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Abstract

Introduction

The currently used Streptococcus pneumoniae vaccines have had a significant impact on

the pneumococcal diseases caused by the serotypes they cover. Their limitations have stim-

ulated a search for alternate vaccines that will cover all serotypes, be affordable and effec-

tive in young children. Pneumococcal protein antigens are potential vaccine candidates that

may meet some of the shortfalls of the current vaccines. Thus, this study aimed to determine

the relationship between antibodies against pneumococcal protein antigens and nasopha-

ryngeal carriage in infants.

Methods

One hundred and twenty mother-infant pairs were enrolled into the study. They had naso-

pharyngeal swabs(NPS) taken at birth and every two weeks for the first eight weeks after

delivery, and blood samples were obtained at birth and every four weeks for the first eight

weeks after delivery. Nasopharyngeal carriage of S. pneumoniae was determined from the

NPS and antibodies against the pneumococcal proteins CbpA, PspA and rPly were mea-

sured in the blood samples.

Results

The S. pneumoniae carriage rate in infants increased to that of mothers by eight weeks of

age. The odds of carriage in infants was 6.2 times (95% CI: 2.0–18.9) higher when their

mothers were also carriers. Bacterial density in infants was lower at birth compared to their

mothers (p = 0.004), but increased with age and became higher than that of their mothers at

weeks 4 (p = 0.009), 6 (p = 0.002) and 8 (p<0.0001). At birth, the infants’ antibodies against
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CbpA, and rPly pneumococcal protein antigens were similar, but that of PspA was lower

(p<0.0001), compared to their mothers. Higher antibody concentrations to CbpA [OR (95%

CI): 0.49 (0.26–0.92, p = 0.03)], but not PspA and rPly, were associated with protection

against carriage in the infants.

Conclusion

Naturally induced antibodies against the three pneumococcal protein antigens were trans-

ferred from mother to child. The proportion of infants with nasopharyngeal carriage and the

bacterial density of S. pneumoniae increased with age within the first eight weeks of life.

Higher concentrations of antibodies against CbpA, but not PspA and rPly, were associated

with reduced risk of nasopharyngeal carriage of S. pneumoniae in infants.

Introduction

The recent estimate of the number of deaths from pneumonia in children under five years is

believed to be about 900,000 about a half of which is believed to be due to pneumococcal dis-

ease, and mainly in developing countries.[1] The causative agent, Streptococcus pneumoniae
(the pneumococcus), has over 90 serotypes and normally inhabits the nasopharynx, a state that

is assumed to be a precursor of disease, as shown by the association between high rates of

pneumococcal carriage and incidence of IPD.[2,3]

Currently, there are two types of pneumococcal vaccines, capsular polysaccharide (PS) and

polysaccharide conjugate vaccines (PCV). PS vaccines are poorly immunogenic in children

below the age of two years, fail at any age to generate immunological memory, and do not pro-

vide herd immunity, making them of limited use for protection of young children. In contrast,

PCV are immunogenic in young children and protect against IPD as well as carriage.[4,5]

Although PCV are effective, their efficacy is limited to the serotypes contained in the vaccines

[6] and there is evidence of an increase in the prevalence of carriage and IPD caused by non-

vaccine serotypes in populations where PCV have been used widely.[7] The complex chemistry

involved has limited attempts to increase the number of serotypes contained in a vaccine for-

mulation. Nonetheless, there are several vaccine formulations with additional serotypes cur-

rently under evaluation. Moreover, PCV are expensive to produce and attempts to reduce cost

by using alternate, reduced dosing schedules have so far been inconclusive. [8–10]

The limitations of the available pneumococcal vaccines have warranted a search for alter-

nate vaccines, including those based on pneumococcal protein antigens that are conserved

across all serotypes and likely to be immunogenic and cheap. A number of such antigens are

currently being investigated as potential vaccine candidates including pneumococcal surface

protein A (PspA), pneumolysin (Ply), and choline-binding protein A (CbpA) [11]. Studies in

mice have shown that vaccination with these proteins can protect against disease as well as

nasopharyngeal carriage of the pneumococcus.[12,13] Vaccination with a single recombinant

PspA variant in humans elicited broadly cross-reactive antibodies to heterologous PspA mole-

cules.[14] In Sweden, it has been shown in a phase 1 trial that two doses of a tri-component

PhtD-dPly-PD vaccine was immunogenic in adults, inducing increases in antibody concentra-

tions and antigen-specific Th1- and Th17-directed cell-mediated immune responses after each

dose. [15] A single dose of a protein-based pneumococcal vaccine containing polysaccharide

conjugates of 10 pneumococcal serotypes combined with pneumolysin toxoid(dPly) and
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pneumococcal histidine triad protein D(PhtD) (PHiD-CV/dPly/PhtD-30) in 2–4 years old

Gambian children, not previously vaccinated against S. pneumoniae, was well tolerated and

immunogenic.[16] However, in the same setting, this vaccine had no impact on pneumococcal

nasopharyngeal carriage in infants, regardless of protein dose or schedule.[17]

Demonstration of a correlation between anti-capsular antibody concentration and clinical

efficacy has facilitated the evaluation of new PCV. [18–20]. However, investigations of the rela-

tionship between antibodies to protein antigens and nasopharyngeal carriage, a first step in the

progression to IPD, have yielded contradictory results. [21, 22]. Therefore, this study aimed to

evaluate the kinetics of antibodies to three major pneumococcal protein antigens in relation to

nasopharyngeal carriage in early infancy before a pneumococcal conjugate vaccine is given.

We hypothesized that the risk of nasopharyngeal carriage by the pneumococcus within the

first eight weeks of life would be associated with the amount and kinetics of antibodies against

the pneumococcal protein antigens transferred to the infants from their mothers.

Subjects and methods

Study setting and population

This was a longitudinal, cohort study conducted at two health centres in The Gambia—Faji-

kunda and Brikama. These are both peri-urban towns in the Western Region, within 20 and

30 km respectively from the capital Banjul, and with a population of approximately 150,000.

This area has a long dry season from December to July and a shorter rainy season. Malaria

infection is uncommon in this peri-urban area. Immunization coverage in The Gambia for

third dose of diphtheria, pertussis and tetanus vaccines (DPT3) has been above 80% for over a

decade. The seven-valent PCV (PCV7) was introduced into the Expanded Programme of

Immunisation (EPI) schedule of The Gambia in 2009 and replaced by PCV13 in 2011. PCV13

is given along with other childhood vaccines DPT, Hib and OPV at 2, 3 and 4 months of age.

