90.41 106.88 | 0.85 (0.71-1.01)
Pertussis toxin (Ptx EU/ml) 10.78 9.02 | 1.20(0.99-1.44) 9.92 9.81 | 1.01(0.84-1.21)
FHA (EU/ml) 3.1 2.86 | 1.08(0.97-1.21) 2.99 2.97 |1.01(0.90-1.13)
Pertactin (Pm EU/ml) 11.36 10.97 |1.04(0.91-1.17) 10.96 11.36 | 0.96 (0.84-1.11)

* Bias-corrected accelerated Cls computed by bootstrapping

doi:10.1371/journal.pntd.0005213.t002

helminth species has no important effect on the infant response to unrelated vaccines (and
hence perhaps to unrelated infections), or that the impact of prenatal exposure is established
prior to the second trimester and cannot be reversed thereafter. Of note, Malhotra and col-
leagues treated all mothers with albendazole (for nematodes) during pregnancy; we, and Mal-
hotra and colleagues, treated all mothers with sulfadoxine / pyrimethamine (for malaria); the

Table 3. Subgroup analysis of the effect of randomised maternal treatment on antibody concentrations among infants at one year of age in groups
according to maternal infection status.

Albendazole Praziquantel

Antibody Effect of treatment |Effect of treatment | P-value for | Effect of treatmentin Effect of treatment in P-value for
concentration in women with in women without interaction | women with women without interaction

hookworm (aGMR, |hookworm (aGMR, schistosomiasis (aGMR, |schistosomiasis (aGMR,

95% Cl)* 95% Cl)* 95% Cl)* 95% Cl)*
HiB (g/ml) 1.03 (0.77-1.38) 1.22 (0.93-1.61) 0.39 0.98 (0.58-1.63) 0.91 (0.73-1.14) 0.80
Diphtheria 0.89 (0.74-1.08) 1.24 (1.04-1.47) 0.01 0.88 (0.66-1.18) 0.94 (0.82-1.08) 0.70
(Dtox IU/ml)
Hepatitis B 0.93 (0.72-1.22) 1.11 (0.88-1.40) 0.33 1.17 (0.76-1.80) 0.79 (0.66-0.95) 0.09
(mIU/ml)
Pertussis toxin | 1.10 (0.86-1.42) 1.27 (1.00-1.61) 0.39 1.03(0.71-1.51) 1.00 (0.82—1.23) 0.89
(Ptx EU/mI)
FHA (EU/ml) 1.17 (0.98-1.41) 1.02 (0.87—1.20) 0.29 1.11 (0.87-1.42) 0.99 (0.86-1.12) 0.44
Pertactin (Pm 0.99 (0.83-1.18) 1.07 (0.91-1.26) 0.47 1.03 (0.78-1.38) 0.95 (0.83-1.10) 0.58

EU/ml)

* Bias-corrected accelerated Cls computed by bootstrapping. All models are adjusted for randomised treatments, maternal age, gravidity, maternal
education, household SES, maternal income, infant sex and previous infant malaria.

doi:10.1371/journal.pntd.0005213.t003
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effects described in each study were necessarily those that occur despite, or in the context of,
these interventions [5].

However, the truth of the matter seems to be that the impact of prenatal parasitic infections
on infant vaccine responses is complex and depends at least on characteristics of both the para-
sitic infection and the vaccine, and on the nature of the desired, protective vaccine response. A
study from Ecuador, in accord with our results, showed no association between maternal geo-
helminths and infant IgG responses to DT, TT, PT, measles, rubella or HiB [16], but several
studies have now indicated a net enhancement of infant vaccine responses following exposure
to certain maternal infections, including Trypanosoma cruzi for BCG, DT, TT and Hep B [17],
maternal intestinal helminth infections and the IgA response to rotavirus and polio (in the
Ecuador study [16]), as well as our result for strongyloidiasis and PT, HiB and Hep B. Mean-
while, Malhotra and colleagues have shown that, for malaria and lymphatic filariasis (and, in
an earlier study, schistosomiasis [18]), the impact of maternal infection on infant vaccine
response depends upon whether or not the infant was sensitised to the parasitic infection in
utero: compared to unexposed infants, malaria sensitised infants showed an increase, and
malaria tolerised infants a decrease, in the response to DT [5]-this may contribute to a neutral
net effect in studies which do not make the same distinction. Like us, Malhotra and colleagues
observed no effect of pre-natal exposure to parasitic infections on infant responses to most of
the EPI vaccines. The principal exception was HiB and, interestingly, although individual
maternal infections were associated with reduced responses, additional infections tended to
reverse this effect. Our findings for HiB followed a similar pattern, although the associations
were not statistically significant.

