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Abstract.

To evaluate immunity to vaccine-preventable diseases according to nutritional status, a longitudinal study was

conducted in Senegalese children ages 1-9 years old. A linear regression analysis predicted that weight for age was positively
associated with immunoglobulin G (IgG) response to tetanus toxoid in children born during the rainy season or at the
beginning of the dry season. A relationship between village, time of visits, and levels of antibodies to tetanus showed that
environmental factors played a role in modulating humoral immunity to tetanus vaccine over time. Moreover, a whole-blood
stimulation assay highlighted that the production of interferon-y (IFN-y) in response to tetanus toxoid was compromised in
stunted children. However, the absence of cytokine modulation in response to Mycobacterium tuberculosis-purified protein
derivatives and phytohemagglutinin suggests that the overall ability to produce IFN-y was preserved in stunted children.
Therefore, these results show that nutritional status can specifically alter the efficacy of long-lasting immunity to tetanus.

INTRODUCTION

Although the World Health Organization (WHO) has
developed an expanded immunization program to improve
protection against pathogens, infectious diseases remain a
major health and socioeconomic issue in many low-income
countries. The effectiveness of vaccines is unquestionable,
but evidence suggests that a number of environmental and
seasonal factors modulate immunity and limit the strength of
vaccine-elicited responses in individuals.'

Malnutrition is widely recognized as a major public health
concern in many developing countries. This condition mostly
affects children, and its hypothesized role as a determinant of
immune dysfunctions as well as morbidity and mortality from
infectious diseases has been outlined in several recent arti-
cles.”~? Indeed, although early studies reported an impaired cel-
lular response to Bacillus Calmette-Guerin (BCG) in severely
malnourished children, recent works on groups of children with
moderate nutritional deficiencies show little impact of nutri-
tional status on vaccine response.'’

The lack of clear relationship between nutritional status
and children’s response to immunization might be the result
of complex interactions between genetic and seasonal deter-
minants, infections, age of the population, and nutrition
itself.2*>1112 Perinatal undernutrition, in particular, is a pos-
sible predictor of immunological alteration.®>!*!'* Moreover,
most studies have been carried out at the time of vaccination,
with no detectable effect of nutrient supplementation or mal-
nutrition on the development of the immune response in early
life."” Indeed, post-vaccination studies that dissect putative
associations between malnutrition and established immunity
to vaccine antigens during childhood remain scarce. We,
therefore, designed a longitudinal study in northern Senegal
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to investigate the impact of malnutrition, defined by stunting,
underweight, or wasting, on the acquired immune response
against vaccine-preventable bacterial diseases, including teta-
nus, diphtheria, and tuberculosis.

MATERIALS AND METHODS

Study design and population. This study was conducted
in northern Senegal in five villages (Agniam, Fanaye-Diery,
Niandane, Ndyane-Pendao, and Guede) in Podor district
(Saint-Louis Region). Detailed descriptions of the study are
available elsewhere (Clinicaltrials.gov ID: NCT01545115).'°
In this longitudinal survey, 410 children ages 1-9 years were
enrolled. In this sub-Saharan region, there is a monomodal
rainy season from July to October, whereas the rest of the
year is the dry season. The cohort was followed during two
rainy seasons and the course of dry seasons from October
of 2008 to January of 2010. Each village was visited five times
(Ts): T1 (October of 2008), T2 (January of 2009), T3 (May
and June of 2009), T4 (October of 2009), and T5 (January of
2010). Additional visits in June and July of 2009 were carried
out in four villages (Agniam, Fanaye-Diery, Niandane, and
Ndyane-Pendao) for whole-blood collection from 74 children.
Children recruited for whole-blood cell assays were initially
selected on the basis of a complete vaccination schedule and
an age less than 5 years. Blood collection was authorized after
an individual medical examination.