The study described in this paper was conducted between 2013 and 2014.

Healthy pregnant women in their third trimester attending the antenatal clinic in either of

the two study health centres were invited to join the study. Written informed consent was

obtained. Procedures involved in the study, as well as consent, were reconfirmed on presenta-

tion at the delivery room.

Sample collection times

Nasopharyngeal swabs (NPS) were taken from both mother and child in the delivery room,

and during follow-up visits at home every two weeks for the first eight weeks of life, coinciding

with the period before the infants received their first dose of PCV. 2ml heparinised blood sam-

ples were collected from the mother and from the umbilical cord at delivery. Thereafter, blood

samples were collected from both mother and baby four and eight weeks after delivery. The

blood and NPS samples were transported to the laboratory within six hours of collection. Field

workers were trained in the procedure for obtaining NPS and venous blood samples. The

study was approved by the joint Gambia Government/MRC Ethics Committee.

Nasopharyngeal swab collection and isolation of the pneumococcus

NPS were collected as previously described.[23] Briefly, a Dacron-tipped swab (Corsham, UK)

was inserted gently through the nostril and left to soak for about 5 seconds in the nasopharynx,

rotated gently and removed. After the NPS had been obtained, the tip was excised immediately

and placed in a cryovial containing 1ml skim milk-tryptone-glucose-glycerol (STGG) medium,
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and placed in a cold box with ice-packs. NPS-STGG specimens were then transported within

six hours to the laboratory at the MRC Unit at Fajara, and stored at– 70˚C until analyzed.

For culture of S. pneumoniae from the NPS, the specimens were thawed to room tempera-

ture, vortexed and 50 microliters of sample plated onto gentamicin supplemented, sheep blood

agar (GBA) (BioMerieux, USA) and incubated overnight at 37˚C in 5% CO2. Morphologically

distinct alpha-hemolytic colonies were sub-cultured onto plain sheep blood agar. S. pneumo-
niae was identified by colonial morphology and optochin disc susceptibility (Oxoid, UK). Iso-

lates with reduced optochin disc zone diameters (7–13 mm) were confirmed as S. pneumoniae;
pure isolates were stored at -70˚C.

For the isolation of S. pneumoniae by molecular technique, DNA samples were extracted

from the thawed NPS-STGG specimens. Extraction was done using a QIAamp DNA Blood

Mini kit (Qiagen, Switzerland) according to manufacturer’s instructions. Briefly, 200μl of NPS

sample was resuspended in 50μl of digestion buffer (50 mM Tris-HCl [pH 8.5], 1 mM EDTA,

0.5% sodium dodecyl sulfate, 200 mg of proteinase K per ml), the suspension was incubated

on a shaker for 1h at 37˚C. 100ul AE buffer was then added to elute the DNA, which was stored

at -80˚C until analysis by RT-PCR.

Real-time Polymerase Chain Reaction (RT-PCR)

The RT-PCR assay was carried out in a final 25μl reaction volume and was performed using

TaqMan Universal Master Mix (Applied Biosystems, USA) with 2.5μl of DNA. The sequence

for the real-time primers and probe used were as previously published and derived from the

autolysis gene (lytA) of S. pneumoniae (Forward: 50-ACG CAA TCT AGC AGA TGA AGC-30,
Reverse: TCG 50-TGC GTT TTA ATT CCA GCT-30, probe: 50-FAM-GCCGAAAACGCTTGA
TACAGGGAG-30-BHQ1). [24] The PCR assay was run using the Corbett Rotor-Gene 6000

(Qiagen, Belgium) with the following cycling parameters: 50˚C for 2 min, 95˚C for 10 min, fol-

lowed by 45 cycles of 15s at 95˚C and 1 min at 60˚C. Pneumococcal colonization density was

determined through the creation of standard curves using 10-fold serial dilutions of an in-

house concentrated DNA from a purified S. pneumoniae strain with calculation of pathogen

density (copies/milliliter) from the sample cycle threshold (Ct) values as previously described.

[25] Amplification data were analyzed by instrument software (Rotor-Gene software series

1.7). Cycle threshold (Ct) values�40 and>40 were considered positive and negative

respectively.

Immunoassay for antibodies against pneumococcal protein antigens

Serum was separated from venous and cord blood samples and stored at -20˚C until analyzed.

Antibodies against PspA, rPly and CbpA were measured using in-house enzyme-linked immu-

nosorbent assays (ELISAs). Ninety-six well microtiter plates (Maxisorp Nunc, Denmark) were

individually coated with 50μl/well of 5μg/ml for CbpA, PspA, and rPly (all kindly provided by

Prof. James Paton, Adelaide University, Australia) in phosphate-buffered saline (PBS) and

incubated overnight at 4˚C. Plates were then washed twice with PBS Tween 20 (Sigma, USA)

and blocked with 10% Fetal Bovine Serum (FBS) in PBS for 1h at 37˚C. Subgam (Bio Products

Laboratory Limited, UK) which contains known concentrations in mg/ml of IgG antibody

titers to Ply, PspA, and CbpA, was used as the standard, starting with a 1/500 dilution that was

assigned an antibody titer of 2000ug/ml, for each of the protein antigens. Serial two-fold dilu-

tions of the standard were made in blocking buffer. Serum samples were diluted 1:8 in block-

ing buffer (10% FBS), and 50μl/well of serum samples and standards were added to

appropriate wells in duplicate and incubated for 90min. at 150 rpm at room temperature. Fol-

lowing a wash step, anti-human IgG alkaline phosphatase conjugate diluted 1:2000 in blocking
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buffer was added and incubated for a further 90 mins. After washing, colour was developed by

adding 50ul per well of enzyme reaction substrate p-Nitrophenyl Phosphate (pNPP sigma,

USA) and incubated in the dark at room temperature for a final 30mins. The plate was then

read at 405nm on a Spectramax plate reader with Softmax Pro software (Molecular Devices,

USA).

Statistical analysis

PCR was used as the main assay for assessing carriage of S. pneumoniae. However, for two

mothers’ and four infants’ PCR results were missing so culture results were used for carriage.