Our observation of an enhanced response to DT amongst infants of mothers without
hookworm who received albendazole was surprising, and may be a chance finding given that
subgroup analyses were conducted and multiple comparisons were made, with no formal
adjustment in statistical interpretation. However, this result accords with our previous find-
ings of an enhanced IFN-y response to BCG, an enhanced IL-13 response to TT, and an
enhanced risk of infantile eczema in the same group [7, 19] and suggests a pro-inflammatory
effect of albendazole, in the absence of maternal hookworm, which may be a direct effect of
the drug, or mediated by effects on other co-infections. We think it unlikely that these results
represent an effect of albendazole on light, undetected hookworm infections: as we have pre-
viously reported, a proportion of mothers in the albendazole placebo group had three sam-
ples examined before treatment was given post-delivery, evaluation of which increased the
prevalence of hookworm in this group by only 6% (from 45% to 51%) [19].

A net adverse effect of prenatal exposure to maternal parasitic infections on the induction
of immune responses by vaccines given to the offspring would imply a net adverse effect on
the infant’s ability to respond to pathogens, also. This would be expected to result in increased
neonatal or infant mortality. However, an initial result suggesting that anthelminthic treat-
ment during pregnancy had benefits for infant mortality [20] has not been substantiated in
controlled trials [7, 21]. By contrast, there is considerable evidence that intervention against
malaria during pregnancy has benefits for infant mortality [22]. While this may be mediated
largely by prevention of the major effects of malaria on placental function and fetal growth,
and by effects on infant susceptibility to malaria itself [23, 24], an impact on vaccine responses
and on susceptibility to heterologous infections may contribute. This accords with the rela-
tively prominent suppressive effect of maternal malaria described in Malhotra’s study, with a
reported suppressive effect of prenatal exposure to malaria on the infant response to BCG,
described in The Gambia [25] and with our own previous finding of an association between
maternal malaria and reduced infant antibody response to measles immunisation [26].
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A limitation of our study was that we included just 55% of eligible infants due to incomplete
data. However, the mother-baby pairs that were excluded were similar in known characteris-
tics to those included in the analysis. Further infants were missing from the Hep B analysis. A
limitation of the observational component of our study was the classification of maternal infec-
tion status based on a single blood or stool sample. This would substantially underestimate
and misclassify malaria exposure, which is best assessed by placental histology, and more sensi-
tively assessed by polymerase chain reaction (PCR) assays. The use of a single stool result
would also result in misclassification for hookworm or S. mansoni exposure [27, 28] and hence
may have obscured relevant associations. We have previously reported that in this study the
sensitivity of one stool sample compared with three stool samples was 89% for hookworm
infection and 66% for schistosomiasis [7]. This limitation does not apply to evaluation of Man-
sonella exposure which showed 96% agreement between samples taken in pregnancy and after
delivery in this cohort (2077 of 2162 mothers for whom samples were available at both time
points). Our classification of exposure differed markedly from the classification used by Mal-
hotra and colleagues who included microscopy and PCR on placental and cord blood for
malaria, and assays of circulating antigen and IgG4 for Schistosoma haematobium and Wucher-
eria bancrofti. The use of IgG4 detection as a marker of active infection is of possible concern
as levels may be higher among individuals with a regulatory bias in their immune response
[29]. Contrasting with the time-course described by Malhotra and colleagues, we had data on
vaccine-specific antibody responses only at age one year, but this was a time point at which
many of the effects observed by Malhotra and colleagues were evident, so comparable results
might have been expected. Although other markers or measured timepoints may be more
desirable in terms of assessing true protection against disease (such as neutralisation or func-
tional opsonophagocytic assays [14]), many of these other assays are more prone to inter-
observer error. Our analysis of the unstimulated antibody concentrations maintains consis-
tency between studies and provides observations relating to immunological responses rather
than chances of protection. Furthermore, we had data on a different set of helminth infections
to those used by Malhotra. It could be that particular helminths are more important in deter-
mining vaccine responses of infants, or that there are interaction effects which we have not
explored. This paper contains a large number of estimates, confidence intervals and hypothesis
tests. Due to these multiple comparisons, it is possible that some associations which appear sta-
tistically significant are in fact due to chance alone. These results should therefore not be con-
sidered definitive, but should instead be seen as evidence to be considered alongside other
studies in this field.