The WHO Expanded Program on Immunization (EPI) rec-
ommends BCG at birth and a schedule of diphtheria—tetanus—
whole pertussis vaccine (DTwP) vaccination at 6, 10, and
14 weeks of age. Children from the study zone have been
vaccinated since 2005 with Quinvaxem (Crucell), a pen-
tavalent DTwP-hepatitis B-haemophilus influenza type B
(HepB-Hib) vaccine, and before that time, trivalent whole-
cell pertussis vaccine from Pasteur-Mérieux (Lyon, France)
was used. No additional vaccine was administered to the chil-
dren of the cohort during the study. Vaccination status was
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ascertained based on vaccination cards available for review
(N =228) or oral communication (N = 7) of the child’s mother.
Among vaccinated children, 2.2% and 4.9% have not received
the second and third doses of DTWP vaccine, respectively. Chil-
dren without vaccination cards and children whose mothers did
not know whether they had received DTwP vaccine for rou-
tine immunization were referred to as children with unknown
vaccination status. The project was approved by the National
Ethics Committee of Senegal (Approval Number: SEN26/08).
Written individual informed consent was obtained from each
participant’s parent or legal guardian at the beginning of the
survey and for blood collection for whole-blood cell assays.
At each visit, parent’s approval was sought orally as well as
the consent of the child when it was appropriate.

Serological analysis. Blood was collected by finger prick on
BD Microtainer Tubes (Beckton Dickinson). Specific serum
antibody concentrations were analyzed by enzyme-linked
immunosorbent assay (ELISA). Immunoglobulin G (IgG) anti-
bodies to Tetanus toxoid (TT) were measured by an in-house
ELISA. Microtiter plates (Nunc Maxisorp, Denmark) were
coated with TT at a concentration of 5 pug/mL in phosphate-
buffered saline (PBS; pH 7.4) and incubated for 1.5 hours at
37°C. Plates were then saturated with food grade Gelatin
(Merck, Germany) for 1 hour at 25°C. Sera were diluted to
1:200 in PBS containing 0.1% Tween20. On every plate, a
standard positive serum sample from Virion/Serion GmbH
(Germany) was run along with the samples. The plates were
sealed and incubated overnight at 4°C. After washing the
plates, goat peroxidase-conjugated anti-human IgG (Sigma-
Aldrich) was added at a 1/4,000 dilution, and the mixture was
incubated for 1.5 hours at 37°C. The system was developed with
2,2'-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid (ABTS;
Sigma-Aldrich) and read at 405 nm after 60 minutes. IgG
antibodies directed against the diphtheria toxoid (DT) were
measured using a commercial kit (Virion/Serion GmbH) on
1:200 diluted sera incubated in duplicates and run along a
reference serum provided by the manufacturer to get antibody
concentrations. Indeed, serum antibody concentration values
for TT and DT were assigned in international units per milli-
liter according to the Serion Activity Quantification Software
v8.1, which allowed for converting of optical density (OD)
units into international units per milliliter according to the
OD of a standard sample run on the same plate using a four-
parameter logistic model. Children were rated as negative
or poorly immunized (< 0.1 IU/mL), adequately immunized
(between 0.1 and 1 IU/mL), or long-term protected (>1IU/mL)
as detailed by the manufacturer. All ELISA plates were run
on a semiautomated washer (Skatron Skanwasher 400; Molec-
ular Devices, United Kingdom) and read on a Multiskan MS
Plate Reader (Thermo Labsystems).

Whole-blood cell assay and cytokine detection. Three- to
five-milliliter blood samples were collected in either heparin-
ized tubes (Becton Dickinson) for whole-blood cell culture on
the day or ethylenediaminetetraacetic acid (EDTA) tubes for
whole-blood cell count. For detection of cytokine released by
whole-blood cells, 1 mL blood diluted 10-fold in RPMI 1640
supplemented with 100 U/mL penicillin G and 100 pg/mL
streptomycin (Life Technologies, France) was incubated in
polypropylene tubes (Becton Dickinson) for either 48 hours
with phytohemagglutinin (PHA) or medium alone (2 pg/mL;
Sigma-Aldrich) or 6 days with TT (10 pg/mL), DT (10 pg/mL),
Mycobacterium tuberculosis-purified protein derivatives (PPDs;