There was no positive culture that was PCR negative; there were five PCR positive and culture

negative results. Therefore, nasopharyngeal carriage was defined as isolation of S. pneumoniae
by PCR or by culture when the PCR result was missing. Continuous variables were log-trans-

formed prior to analysis. Nasopharyngeal carriage was analyzed using a mixed effects logistic

regression to account for correlation across time points. Mothers’ carriage and infants’ bacte-

rial densities were also compared at each time point using Wilcoxon signed-ranks test. Mother

and infant antibody concentrations were analyzed using Wilcoxon signed-ranks test at birth.

A random-slope linear regression model with Kenward-Roger’s adjustment [26] was fitted to

compare the infants’ antibody concentrations between carriers and non-carriers across time

points and to assess the effect of maternal’ antibody concentrations on infants’ at birth. These

effects were adjusted for mothers’ nasopharyngeal carriage and age, as well as infants’ gender,

health facility of birth and infants’ antibiotics uptake. A joint model allowing for endogeneity

as suggested by Skrondal and Rabe-Hesketh [27] was used to assess the effect of past infants’

nasopharyngeal carriage status on their future carriage status as well as the association between

their antibody concentrations and carriage status. Finally, the effect of infants past nasopha-

ryngeal carriage and antibodies concentrations on their future antibodies concentrations

against CbpA, PspA and rPly was assessed using structural equation modeling [28]. Raw data is

provided in S1 Table.

Results

Study population

One hundred and twenty pregnant women were enrolled into the study following written

informed consent, 67 of these were seen at Brikama health centre while the rest were from the

Fajikunda health centre (Table 1). There was no difference in mother’s age at delivery between

health centres (median (IQR): 27 years (22–31) at Brikama health centre and 26 years (23–29)

at Fajikunda health centre; p = 0.50). All study infants were full term babies; there was no dif-

ference in gender distribution between the health centres (p = 0.15). The median (IQR) birth

weight was 3.1 kg (2.8–3.4) and 3.3 kg (3.0–3.5) in Brikama and Fajikunda health centres

respectively, with some evidence of a difference in the birth weight between the health centres

(p = 0.02) but there was no difference in the birth weight between boys and girls (p = 0.22).

Concentrations of antibodies to CbpA, PspA and rPly in mothers and

infants

There was no difference in the concentrations of antibodies against the three protein antigens

in the mothers or infants between the two health centres (Table 1). At birth, antibody concen-

trations against CbpA antigen in the mothers and in cord blood were comparable (p = 0.26;

Fig 1) with a mean (SD) log-antibody concentration of 8.8 (0.8) and 8.9 (0.8) in mothers and

infants respectively. Likewise, the antibody concentrations against rPly antigen in mothers

Relationship between antibodies against pneumococcal proteins and nasopharyngeal carriage
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Table 1. Characteristics of mothers and children at delivery or birth by health centre.

Total

(n = 120)

Brikama centre

(n = 67)

Fajikunda centre

(n = 53)

p

Mother’s age (years), median (IQR) 26 (22–30) 27 (22–31) 26 (23–29) 0.50 a

Birth weight in Kg, median (IQR) 3.2 (3–3.5) 3.1 (2.8–3.4) 3.3 (3–3.5) 0.02 a

Child gender, n (%)

Male 59 (49.2) 29 (43.3) 30 (56.6) 0.15 b

Female 61 (50.8) 38 (56.7) 23 (43.4)

Mothers’ baseline antibody concentrations, median (IQR)

Against CbpA 5790 (3987–10868) 6406 (4215–11461) 4946 (3340–9626) 0.04 a

Against PspA 27373 (19126–59020) 32205 (21728–55839) 23620 (18450–60517) 0.19 a

Against rPly 5666 (3504–10384) 4930 (3195–10210) 7623 (3922–11525) 0.09 a

Infants’ baseline antibody concentrations, median (IQR)

Against CbpA 6021 (4241–10919) 6357 (4410–11016) 5214 (3660–10697) 0.17 a

Against PspA 5141 (3208–7813) 4957 (3107–7029) 5420 (3438–9997) 0.24 a

Against rPly 6075 (3448–9713) 6771 (3343–9899) 5974 (3781–9680) 0.67 a

a Wilcoxon signed-ranks test.
b Chi-square test.

https://doi.org/10.1371/journal.pone.0185824.t001

Fig 1. Concentration of antibodies against CbpA, PspA and rPly in mothers’ (closed circles) and cord

blood (open circles) at birth. The horizontal black lines represent the average log-plasma antibody

concentrations. The p values indicate the difference between the average antibody concentration for the

specific pneumococcal antigen between mothers’ venous blood and infants’ cord blood at birth.

https://doi.org/10.1371/journal.pone.0185824.g001
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(mean (SD): 8.8 (0.9)) and children (mean (SD): 8.7 (1.0)) were similar (p = 0.70). However,

the antibody concentration against PspA protein antigen was higher in mothers compared to

infants (mean (SD): 10.3 (0.9) vs. 8.7 (1.0); p<0.0001). There was strong evidence that the

higher the mothers’ antibody concentrations against antigens CbpA and rPly were at delivery,

the higher those antibodies’ concentrations were in the infant at birth (p< 0.001 for each anti-

gen (Table 2). However, no association was found in the antibody concentration against PspA
at birth between mother’s and infants’ (p = 0.91). In contrast to the situation at birth, there was

no association between mothers’ antibody concentrations against CbpA at delivery and infants’

antibody concentrations against CbpA at four or eight weeks after birth (p = 0.97 and p = 0.57

respectively). As opposed to CbpA, the concentration of antibody against PspA in mothers at

delivery was positively associated with infants’ antibody concentration against PspA at four

weeks after birth (change per unit increase in mothers’ antibody concentration at delivery:

0.48 [95% CI: 0.31–0.65], p<0.0001) and eight weeks (change per unit increase in mothers’

antibody concentration at delivery: 0.40 [95% CI: 0.22–0.57], p<0.0001). In the case of rPly,

there was strong positive evidence of an association between mothers’ antibody concentration

against rPly at delivery and that of the infants at four and eight weeks after birth (p<0.0001

and p = 0.001 respectively). However, the strength of this association with respect to rPly
decreased at four weeks after birth (change per unit increase in mothers’ antibody concentra-

tion at delivery: 0.55 [95% CI: 0.36–0.75], p<0.0001) and at eight weeks (change per unit

increase in mothers’ antibody concentration at delivery: 0.32 [95% CI: 0.13–0.52], p = 0.001)

compared to the change per unit increase at birth (0.89 [95% CI: 0.72–1.06]).