From a public health perspective, the additional results that we contribute here accord with
our previous findings [7, 26] and suggest that, whatever its benefits, routine anthelminthic
treatment during pregnancy is not likely to result in improved infant vaccine responses.

Supporting information

S1 Table. Unadjusted analysis of treatment effect allowing an interaction between rando-
mised treatments.
(DOCX)

Acknowledgments

We thank the study participants and the clinic, laboratory, statistical and support staff at the
Entebbe Hospital and the MRC/UVRI Uganda Research Unit. We also thank Professor Adrian
Hill and his lab for helpful comments and suggestions throughout the study in addition to the

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0005213 February 8, 2017 11/13


http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0005213.s001

@ PLOS | RSHEAE Biseases

Prenatal exposure to parasitic infections and anthelminthic treatment on responses to immunisations

staff at Oxford University Hospital NHS Foundation Trust Microbiology Department includ-
ing Dr Katie Jeffery and Mrs Susan Wareing for performing the hepatitis B serological assays.

Author Contributions

Conceptualization: AME AJM.

Data curation: SN SAL DK.

Formal analysis: SN.

Funding acquisition: AME AJM.

Investigation: AJM SAL DK GS FRMvdK.

Methodology: AME SN FRMvdK.

Project administration: SAL DK.

Resources: AJM SAL DK GS FRMvdK AME.

Supervision: FRMvdK DK AME.

Writing - original draft: SN AME.

Writing - review & editing: AJM SN FRMvdK AME.

References

1.

10.

1.

Dauby N, Goetghebuer T, Kollmann TR, Levy J, Marchant A. Uninfected but not unaffected: chronic
maternal infections during pregnancy, fetal immunity, and susceptibility to postnatal infections. The Lan-
cet infectious diseases. 2012; 12(4):330—40. doi: 10.1016/S1473-3099(11)70341-3 PMID: 22364680

Gill TJ 3rd, Repetti CF, Metlay LA, Rabin BS, Taylor FH, Thompson DS, et al. Transplacental immuniza-
tion of the human fetus to tetanus by immunization of the mother. J Clin Invest. 1983; 72(3):987-96. doi:
10.1172/JC1111071 PMID: 6886013

Holt PG, Strickland DH. Soothing signals: transplacental transmission of resistance to asthma and
allergy. J Exp Med. 2009; 206(13):2861—4. doi: 10.1084/jem.20092469 PMID: 19995954

Mpairwe H, Tweyongyere R, Elliott A. Pregnancy and helminth infections. Parasite immunology. 2014;
36(8):328-37. doi: 10.1111/pim.12101 PMID: 24471654

Malhotra I, McKibben M, Mungai P, McKibben E, Wang X, Sutherland LJ, et al. Effect of antenatal para-
sitic infections on anti-vaccine IgG levels in children: a prospective birth cohort study in Kenya. PLoS
Negl Trop Dis. 2015; 9(1):e0003466. doi: 10.1371/journal.pntd.0003466 PMID: 25590337