10 pg/mL; Statens Serum Institut, Copenhagen, Denmark) or
medium alone at 37°C in 5% CO, atmosphere. The whole-
blood cell supernatants were then harvested and kept at —20°C.
Levels of interferon-y (IFN-y) and interleukin-10 (IL-10) in
supernatants of stimulated whole-blood cells were determined
by ELISA using a standard curve (Gen-Probe Diaclone, France).
The lower limit of detection was 5 pg/mL for both IFN-y and
IL-10. Duplicates for each antigen were averaged, and back-
ground production of cytokines measured in control wells was
subtracted from the measurement in Ag-stimulated samples.
Anthropometric measurements. The nutritional status of
children was assessed by anthropometric measurements in
January (T2), June (T3), and October (T4) of 2009 and January
of 2010 (T5). Anthropometric data were collected by two
trained measurers according to international recommenda-
tions.'® Weight measurements were recorded using an elec-
tronic scale to the nearest 100 g (Téfal, Paris, France) in
children > 2 years old, whereas infants were weighed in the
caregiver’s arms when < 2 years old. Recumbent length mea-
surements were taken for children under 2 years of age,
whereas standing height was measured beyond that age using
locally made wooden boards precise to the nearest millimeter.
Height and length measurements were taken two times, and
the mean value was used for the analysis. Child nutritional
indicators of height for age (HAZ), weight for age Z score
(WAZ) and weight for height (WHZ) were -calculated
according to the WHO 2006 growth standard using Anthro
(version 3.2.2.; WHO) for children < 60 months and Anthro-
Plus (WHO 2007 growth standard) for children > 60 months.
We used the most common thresholds: HAZ < -2 Z scores
to define stunting or chronic malnutrition, WAZ < -2 Z scores
to define underweight or global malnutrition, and WHZ < -2 Z
scores for wasting. Children were excluded from the analysis
when their records were flagged by the anthropometry soft-
ware, because their Z scores exceeded the following values:
WAZ < -5SD or>4SD and HAZ < -4 SD or > 4 SD.
Statistical analysis. Categorical variables are described as
absolute numbers and proportions, and continuous variables
are described as means + SDs. After checking the normal
distribution of data, differences between groups were tested
by the Mann-Whitney U test; y* tests were used for cate-
gorical variables to compare proportions between groups.
The repeated measured analysis of variance (ANOVA)
test followed by Bonferroni’s multiple comparison test or
Kruskal-Wallis test followed by Dunn’s analysis was used to
compare differences among more than two groups as indi-
cated in the text. Spearman’s rank correlation coefficient was
used to check correlation. All P values were two-tailed, and
differences were considered significant when P values were
< 0.05. Analyses were performed using GraphPad Prism 5.02
for Microsoft Windows (GraphPad Software, San Diego, CA).
Multivariate analysis. Anti-TT IgG responses from T2
to TS were analyzed using repeated measures analysis of
covariance (PROC MIXED; SAS Institute, Cary, NC) with a
REPEATED statement for within-child correlation over
visits and a RANDOM statement for children within families.
Data were log;o-transformed because of skewed distributions.
The repeated measures covariance structure was specified as
a spatial power function to handle unequally spaced measure-
ments over time. Parameters of the model were tested
with polynomial contrasts. Multivariate models were built by
including all predictors and using a backward selection to
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reduce the model. In case of a significant interaction between
two predictors, the two main effect terms remained in the
model, even if not significant. Regression-underlying assump-
tions were visually inspected with residual plots. Statistical
significance was set at o = 0.05. Analyses were performed
using SAS version 9.1.3.