Nasopharyngeal carriage in mothers and infants

The nasopharyngeal carriage of S. pneumoniae in mothers and infants using either PCR alone

or PCR and culture when PCR result was missing was similar (Table 3). The nasopharyngeal

carriage was low in infants at birth as expected, stable over the first four weeks after delivery,

increased at 6 weeks and decreased at 8 weeks (Table 3). In addition, there was a difference in

pneumococcal colonization density across time points in infants (p<0.0001, Fig 2A). A con-

trasts analysis with Sidak’s multiple testing adjustment showed a difference in pneumococcal

colonization density between two and four weeks (p = 0.002) but no difference between zero

and two weeks (p = 0.84), between four and six weeks (p = 0.42) and between six and eight

weeks (p = 0.53). As opposed to infants, mothers’ pneumococcal colonization density

remained similar over the study period (p = 0.40, Fig 2B). Mothers’ pneumococcal coloniza-

tion density at delivery were significantly higher than those of the infants at birth (p = 0.0004),

but not at two weeks (p = 0.11). Pneumococcal colonization density were higher in infants

compared to the mothers at four weeks (p = 0.009), six weeks (p = 0.002) and eight weeks

(p<0.0001). Infants’ nasopharyngeal carriage four weeks earlier and their current carriage sta-

tus were not associated (p = 0.28, Table 4). However, the odds of carriage in infants was 6.2

times (95% CI: 2.0–18.9) higher when their mothers were carriers within the same week than

when they were not a carrier (p = 0.001). No association between antibiotics uptake and naso-

pharyngeal carriage in infants was found (p = 0.57).

The relationship of the antibody concentrations to nasopharyngeal

carriage in infants

The ability of antibodies against the pneumococcal proteins to protect against nasopharyngeal

carriage was addressed by comparing the concentrations of those that carried with those that

did not at the three time points that the antibodies were measured. This was analyzed using

dynamic logistic regression with joint working models allowing for endogeneity of time-
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varying covariates (Table 4). Log-antibody concentrations against CbpA, PspA and rPly in

infants were analysed using a linear dynamic panel data model (Table 4). A negative associa-

tion between the current antibody concentration against CbpA antigen and nasopharyngeal

carriage in infants (p = 0.03, Table 4) was found [OR (95% CI): 0.49 (0.26–0.92]. In contrast

there was no evidence of association between infants antibody concentrations and their chance

of carriage for PspA [OR (95% CI): 1.00 (0.42–2.37), p = 0.99] or rPly antibodies [OR (95%

CI): 1.41 (0.72–2.75), p = 0.32].

The log-antibody concentration against CbpA was higher by 0.27 (95% CI: 0.01; 0.53,

p = 0.04, Table 5) in infants who were carriers four weeks previously compared to those who

Table 2. Effects of mother’s log-antibody concentrations against CbpA, PspA and rPly at delivery on infant’s log-antibody concentrations and dif-

ference in infant’s antibody concentrations between carriers and non-carriers at birth, 4 and 8 weeks.

Main explanatory variables Effect on infant’s log-

antibody concentration

against CbpA

Effect on infant’s log-

antibody concentration

against PspA

Effect on infant’s log-

antibody concentration

against rPly

Change (95%

CI)

p Change (95%

CI)

p Change (95%

CI)

p

Mother’s log-antibody concentrations against corresponding antigen

at delivery a

At birth 0.75 (0.56; 0.93) <0.0001 0.01 (-0.16;

0.18)

0.91 0.89 (0.72;

1.06)

<0.0001

4 weeks 0.004 (-0.20;

0.20)

0.97 0.48 (0.31;

0.65)

<0.0001 0.55 (0.36;

0.75)

<0.0001

8 weeks 0.06 (-0.14;

0.26)

0.57 0.40 (0.22;

0.57)

<0.0001 0.32 (0.13;

0.52)

0.001

Infant’s log-antibody concentration against CbpA - - 0.27 (0.16;

0.38)

<0.0001 0.01 (-0.11;

0.13)

0.89

Infant’s log-antibody concentration against PspA 0.20 (0.10; 0.30) <0.0001 - - 0.13 (0.02;

0.24)

0.03

Infant’s log-antibody concentration against rPly -0.01 (-0.11;

0.09)

0.81 0.12 (0.01;

0.22)

0.03 - -

Infant’s carriage status (ref: Non-carrier)

Carrier -0.12 (-0.30;

0.05)

0.17 0.14 (-0.04;

0.33)

0.13 0.02 (-0.18;

0.21)

0.86

Mother’s carriage status (ref: Non-carrier)

Carrier -0.01 (-0.18;

0.17)

0.94 0.05 (-0.13;

0.24)

0.58 -0.07 (-0.26;

0.12)

0.48

a Corresponding antigen is: CbpA, PspA and rPly if the outcome is infant’s log-antibody concentration against CbpA, PspA and rPly, respectively.

All reported effects were also adjusted for mother’s age, infant’s gender, infant’s uptake of antibiotics and birth health centre.

https://doi.org/10.1371/journal.pone.0185824.t002

Table 3. Nasopharyngeal carriage rate and 95% CI in mothers and infants at birth, 2, 4, 6 and 8 weeks.