Elliott AM, Kizza M, Quigley MA, Ndibazza J, Nampijja M, Muhangi L, et al. The impact of helminths on
the response to immunization and on the incidence of infection and disease in childhood in Uganda:
design of a randomized, double-blind, placebo-controlled, factorial trial of deworming interventions
delivered in pregnancy and early childhood [ISRCTN32849447]. Clin Trials. 2007; 4(1):42-57. doi: 10.
1177/1740774506075248 PMID: 17327245

Webb EL, Mawa PA, Ndibazza J, Kizito D, Namatovu A, Kyosiimire-Lugemwa J, et al. Effect of single-
dose anthelmintic treatment during pregnancy on an infant’s response to immunisation and on suscepti-
bility to infectious diseases in infancy: a randomised, double-blind, placebo-controlled trial. Lancet.
2011; 377(9759):52—62. Epub 2010/12/24. doi: 10.1016/S0140-6736(10)61457-2 PMID: 21176950

Melrose WD, Turner PF, Pisters P, Turner B. An improved Knott’s concentration test for the detection of
microfilariae. Trans R Soc Trop Med Hyg. 2000; 94(2):176. PMID: 10897361

Nampijja M, Webb EL, Kaweesa J, Kizindo R, Namutebi M, Nakazibwe E, et al. The Lake Victoria Island
Intervention Study on Worms and Allergy-related diseases (LaVIISWA): study protocol for a rando-
mised controlled trial. Trials. 2015; 16:187. doi: 10.1186/s13063-015-0702-5 PMID: 25902705

Katz N, Chaves A, Pellegrino J. A simple device for quantitative stool thick-smear technique in Schisto-
somiasis mansoni. Rev Inst Med Trop Sao Paulo. 1972; 14(6):397—400. PMID: 4675644

Friend J. Mackie & McCartney, Practical Medical Microbiology. Collee JG F A, Marmion B, Simmons A
editor. Edinburgh: Churchill Livingstone; 1996.

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0005213 February 8, 2017 12/13


http://dx.doi.org/10.1016/S1473-3099(11)70341-3
http://www.ncbi.nlm.nih.gov/pubmed/22364680
http://dx.doi.org/10.1172/JCI111071
http://www.ncbi.nlm.nih.gov/pubmed/6886013
http://dx.doi.org/10.1084/jem.20092469
http://www.ncbi.nlm.nih.gov/pubmed/19995954
http://dx.doi.org/10.1111/pim.12101
http://www.ncbi.nlm.nih.gov/pubmed/24471654
http://dx.doi.org/10.1371/journal.pntd.0003466
http://www.ncbi.nlm.nih.gov/pubmed/25590337
http://dx.doi.org/10.1177/1740774506075248
http://dx.doi.org/10.1177/1740774506075248
http://www.ncbi.nlm.nih.gov/pubmed/17327245
http://dx.doi.org/10.1016/S0140-6736(10)61457-2
http://www.ncbi.nlm.nih.gov/pubmed/21176950
http://www.ncbi.nlm.nih.gov/pubmed/10897361
http://dx.doi.org/10.1186/s13063-015-0702-5
http://www.ncbi.nlm.nih.gov/pubmed/25902705
http://www.ncbi.nlm.nih.gov/pubmed/4675644

@ PLOS | RSHEAE Biseases

Prenatal exposure to parasitic infections and anthelminthic treatment on responses to immunisations

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

van Gageldonk PG, van Schaijk FG, van der Klis FR, Berbers GA. Development and validation of a mul-
tiplex immunoassay for the simultaneous determination of serum antibodies to Bordetella pertussis,
diphtheria and tetanus. J Immunol Methods. 2008; 335(1-2):79-89. doi: 10.1016/}.jim.2008.02.018
PMID: 18407287

de Voer RMLiesbeth M; Schepp Rutger M.; de Greeff Sabine C.; van Gageldonk Pieter G. M.; de Melker
Hester E.; Sanders Elisabeth A. M.; Berbers Guy A. M.; van der Klis Fiona R. M.. Immunity against
Neisseria meningitidis Serogroup C in the Dutch Population before and after Introduction of the Menin-
gococcal C Conjugate Vaccine. PLoS ONE. 2010.