RESULTS

Children’s characteristics. A total of 410 children were
enrolled at T1, but the nutritional status was assessed from T2
to TS. Table 1 shows information collected at T2 on the cohort
characteristics. There was no difference between the number of
boys and girls enrolled in the survey. Ages of enrolled children,
vaccination status and time span since first DTwP administra-
tion were different between villages. Participants were strati-
fied into three groups according to birth seasons: season 1,
January to June (the end of the dry season); season 2, July to
September (the wet season); season 3, October to December
(the beginning of the dry season, when the crops are
harvested). Table 1 indicates that the number of children born
in each season was similar in all villages. Nutritional status was
evaluated by measuring WAZ and HAZ, which define general
and chronic malnutrition, respectively, when the Z score is
below —2. WHZ for children under 5 years old (wasting when
WHZ < -2) was also assessed. As a whole, our results show
that young Senegalese children in the Senegal River Valley
were mildly malnourished: 19.2% of study participants were
underweight, 11.8% of study participants were stunted, and
7.7% of study participants were wasted.

Antibody response to tetanus and diphtheria. Anti-DT
IgGs were predominantly dosed among vaccinated children
at T1 and T5 (N = 177 present at both visits). Children immu-
nized to DT significantly declined between T1 and T5: 76.3%
of children were adequately immunized (> 0.1 IU/mL) at T1,
and only 55.9% of children were adequately immunized at T5
(P <0.0001). We also performed a longitudinal study to eval-
uate the tetanus-specific IgG response over time. We mea-
sured the level of specific antibodies on serological samples
collected from 393, 369, 301, 326, and 331 children at T1-T5,
respectively. The concentration of IgG to TT at T1 (data not

shown) and T2 (Table 1) seemed variable between villages
but achieved either long-term or adequate (data not shown)
protective levels of antibodies to tetanus at each visit in all chil-
dren. Evolution of IgG concentration from T1 to T5 was assessed.
Children were selected on the basis of their presence at each
visit. The proportion of serological change from specific I1gG
levels at T1 was considered as 100% and used to compare with
other visits’ anti-TT IgG levels. Figure 1 shows that antibody
response to TT was similar at T1 and T2 but became significantly
weaker at both T4 and T5. Although children still presented
protective IgG levels to tetanus over time, our data indicate a
progressive waning of immunity to tetanus from T2 to T5.
Influence of the nutritional status on humoral immunity
to tetanus. A longitudinal multivariate linear regression analy-
sis investigated whether childhood malnutrition can impact
humoral immunity in response to DTwP vaccination (Table 2).
To study variations in the level of anti-TT IgG, we considered
only vaccinated children having received at least one injection
of DTWP as asserted on vaccination document presentation or
mother’s oral communication. We used WAZ and HAZ as
nutritional variables, and the association between antibody
levels and nutritional status was adjusted for potential con-
founders, including age at T2, time span since the first tetanus
dose, time of visits, village (Guede was not included, because
information about vaccination status was provided only for a
few children), sex, and birth season. Variables that remained
significant are highlighted in Table 2. Although we noted the
lack of an age-dependent waning in our model, a markedly
linear negative association with time of visits confirmed the
progressive decrease in concentration of anti-TT IgG over
time. The significant interaction between village and time of
visits indicates that waning of antibody levels to TT over time
was different according to villages. This multivariate analysis
did not support a correlation between either HAZ or WAZ
and WHZ (the latter was included in a linear regression model
taking into consideration only children < 5 years; data not
shown) and the rate of the specific antibody waning over time.
Conversely, when children displayed a WAZ < -1, a linear
association was found between the amount of IgG to TT and
WAZ, but it varied negatively or positively according to vil-
lages. A significant positive interaction was also determined

TaBLE 1

Children’s characteristics at T2

Total (N = 404) Agniam (N = 50) Fanaye (N = 105) Guédé (N=47)  Niandane (N =102) Pendao (N =100) P

Age (mean years) 53+26 48+2.5 56+25 6.1 £3.1 55+24 4.8 +2.6 0.0158*

Sex 0.6105+
Boys 202 (50.0) 25 (50.0) 50 (47.6) 20 (42.6) 57 (55.9) 50 (50.0)

Girls 202 (50.0) 25 (50.0) 55 (52.4) 27 (57.4) 45 (44.1) 50 (50.0)

Vaccinated < 0.00017
Yes 225 (55.7) 48 (96.0) 74 (70.5) 5(10.6) 38 (37.2) 60 (60.0)
No/Unknown 179 (44.3) 2 (4.0) 31 (29.5) 42 (89.4) 64 (62.8) 40 (40.0)