Time after delivery Risk (95% CI) in mothers Risk (95% CI) in infants

PCR alone PCR or culture a PCR alone PCR or culture a

At birth 53.3 (16.9–86.5) 53.3 (16.9–86.5) 35.4 (8.7–76.0) 34.7 (8.4–75.5)

2 weeks 57.57 (19.5–88.5) 57.7 (19.5–88.5) 41.8 (11.1–80.5) 41.7 (11.0–80.5)

4 weeks 51.6 (15.9–85.7) 51.6 (15.9–85.7) 57.9 (19.3–88.8) 57.9 (19.2–88.8)

6 weeks 61.8 (22.2–90.2) 61.7 (22.1–90.1) 68.3 (26.9–92.6) 67.7 (26.3–92.5)

8 weeks 45.3 (12.8–82.4) 45.3 (12.8–82.4) 69.9 (28.3–93.2) 69.3 (27.7–93.0)

a Definition of nasopharyngeal carriage used in our study: isolation of Streptococcus pneumoniae by PCR or by culture when PCR result was not available.

https://doi.org/10.1371/journal.pone.0185824.t003

Relationship between antibodies against pneumococcal proteins and nasopharyngeal carriage

PLOS ONE | https://doi.org/10.1371/journal.pone.0185824 October 5, 2017 8 / 15

https://doi.org/10.1371/journal.pone.0185824.t002
https://doi.org/10.1371/journal.pone.0185824.t003
https://doi.org/10.1371/journal.pone.0185824


were non-carriers. No association was found between infants’ nasopharyngeal carriage four

weeks earlier and their current log-antibodies concentration against PspA (p = 0.22) or rPly
(p = 0.70). There was a strong positive association between log-antibodies concentration

against rPly in infants four weeks earlier and their log-antibodies concentration against rPly
four weeks later (change per unit increase: 0.31 (95% CI: 0.09; 0.52), p = 0.005) but this associa-

tion was not found for CbpA (p = 0.79) or PspA (p = 0.76). The results from all analyses

Fig 2. The density of S.pneumoniae in the nasopharynx in the first eight weeks after birth in infants (A) and

the first eight weeks after delivery in mothers (B). The horizontal black lines represent the average Real-time Ct

value, which is inversely correlated with the density. The p value indicates the evidence of variation of the density over

the eight week period.

https://doi.org/10.1371/journal.pone.0185824.g002

Table 4. Dynamic of nasopharyngeal carriage and influence of concentration of antibodies against

CbpA, PspA and rPly in infants.

Main explanatory variables a Effect on infant’s current

nasopharyngeal carriage

OR (95% CI) P

Infant’s carriage status four weeks earlier (ref: Non-carrier)

Carrier 0.41 (0.08–2.09) 0.28

Infant’s current log-antibody concentration against CbpA 0.49 (0.26–0.92) 0.03

Infant’s current log-antibody concentration against PspA 1.00 (0.42–2.37) 0.99

Infant’s current log-antibody concentration against rPly 1.41 (0.72–2.75) 0.32

Mother’s current carriage status (ref: Non-carrier)

Carrier 6.20 (2.03–18.9) 0.001

Infant’s current uptake of antibiotics (ref: No)

Yes 1.71 (0.27–10.8) 0.57

a Time-invariant variables such as infant’s gender, birth health centre, mother’s age, mother’s log-antibody

concentrations against CbpA, PspA and rPly at delivery were also included in the models

https://doi.org/10.1371/journal.pone.0185824.t004
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presented above did not change when nasopharyngeal carriage in infants or mothers was

defined using the PCR assay alone.

Discussion

This study evaluated nasopharyngeal colonization with S. pneumoniae and its relationship to

concentrations of antibodies against three major pneumococcal protein antigens in the first

two months of life, the period before the first dose of PCV was given, in two peri-urban com-

munities in The Gambia. The proportion of infants who carried the pneumococcus as well as

the bacterial density of S. pneumoniae in their nasopharynx increased progressively from birth

to the age of eight weeks, while prevalence and density in the mothers remained the same. The

concentrations of antibodies against the pneumococcal proteins in the cord blood were high

and comparable to those in the mothers at birth. The concentrations of antibodies against

CbpA and rPly declined with time while the opposite was the case for antibodies against PspA.

Higher antibody concentrations to CbpA, but not PspA and rPly, were associated with reduced

nasopharyngeal carriage of S. pneumoniae in infants.

The possibility of direct protection of young infants, who are at high risk of invasive pneu-

mococcal disease, by the pneumococcal IgG antibodies acquired from maternal-fetal transfer

has led to consideration of immunizing pregnant mothers. [29] A number of factors including

hypergammaglobulinaemia, HIV/AIDs and malaria affect transplacental transfer of antibodies

[30, 31]. However, understanding of the factors that influence mother-to-child transfer of anti-

bodies against pneumococcal antigens is limited. Our data show that maternal antibodies are

passed through the placenta to newborns in similar concentrations for CbpA and rPly but not

Table 5. Dynamic relationship between concentration of antibodies against CbpA, PspA and rPly and

nasopharyngeal carriage in infants.

Main explanatory variables a Infant’s current

log-antibody

concentration

against CbpA

Infant’s current

log-antibody

concentration

against PspA

Infant’s current

log-antibody

concentration rPly

Effect (95%

CI)

P Effect (95%

CI)

p Effect (95%

CI)

p

Infant’s carriage status four weeks earlier

(ref: Non-carrier)

Carrier 0.27 (0.01;

0.53)

0.04 -0.12 (-0.31;

0.07)

0.22 0.05 (-0.19;

0.28)

0.70

Infant’s log-antibody concentration

against CbpA four weeks earlier

0.03 (-0.20;

0.26)

0.79 -0.07 (-0.24;

0.10)

0.39 0.24 (-0.45;

0.03)

0.02

Infant’s log-antibody concentration

against PspA four weeks earlier

-0.24 (-0.38;

-0.09)

0.001 -0.02 (-0.15;

0.11)

0.76 -0.02 (-0.15;

0.12)

0.82

Infant’s log-antibody concentration

against rPly four weeks earlier

-0.17 (-0.42;

0.09)

0.20 -0.19(-0.36;

-0.02)

0.03 0.31 (0.09;

0.52)

0.005

Mother’s current carriage status (ref:

Non-carrier)

Carrier 0.20 (-0.08;

0.48)

0.17 0.13 (-0.12;

0.39)

0.31 0.18 (-0.08;

0.48)

0.17

Infant’s current uptake of antibiotics (ref:

No)

Yes 0.22 (-0.22;

0.67)

0.32 -0.06 (-0.45;

0.32)

0.75 0.05 (-0.42;

0.52)

0.83

a Time-invariant variables such as infant’s gender, birth health centre, mother’s age, mother’s log-antibody

concentrations against CbpA, PspA and rPly at delivery were also included in the models.

https://doi.org/10.1371/journal.pone.0185824.t005
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for PspA antibodies which were lower in infants than in their mothers. Although protective

protein antibody concentrations are yet to be determined, our findings imply that antibodies

against these antigens that might be induced in mothers during pregnancy by vaccination will

be passed on to the newborns. However there is a risk that high concentrations of these anti-

bodies in infants could limit responses to these protein antigens if given as vaccines in early

infancy, as shown for other vaccines such as tetanus toxoid and measles [32–34].