Plotkin SA. Correlates of protection induced by vaccination. Clin Vaccine Immunol. 2010; 17(7):1055—
65. doi: 10.1128/CV1.00131-10 PMID: 20463105

Ndibazza J, Muhangi L, Akishule D, Kiggundu M, Ameke C, Oweka J, et al. Effects of deworming during
pregnancy on maternal and perinatal outcomes in Entebbe, Uganda: a randomized controlled trial. Clin
Infect Dis. 2010; 50(4):531—40. doi: 10.1086/649924 PMID: 20067426

Clark CE, Fay MP, Chico ME, Sandoval CA, Vaca MG, Boyd A, et al. Maternal Helminth Infection Is
Associated With Higher Infant Immunoglobulin A Titers to Antigen in Orally Administered Vaccines. J
Infect Dis. 2016; 213(12):1996—2004. doi: 10.1093/infdis/jiw066 PMID: 26908751

Dauby N, Alonso-Vega C, Suarez E, Flores A, Hermann E, Cordova M, et al. Maternal infection with
Trypanosoma cruzi and congenital Chagas disease induce a trend to a type 1 polarization of infant
immune responses to vaccines. PLoS Negl Trop Dis. 2009; 3(12):e571. doi: 10.1371/journal.pntd.
0000571 PMID: 20041029

Malhotra I, Mungai P, Wamachi A, Kioko J, Ouma JH, Kazura JW, et al. Helminth- and Bacillus Calm-
ette-Guerin-induced immunity in children sensitized in utero to filariasis and schistosomiasis. J Immu-
nol. 1999; 162(11):6843-8. PMID: 10352306

Mpairwe H, Webb EL, Muhangi L, Ndibazza J, Akishule D, Nampijja M, et al. Anthelminthic treatment
during pregnancy is associated with increased risk of infantile eczema: randomised-controlled trial
results. Pediatr Allergy Immunol. 2011; 22(3):305—-12. Epub 2011/01/25. doi: 10.1111/j.1399-3038.
2010.01122.x PMID: 21255083

Christian P, Khatry SK, West KP Jr. Antenatal anthelmintic treatment, birthweight, and infant survival in
rural Nepal. Lancet. 2004; 364(9438):981-3. doi: 10.1016/S0140-6736(04)17023-2 PMID: 15364190

Gyorkos TW, Larocque R, Casapia M, Gotuzzo E. Lack of risk of adverse birth outcomes after deworm-
ing in pregnant women. Pediatr Infect Dis J. 2006; 25(9):791—4. Epub 2006/08/31. doi: 10.1097/01.inf.
0000234068.25760.97 PMID: 16940835

Eisele TP, Larsen DA, Anglewicz PA, Keating J, Yukich J, Bennett A, et al. Malaria prevention in preg-
nancy, birthweight, and neonatal mortality: a meta-analysis of 32 national cross-sectional datasets in
Africa. The Lancet infectious diseases. 2012; 12(12):942-9. doi: 10.1016/S1473-3099(12)70222-0
PMID: 22995852

Ndibazza J, Webb EL, Lule S, Mpairwe H, Akello M, Oduru G, et al. Associations between maternal hel-
minth and malaria infections in pregnancy and clinical malaria in the offspring: a birth cohort in entebbe,
Uganda. J Infect Dis. 2013; 208(12):2007—16. doi: 10.1093/infdis/jit397 PMID: 23904293

Schwarz NG, Adegnika AA, Breitling LP, Gabor J, Agnandji ST, Newman RD, et al. Placental malaria
increases malaria risk in the first 30 months of life. Clin Infect Dis. 2008; 47(8):1017-25. doi: 10.1086/
591968 PMID: 18781874