Delay from DTwP vaccine 38+23 41+23 5.0+2.6 27+1.1 30+1.7 3.0+1.8 0.0001*
(first administration, mean years)

Mean HAZ -06+12 -0.8+1.0 -05+1.1 -09+13 -08=+13 -05+1.2 0.0868%*

Mean WAZ -1.1+£1.0 -14+1.0 -1.0+1.0 -1.3+£09 -12+1.1 -0.8+0.9 0.0031*

Birth season 0.2086+
1 207 (51.2) 27 (54.0) 54 (51.4) 24 (51.1) 50 (49.0) 52 (52.0)

2 96 (23.8) 12 (24.0) 16 (15.2) 15 (31.9) 30 (29.4) 23 (23.0)
3 101 (25.0) 11 (22.0) 35(33.3) 8 (17.0) 22 (21.6) 25 (25.0)

IgG TT (mean units) 1.03 + 0.6 1.3+0.6 1.1+0.6 0.7+0.5 1.1+0.5 1.0+ 0.6 <0.0001*

n 369 45 93 45 93 93

Long-term protected (> 1 IU/mL, %) 44.4 60.0 452 17.8 48.4 441 0.012+

*Difference between villages using the Kruskal-Wallis test. Bold indicates significant differences (P < 0.05).

1 Differences in the proportion between villages using x test.
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FiGure 1. Analysis of the proportion change in the anti-TT IgG
level from T1 to TS. We analyzed the percentage of change compared
with T1 of anti-TT IgG at T2, T4, and TS5 visits. We considered only
children present at each visit (N = 284). Some children were not
monitored in one village at T3 (school children from the village of
Pendao who did not come to the visit), and therefore, we have
excluded this period from this analysis to avoid bias. Histograms
represent mean percentage and SD at each visit. *Significant differ-
ence with T1 (P < 0.0001) using the repeated measures ANOVA test
followed by Bonferroni’s multiple comparison test. **Significant dif-
ference with T2 (P < 0.0001) using the repeated measures ANOVA
test followed by Bonferroni’s multiple comparison test.

between season of birth and children with a WAZ > —1. This
observation emphasizes that, when children were born in the
same villages and at the same visit, the antibody response var-
iation to TT was related to birth seasons 2 and 3 and positively
associated with WAZ. Moreover, we did not find any relation
between the nutritional status and the level of anti-DT anti-
bodies in children (data not shown). Overall, our results illus-
trate that time of visit, village, and WAZ among the population
born during or just after the rainy season were able to influence
immune response to tetanus in vaccinated children.

Cytokine response to bacterial antigens. We investigated
the ability of whole-blood cells from a subcohort of vaccinated
children to produce cytokines on stimulation for 6 days with
vaccine antigens or 2 days with PHA as a positive control
(Tables 3 and 4). The average age of recruited children was
3.5 + 1.2 years and ranged from 1.7 to 6.3 years. Most of
children produced IFN-y and to a lesser extent, IL-10 in
response to PHA, TT, and PPD, but cytokine amounts were
hardly detectable after stimulation with DT (data not shown).
Interestingly, there was a marked relationship between the level
of antibody and IFN-y-specific response to TT (Table 3). We
also observed a strong correlation in the magnitude of IFN-y
production between each bacterial antigen and PHA that likely
reveals an individual host ability to produce IFN-y (Table 3).