As expected, the proportion of infants from whom a pneumococcus was isolated from the

nasopharynx was low at birth and increased with age. This pattern of nasopharyngeal carriage

is similar to that observed in rural Gambia villages [35]. However, the proportion of infants

that carried in the current study was lower than that recorded in the previous rural study [33,

36]. This could be due to the fact that living conditions in the peri-urban area where our study

was conducted have fewer risk factors associated with carriage compared to the rural areas. It

could also be due to the indirect effect on nasopharyngeal carriage of PCV that was introduced

into the routine immunization programme of The Gambia three years before our study was

conducted as deployment of PCVs in infants can be associated with an indirect effect against

pneumococcal carriage [1,37,38].

The increase in the pneumococcal colonization density with age in the infants within the

first 8 weeks of life is likely to be due to cumulative acquisition of pneumococci of the same or

different serotypes with increasing exposure to the environment with time. The increasing

proportions of children that carry S. pneumoniae, coupled with the increasing density with age

are likely to contribute to the increased incidence of invasive pneumococcal diseases in early

infancy. Indeed, S. pneumoniae has been shown to colonize the nasopharynx for several weeks

without any diseases, but IPD may ensue under conditions that are associated with an increase

in bacterial density in the nasopharynx [39,40]. A previous study in The Gambia found a

decrease in bacterial density and carriage rate with age, but this applied to an older age group

[41]. It is possible that the pneumococcal colonization density and carriage rate of the infants

in our study would reach a maximum shortly after observations were concluded and then

begin to decline as they acquired immunity following the recurrent exposures and carriage

with time [42, 43].

There was evidence that the higher the concentration of antibodies against CbpA in early

infancy, the lower the chance of carriage in the infants. We could not determine a concentra-

tion of antibody against CbpA that could be used as a marker of protection, due in part to the

relatively small sample size of this study. The lack of evidence for reduction in the risk of car-

riage by antibodies against PspA and rPly is similar to other studies [24,44]. This could be due

to the fact that these antigens do not exert their effect on nasopharyngeal carriage through

antibodies but by T cells, as previously described [45]. There was tendency for a higher con-

centration of antibodies against PspA to be associated with a higher carriage perhaps because

antibodies against PspA are not able to protect against carriage and are an indicator of a risk

factor for exposure. [46].

In conclusion, our study found that the naturally induced antibodies against three pneumo-

coccal protein antigens were transferred from mother to infant. The proportion of infants with

nasopharyngeal carriage and bacterial density of S. pneumoniae increased with age within the

first eight weeks of life. Higher concentrations of antibodies against CbpA, but not PspA and

rPly, were associated with a reduced risk of nasopharyngeal carriage of S. pneumoniae in infants.
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of a chemically detoxified pneumolysin as pneumococcal vaccine antigen. Hum Vaccin Immunother

2017; 13:220–8 https://doi.org/10.1080/21645515.2016.1234553 PMID: 27768518

14. Nabors GS, Braun PA, Herrmann DJ, Herrmann DJ, Heise ML, Pyle DJ, et al. Immunization of healthy

adults with a single recombinant pneumococcal surface protein A (PspA) variant stimulates broadly

cross-reactive antibodies to heterologous PspA molecules. Vaccine 2000; 18:1743–54. PMID:

10699322

15. Berglund J, Vink P, Da Silva FT, Lestrate P, Boutriau D. Safety, Immunogenicity, and Antibody Persis-

tence following an Investigational Streptococcus pneumoniae and Haemophilus influenzae Triple-Pro-

tein Vaccine in a Phase 1 Randomized Controlled Study in Healthy Adults Clin Vaccine Immunol. 2014;

21:56–65. https://doi.org/10.1128/CVI.00430-13 PMID: 24173029

16. Odutola A, Ota MO, Antonio M, Ogundare EO, Saidu Y, Foster-Nyarko E, et al. Efficacy of a novel, pro-

tein-based pneumococcal vaccine against nasopharyngeal carriage of Streptococcus pneumoniae in

infants: A phase 2, randomized, controlled, observer-blind study. Vaccine. 2017 i: S0264-410X(17)

30405-X. https://doi.org/10.1016/j.vaccine.2017.03.071 PMID: 28389097

17. Odutola A, Ota MO, Ogundare EO, Antonio M, Owiafe P, Worwui A, et al. Reactogenicity, safety and

immunogenicity of a protein-based pneumococcal vaccine in Gambian children aged 2–4 years: a

phase II randomized study. Hum Vaccin Immunother. 2015:0. [Epub ahead of print] https://doi.org/10.

1080/21645515.2015.1111496 PMID: 26618243.

18. O’Brien KL, Nohynek H. Report from a WHO Working Group: standard method for detecting upper

respiratory carriage of Streptococcus pneumoniae. Pediatr Infect Dis J. 2003; 22: e1–11.

19. Turner P, Hinds J, Turner C, Jankhot A, Gould K, Bentley SD, et al. Improved detection of nasopharyn-

geal cocolonization by multiple pneumococcal serotypes by use of latex agglutination or molecular sero-

typing by microarray. J Clin Microbiol. 2011; 49:1784–9. https://doi.org/10.1128/JCM.00157-11 PMID:

21411589

20. Goldblatt D, Hussain M, Andrews N, Ashton L, Virta C, Melegaro A, et al. Antibody responses to naso-

pharyngeal carriage of Streptococcus pneumoniae in adults: a longitudinal household study. J Infect

Dis. 2005; 192:387–93. https://doi.org/10.1086/431524 PMID: 15995951

21. Turner P, Turner C, Green N, Ashton L, Lwe E, Jankhot A, et al. Serum antibody response to pneumo-

coccal colonization in the first two years of life: results from an SE Asian longitudinal cohort study. Clin

Microbiol Infect. 2013; 19:E551–8. https://doi.org/10.1111/1469-0691.12431 PMID: 24255996

22. Francis JP, Richmond PC, Pomat WS. Maternal antibodies to pneumolysin but not to pneumococcal

surface protein A delay early pneumococcal carriage in high-risk Papua New Guinean infants. Clin Vac-

cine Immunol 2009: 16:1633–1638. https://doi.org/10.1128/CVI.00247-09 PMID: 19776196

23. Spellerberg B, Brandt C (2007). Streptococcus. In: Murray PR, Baron EJ, Jorgensen JH, Landry ML,

Pfaller MA, eds. Manual of Clinical Microbiology. 9th ed. Washington DC: ASM Press. 423 p.