Walther B, Miles DJ, Waight P, Palmero MS, Ojuola O, Touray ES, et al. Placental malaria is associated
with attenuated CD4 T-cell responses to tuberculin PPD 12 months after BCG vaccination. BMC Infect
Dis. 2012; 12:6. doi: 10.1186/1471-2334-12-6 PMID: 22243970

Kizito D, Tweyongyere R, Namatovu A, Webb EL, Muhangi L, Lule SA, et al. Factors affecting the infant
antibody response to measles immunisation in Entebbe-Uganda. BMC Public Health. 2013; 13:619.
doi: 10.1186/1471-2458-13-619 PMID: 23816281

Utzinger J, Booth M, N'Goran EK, Muller I, Tanner M, Lengeler C. Relative contribution of day-to-day
and intra-specimen variation in faecal egg counts of Schistosoma mansoni before and after treatment
with praziquantel. Parasitology. 2001; 122(Pt 5):537—44. PMID: 11393827

Hall A. Quantitative variability of nematode egg counts in faeces: a study among rural Kenyans. Trans
R Soc Trop Med Hyg. 1981; 75(5):682—7. PMID: 7330922

Adjobimey T, Hoerauf A. Induction of immunoglobulin G4 in human filariasis: an indicator of immunoreg-
ulation. Ann Trop Med Parasitol. 2010; 104(6):455—64. doi: 10.1179/136485910X12786389891407
PMID: 20863434

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0005213 February 8, 2017 13/13


http://dx.doi.org/10.1016/j.jim.2008.02.018
http://www.ncbi.nlm.nih.gov/pubmed/18407287
http://dx.doi.org/10.1128/CVI.00131-10
http://www.ncbi.nlm.nih.gov/pubmed/20463105
http://dx.doi.org/10.1086/649924
http://www.ncbi.nlm.nih.gov/pubmed/20067426
http://dx.doi.org/10.1093/infdis/jiw066
http://www.ncbi.nlm.nih.gov/pubmed/26908751
http://dx.doi.org/10.1371/journal.pntd.0000571
http://dx.doi.org/10.1371/journal.pntd.0000571
http://www.ncbi.nlm.nih.gov/pubmed/20041029
http://www.ncbi.nlm.nih.gov/pubmed/10352306
http://dx.doi.org/10.1111/j.1399-3038.2010.01122.x
http://dx.doi.org/10.1111/j.1399-3038.2010.01122.x
http://www.ncbi.nlm.nih.gov/pubmed/21255083
http://dx.doi.org/10.1016/S0140-6736(04)17023-2
http://www.ncbi.nlm.nih.gov/pubmed/15364190
http://dx.doi.org/10.1097/01.inf.0000234068.25760.97
http://dx.doi.org/10.1097/01.inf.0000234068.25760.97
http://www.ncbi.nlm.nih.gov/pubmed/16940835
http://dx.doi.org/10.1016/S1473-3099(12)70222-0
http://www.ncbi.nlm.nih.gov/pubmed/22995852
http://dx.doi.org/10.1093/infdis/jit397
http://www.ncbi.nlm.nih.gov/pubmed/23904293
http://dx.doi.org/10.1086/591968
http://dx.doi.org/10.1086/591968
http://www.ncbi.nlm.nih.gov/pubmed/18781874
http://dx.doi.org/10.1186/1471-2334-12-6
http://www.ncbi.nlm.nih.gov/pubmed/22243970
http://dx.doi.org/10.1186/1471-2458-13-619
http://www.ncbi.nlm.nih.gov/pubmed/23816281
http://www.ncbi.nlm.nih.gov/pubmed/11393827
http://www.ncbi.nlm.nih.gov/pubmed/7330922
http://dx.doi.org/10.1179/136485910X12786389891407
http://www.ncbi.nlm.nih.gov/pubmed/20863434