Stunting is correlated with the ability to produce IFN-y in
response to TT. We next explored the magnitude of IFN-y
and IL-10 response according to the nutritional status mea-
sured at T3 (N = 62; information about stunting was not
available for all children who had blood taken) near the
period of whole-blood collection. General information on this
subcohort in relation with stunting is indicated in Table 4. A

TABLE 2

Linear regression multivariate analysis of prediction for log(anti-TT
1gG) for vaccinated children

Predictor variables B-coefficient P
Visit
2 Reference
3 -0.132
4 -0.304
5 -0.410
Village < 0.0001
A Reference
F -0.467
N 0.228
P -0.281
Birth season 0.002
1 Reference
2 -0.077
3 0.092
WAZ* 0.35
<-1 -0.075
>-1 —-0.081
Interaction village x passage 0.008
Fanaye, visit 3 0.019 0.10
Fanaye, visit 4 0.116
Fanaye, visit 5 0.196
Niandane, visit 3 -0.034
Niandane, visit 4 0.042
Niandane, visit 5 0.162
Pendao, visit 3 -0.085
Pendao, visit 4 0.154
Pendao, visit 5 0.188
Interaction village* WAZ < -1 0.001
Fanaye —-0.200
Niandane 0.164
Pendao —-0.000
Interaction birth season x WAZ > -1 0.0002
2 0.326
3 0.141
0.001

*We used WAZ as a continuous variable representative of the nutritional status. The
cutoff value of —1 was not set a priori but came as a result of the analysis: the model shows
that there are different tendencies observed for WAZ < —1 and > —1. Bold indicates signifi-
cant differences (P < 0.05).

weaker level of IFN-y production after stimulation with TT
was detected among stunted children compared with well-
nourished children (P = 0.0017) (Table 4). IFN-y response to
other antigens also tended to be reduced in stunted children,
but the difference with not stunted children did not reach sta-
tistical significance. These modulations could not be explained
by a different leukocyte number, because the count was similar
between not stunted and stunted children (Table 4). Moreover,
there were no differences in IL-10 response to any antigen
between both groups of children. To confirm a negative associ-
ation between stunting and cytokine production to TT, we fur-
ther examined the correlation between the degrees of IFN-y or
IL-10 production and children’s HAZ scores (Figure 2). Unlike
IL-10 (data not shown), the ability of whole-blood cells to
release IFN-y after stimulation with TT was positively corre-
lated with HAZ (P = 0.0212). Our data also suggest a trend to a
linear correlation between the ability to produce IFN-y to PHA
and HAZ. The lack of significant correlation could be because
of a great heterogeneity among responders (Figure 2). We can,
for example, distinguish high (IFN-y > 200 pg/mL) from low
(IFN-y < 200 pg/mL) responders to PHA (Figure 2A). Children
that displayed a higher response to PHA also had a greater
ability to produce IFN-y on stimulation with PPD and TT (data
not shown). This group of children was significantly older
(4.1 £ 1.3 years, P = 0.0309) and had an increased mean HAZ
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TaBLE 3

Analysis of correlation between the ability to produce IFN-y in
response to different antigens and the level of TT-specific antibodies

Coefficient of correlation (R) PHA PPD T DT
IgGTT 0.0542 0.2124 0.4964* 0.1370
PHA 0.2678+ 0.3313F 0.1408
PPD 0.38347 0.2445+
TT 0.3249¢

*P < 0.001 using the non-parametric Spearman’s rank correlation test.
TP < 0.05 using the non-parametric Spearman’s rank correlation test.

(0.5 £ 0.8, P = 0.0120) than the group with a low response to
antigens (3.3 + 1.1 years and —1.2 + 1.0, respectively). However,
no linear association between IFN-y production and HAZ was
found inside either group. Moreover, there was no correlation
between WAZ and the intensity of IFN-y and IL-10 response
to antigens. Therefore, these results show that stunting, but not
underweight, is specifically associated with the ability to pro-
duce IFN-y in response to TT.

DISCUSSION

The main objective of this study was to evaluate whether
immunity to vaccine-preventable diseases was modulated
according to malnutrition. As a whole, our current analysis
identifies WAZ as a modulating factor of antibody responses
to TT according to children’s birth season. However, cellular
immunity to TT was compromised in chronically malnour-
ished children, whereas the overall ability to produce the
Th1-type cytokine IFN-y was not affected by malnutrition.