Relationship between antibodies against pneumococcal proteins and nasopharyngeal carriage

PLOS ONE | https://doi.org/10.1371/journal.pone.0185824 October 5, 2017 13 / 15

https://doi.org/10.1002/eji.200535101
http://www.ncbi.nlm.nih.gov/pubmed/16342325
https://doi.org/10.1371/journal.pmed.1001107
http://www.ncbi.nlm.nih.gov/pubmed/22028630
https://doi.org/10.1016/j.vaccine.2011.01.098
http://www.ncbi.nlm.nih.gov/pubmed/21320549
https://doi.org/10.1097/INF.0b013e3181d99345
http://www.ncbi.nlm.nih.gov/pubmed/20661103
https://doi.org/10.1128/CVI.00117-10
http://www.ncbi.nlm.nih.gov/pubmed/20943882
https://doi.org/10.1080/21645515.2015.1052198
http://www.ncbi.nlm.nih.gov/pubmed/26539741
https://doi.org/10.1128/IAI.72.8.4534-4540.2004
http://www.ncbi.nlm.nih.gov/pubmed/15271913
https://doi.org/10.1080/21645515.2016.1234553
http://www.ncbi.nlm.nih.gov/pubmed/27768518
http://www.ncbi.nlm.nih.gov/pubmed/10699322
https://doi.org/10.1128/CVI.00430-13
http://www.ncbi.nlm.nih.gov/pubmed/24173029
https://doi.org/10.1016/j.vaccine.2017.03.071
http://www.ncbi.nlm.nih.gov/pubmed/28389097
https://doi.org/10.1080/21645515.2015.1111496
https://doi.org/10.1080/21645515.2015.1111496
http://www.ncbi.nlm.nih.gov/pubmed/26618243
https://doi.org/10.1128/JCM.00157-11
http://www.ncbi.nlm.nih.gov/pubmed/21411589
https://doi.org/10.1086/431524
http://www.ncbi.nlm.nih.gov/pubmed/15995951
https://doi.org/10.1111/1469-0691.12431
http://www.ncbi.nlm.nih.gov/pubmed/24255996
https://doi.org/10.1128/CVI.00247-09
http://www.ncbi.nlm.nih.gov/pubmed/19776196
https://doi.org/10.1371/journal.pone.0185824


24. Carvalho Mda G, Tondella ML, McCaustland K, Weidlich L, McGee L, Mayer LW, et al. Evaluation and

improvement of real-time PCR assays targeting lytA, ply, and psaA genes for detection of pneumococ-

cal DNA. J Clin Microbiol 2007; 45:2460–6. https://doi.org/10.1128/JCM.02498-06 PMID: 17537936

25. Baggett HC, Watson NL, Deloria Knoll M, Brooks WA, Feikin DR, Hammitt LL, et al. Density of upper

respiratory colonization with Streptococcus pneumoniae and its role in the diagnosis of pneumococcal

pneumonia among children aged <5 years in the PERCH study. Clin Infect Dis 2017; 64(suppl 3):

S317–27. https://doi.org/10.1093/cid/cix100 PMID: 28575365

26. Kenward M. G., and Roger J. H.. Small sample inference for fixed effects from restricted maximum likeli-

hood. Biometrics 1997; 53 983–997. PMID: 9333350

27. Skrondal A. and Rabe-Hesketh S. Handling initial conditions and endogenous covariates in dynamic/

transition models for binary data with unobserved heterogeneity. J Royal Statistical Society, Series C

2014; 63: 211–237.

28. Williams, Richard, Paul D. Allison and Enrique Moral-Benito. (In progress; last revised November 21,

2016). “xtdpdml: Linear Dynamic Panel-Data Estimation using Maximum Likelihood and Structural

Equation Modeling.” https://www3.nd.edu/~rwilliam/dynamic/

29. Shahid NS, Steinhoff MC, Hoque SS, Begum T, Thompson C, Siber GR. Serum, breast milk, and infant

antibody after maternal immunisation with pneumococcal vaccine. Lancet. 1995; 346:1252–7 PMID:

7475716

30. Okoko BJ, Wesuperuma LH, Ota MO, Pinder M, Banya W, Gomez SF, et al. Influence of placental

malaria infection and maternal hypergammaglobulinaemia on materno-foetal transfer of measles and

tetanus antibodies in a rural west African population. J Health Popul Nutr. 2001; 19:59–65. PMID:

11503348

31. Gupta A, Mathad JS, Yang WT, Singh HK, Gupte N, Mave V, et al. Maternal pneumococcal capsular

IgG antibodies and transplacental transfer are low in South Asian HIV-infected mother-infant pairs. Vac-

cine. 2014; 32:1466–72. https://doi.org/10.1016/j.vaccine.2014.01.033 PMID: 24486350

32. Gans H, Yasukawa L, Rinki M, DeHovitz R, Forghani B, Beeler J, et al. Immune responses to measles

and mumps vaccination of infants at 6, 9, and 12 months. J Infect Dis. 2001; 184:817–26. https://doi.

org/10.1086/323346 PMID: 11528592

33. Albrecht P, Ennis FA, Saltzmann EJ, Krugman S. Persistence of maternal antibody in infants beyond 12

months: mechanism of measles vaccine failure. J Pediatr 1977; 91:715–8 PMID: 909009

34. Booy R, Aitken SJ, Taylor S, Tudor-Williams G, Macfarlane JA, Moxon ER, et al. Immunogenicity of

combined diphtheria, tetanus, and pertussis vaccine given at 2, 3, and 4 months versus 3, 5, and 9

months of age. Lancet 1992; 339:507–10 PMID: 1346876

35. Egere U, Townend J, Roca A, Akinsanya A, Bojang A, Neskpong D, et al. Indirect effecto of 7-valent

pneumococcal carriage in newborns in rural Gambia: A randomized controlled trial. PLosS One 2012;

7: e49143.