TT, DT, and PPD were chosen as microbial antigens, because
they are good indicators of immunity generated by vaccination.
Our follow-up clearly shows a decrease over time of the levels of
both anti-TT and anti-DT antibodies. This finding suggests an
absence of natural challenge to the etiological agents of tetanus
and diphtheria, and it also suggests that immunity to TT and DT

antigens was merely dependent of the time elapsed since last
DTwP vaccine challenge.'” An efficient cellular immunity was
also intended in response to TT, DT, and PPD."78 In our study,
all children produced IFN-y in response to PPD. Most of the
children were vaccinated with BCG at birth, but background
exposure to environmental mycobacteria could also be involved
in the persistence of cellular immunity and the amount of
in vitro IFN-y production in response to PPD." In the present
study, a clinical examination before blood collection did not
reveal any signs of active tuberculosis in any of the children;
however, latent tuberculosis could also influence individual
immunity to PPD. The absence of positive response to PHA
observed in some African children (data not shown) has been
previously described in Malawi and The Gambia, but it seems
to be less evident in industrialized countries.*'® This finding
might highlight the role of the environment in children’s ability
to produce INF-y.

Environmental factors have, indeed, been suggested as
being related to antibody production to TT in early life.”
Herein, the linear regression analysis underlines differences
in IgG response to TT according to villages and times of visits.
These observations emphasize that geographical and environ-
mental factors were plausible causal factors at the origin of
individual variations of humoral immunity generated by teta-
nus vaccine. In northern Senegal, differences in ethnicity,
access to drinking water, access to healthcare, and exposure
to infectious risks are many potential causes of immune
changes. Interactions between village and WAZ < -1 also
show that underweight was an important immunomodulatory
factor. Among possible risk factors, stunting and underweight
have been previously shown to negatively affect the mean
level of antibody titers to TT in Ecuadorian children younger
than 5 years of age.20 Herein, as in other studies,”"** we did
not provide evidence that the level of antibodies to TT and
DT was impaired by stunting in children. However, our analy-
sis highlights a close interaction among well-nourished children

TaBLE 4

Subcohort characteristics and cytokine production in June and July of 2009

Total number of children* Stunted (n) Not stunted (n) P
Age 74 31+1.1£(9) 3.6 +1.3(53) 0.2674
Sex
Male 39 nd -0.6 + 0.9 (28)
Female 35 nd -0.9 + 0.6 (25)
BCG and first dose of DTwWP vaccine
Yes 72 nd nd
Unknown 2 nd nd
Nutritional status at T3 (May of 2009) <0.0001
WAZ 64 -2.4+0.6(9) -1.1+£0.8(53)
HAZ 62 -2.6+0.5(9) -0.7 £ 0.8 (53)
Anti-TT IgG at T3 61 0.9+0.5(9) 1.2 +£0.6 (49) 0.2209
Leukocyte number (Giga/L) 70 99 +1.1(7) 9.1+29(51) 0.1891
IFN-y (pg/mL)
PHA 72 66.7 + 96.0 (8) 144.3 + 157.0 (52) 0.2716
PPD 74 584.8 + 540.0 (9) 979.7 + 736.1 (53) 0.1678
TT 73 20.2£32.5(9) 156.0 + 149.5 (53) 0.0017
DT 72 6.8 +17.8 (8) 29.7 +71.0 (53) 0.1276
IL-10 (pg/mL)
PHA 67 194.8 +199.0 (8) 198.0 + 245.9 (46) 0.5838
PPD 68 55.7 +56.7 (9) 52.1 +78.7 (46) 0.6651
TT 68 25.9+579(9) 26.2 + 97.8 (46) 0.9524
DT 68 27.6 £75.3 (9) 7.2 +14.9 (46) 0.8759

nd = not determined.

*Because we lack complete information about the nutritional status measured at T3 for some children, we observed a discrepancy between the number of samples stimulated with PHA or

vaccine antigens and the total number of children with data for HAZ.

TP < 0.05 value of the Mann—Whitney U test between stunted and not stunted children. Bold indicates the significant difference.

fData are represented as mean + SD.
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Ficure 2. Correlations between IFN-y production and HAZ in response to PHA or bacterial antigens. IFN-y production was measured after
whole-blood cell stimulation for (A) 48 hours with PHA or 6 days with (B) PPD, (C) TT, or (D) DT. The coefficient of correlation and the P values
are indicated. The Spearman’s rank correlation coefficient was used to assess correlation. P < 0.05 means a significant correlation.

(WAZ > -1) between WAZ and level of IgG against TT for
children born during and after the rainy seasons. In Senegal,
the wet season between July and the beginning of October
coincides with the lean season because of the low availability
of food, and it could be characterized by a loss of weight in
women and fetal growth retardation.”*** Being born during
the rainy season also leads to variations in the duration of
breastfeeding.”® The role of hunger season during fetal life or
early infancy on children immunity later in life has been the
focus of other research works: numerous findings have
hypothesized that critical periods of nutritional starvation in
early life influence the maturation of immunity or response to
vaccination.>'®!%2% For instance, the work by Moore and
others'* has described that adults born with a low birth weight
displayed a reduced antibody response to a polysaccharide
vaccine, but this result remains debated for other vaccines.?’
However, the season of crops and harvesting after the rainy
seasons could favor a greater nutritional and immune devel-
opment of newborns. Indeed, to understand whether nutri-
tional deficiencies early in life could influence the long-lasting
acquired immune response to tetanus related to individual’s
weight in our current study, it would have been interesting to
consider birth weight among children as a possible predictive
modulating factor of immunity against tetanus in rural Senegal.

Other than conflicting findings, it is also intriguing that the
influence of stunting and underweight on cellular immunity
was poorly explored. A report has documented a negative
association between stunting and IFN-y production to Amoeba
antigens.® Previous studies suggest that malnourished children
have an impaired cellular immunity to tuberculosis'®**?
and that vitamin A deficiency depressed immunity to TT.>°
Our survey emphasizes, for the first time, that stunting

(but not underweight) may determine the long-term persis-
tence of cell-mediated immunity to T-dependent antigens, such
as TT, in the absence of a natural boost, which was likely not
the case for immunity to PPD. The production of the regula-
tory cytokine IL-10 was conversely not affected, suggesting
that the regulatory network was not directly under nutritional
status influence. In addition, no general cellular immune
deficiency was measured in the present analysis, because the
cytokine response to PHA and PPD was maintained in both
stunted and underweight children. These general inconsis-
tencies regarding vaccine antigens are in accordance with a
lack of consensus about a clear cut modulating effect of
a nutritional deficit or supplementation with nutrients on
vaccine immunity.'**

Discrepancies between our work and the works of others
could also be explained by the absence of severe malnutrition
in our cohort or the difference in the age range of previous
studies’ populations. A different use of nutritional definitions
might also explain such disagreements between studies.
Indeed, we have generated Z scores with the WHO child
growth standards, the most up-to-date anthropometric refer-
ence tool, instead of the previously recommended National
Center for Health Statistics/ WHO international growth refer-
ence.”! The effect of stunting on children’s immunity may also
be magnified by other risk factors, such as parasite infections,
that could play a predominant role in modulating the devel-
opment of immunity to vaccine antigens.'' We are confident
that malaria did not play a major role in children’s immunity
to vaccines, because malaria prevalence in this region of
northern Senegal at the time of the study was very low.*?
Moreover, immune responses to TT vaccine were reported to
be robust in malaria-infected African children.?! However, we
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cannot rule out the possibility that the burden of Schistosoma
haematobium, the most prevalent helminthic infection in
the studied villages, could play a role as a modulator of
IFN-y production.®

In conclusion, our study provides little evidence that under-
weight or stunting can influence the rate of anti-TT IgG
waning over time. However, weight seems to be closely and
positively related to an established IgG response against teta-
nus. In addition, we have shown that stunting can alter cellu-
lar immune memory. However, this effect was not consistent
across vaccine antigens and seems to be dependent on a weak
frequency of natural boosters, which occurs with tetanus.
Whether immune correlates of protection to infections were
affected by poor maternal nutritional status or nutritional
deficiencies early in infancy remains unknown, but the impli-
cation of these factors should be considered when studying
vaccine effectiveness.
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