36. Odutola A, Antonio M, Owolabi O, Bojang A, Foster-Nyarko E, Donkor S, et al. Comparison of the prev-

alence of common bacterial pathogens in the oropharynx and nasopharynx of gambian infants. PLoS

One. 2013; 8:e75558. https://doi.org/10.1371/journal.pone.0075558 PMID: 24086570

37. Roca A, Bojang A, Bottomley C, Gladstone RA, Adetifa JU, Egere U, et al. Effect on nasopharyngeal

pneumococcal carriage of replacing PCV7 with PCV13 in the Expanded Programme of Immunization in

The Gambia. Vaccine 2015; 33:7144–51. https://doi.org/10.1016/j.vaccine.2015.11.012 PMID:

26592141

38. Davis SM, Deloria-Knoll M, Kassa HT, O’Brien KL. Impact of pneumococcal conjugate vaccines on

nasopharyngeal carriage and invasive disease among unvaccinated people: review of evidence on indi-

rect effects. Vaccine 2013; 32:133–45. https://doi.org/10.1016/j.vaccine.2013.05.005 PMID: 23684824

39. Mina MJ, Klugman KP, McCullers JA. Live attenuated influenza vaccine, but not pneumococcal conju-

gate vaccine, protects against increased density and duration of pneumococcal carriage after influenza

infection in pneumococcal colonized mice. J Infect Dis 2013; 208:1281–5. https://doi.org/10.1093/

infdis/jit317 PMID: 23852122

40. Vu HT, Yoshida LM, Suzuki M, Nguyen HA, Nguyen CD, Nguyen AT, et al. Association between naso-

pharyngeal load of Streptococcus pneumoniae, viral coinfection, and radiologically confirmed pneumo-

nia in Vietnamese children. Pediatr Infect Dis J 2011; 30:11–8. https://doi.org/10.1097/INF.

0b013e3181f111a2 PMID: 20686433

41. Roca A, Bottomley C, Hill PC, Bojang A, Egere U, Antonio M, et al. Effect of age and vaccination with a

pneumococcal conjugate vaccine on the density of pneumococcal nasopharyngeal carriage. Clin Infec

Dis 2012; 55:816–24.

42. Mureithi MW, Finn A, Ota MO, Zhang Q, Davenport V, Mitchell TJ, et al. T cell memory response to

pneumococcal protein antigens in an area of high pneumococcal carriage and disease. J Infect Dis.

2009; 200:783–93. https://doi.org/10.1086/605023 PMID: 19642930

Relationship between antibodies against pneumococcal proteins and nasopharyngeal carriage

PLOS ONE | https://doi.org/10.1371/journal.pone.0185824 October 5, 2017 14 / 15

https://doi.org/10.1128/JCM.02498-06
http://www.ncbi.nlm.nih.gov/pubmed/17537936
https://doi.org/10.1093/cid/cix100
http://www.ncbi.nlm.nih.gov/pubmed/28575365
http://www.ncbi.nlm.nih.gov/pubmed/9333350
https://www3.nd.edu/~rwilliam/dynamic/
http://www.ncbi.nlm.nih.gov/pubmed/7475716
http://www.ncbi.nlm.nih.gov/pubmed/11503348
https://doi.org/10.1016/j.vaccine.2014.01.033
http://www.ncbi.nlm.nih.gov/pubmed/24486350
https://doi.org/10.1086/323346
https://doi.org/10.1086/323346
http://www.ncbi.nlm.nih.gov/pubmed/11528592
http://www.ncbi.nlm.nih.gov/pubmed/909009
http://www.ncbi.nlm.nih.gov/pubmed/1346876
https://doi.org/10.1371/journal.pone.0075558
http://www.ncbi.nlm.nih.gov/pubmed/24086570
https://doi.org/10.1016/j.vaccine.2015.11.012
http://www.ncbi.nlm.nih.gov/pubmed/26592141
https://doi.org/10.1016/j.vaccine.2013.05.005
http://www.ncbi.nlm.nih.gov/pubmed/23684824
https://doi.org/10.1093/infdis/jit317
https://doi.org/10.1093/infdis/jit317
http://www.ncbi.nlm.nih.gov/pubmed/23852122
https://doi.org/10.1097/INF.0b013e3181f111a2
https://doi.org/10.1097/INF.0b013e3181f111a2
http://www.ncbi.nlm.nih.gov/pubmed/20686433
https://doi.org/10.1086/605023
http://www.ncbi.nlm.nih.gov/pubmed/19642930
https://doi.org/10.1371/journal.pone.0185824


43. Richards L, Ferreira DM, Miyaji EN, Andrew PW, Kadioglu A. The immunizing effect of pneumococcal

nasopharyngeal colonisation; protection against future colonisation and fatal invasive disease. Immuno-

biology. 2010; 215:251–63. https://doi.org/10.1016/j.imbio.2009.12.004 PMID: 20071053

44. Azarian T, Grant LR, Georgieva M, Hammit LL, Reid R, Bentley SD, et al. Association of Pneumococcal

Protein Antigen Serology With Age and Antigenic Profile of Colonizing Isolates. J Infect Dis 2017;

215:713–722. https://doi.org/10.1093/infdis/jiw628 PMID: 28035010

45. Khan MN, Pichichero ME. The host immune dynamics of pneumococcal colonization: implications for

novel vaccine development. Hum Vaccin Immunother 2014; 10:3688–99. https://doi.org/10.4161/

21645515.2014.979631 PMID: 25668673

46. McCool TL, Cate TR, Moy G, Weiser JN. The immune response to pneumococcal proteins during

experimental human carriage. J Exp Med. 2002; 195:359–65. https://doi.org/10.1084/jem.20011576

PMID: 11828011

Relationship between antibodies against pneumococcal proteins and nasopharyngeal carriage

PLOS ONE | https://doi.org/10.1371/journal.pone.0185824 October 5, 2017 15 / 15

https://doi.org/10.1016/j.imbio.2009.12.004
http://www.ncbi.nlm.nih.gov/pubmed/20071053
https://doi.org/10.1093/infdis/jiw628
http://www.ncbi.nlm.nih.gov/pubmed/28035010
https://doi.org/10.4161/21645515.2014.979631
https://doi.org/10.4161/21645515.2014.979631
http://www.ncbi.nlm.nih.gov/pubmed/25668673
https://doi.org/10.1084/jem.20011576
http://www.ncbi.nlm.nih.gov/pubmed/11828011
https://doi.org/10.1371/journal.pone.0185824

