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Abstract

Background: Epstein-Barr virus (EBV) and cytomegalovirus (CMV) are persistent herpesviruses that have various
immunomodulatory effects on their hosts. Both viruses are usually acquired in infancy in Sub-Saharan Africa, a region
where childhood vaccines are less effective than in high income settings. To establish whether there is an association
between these two observations, we tested the hypothesis that infection with one or both viruses modulate antibody
responses to the T-cell independent meningococcal polysaccharide vaccine and the T-cell dependent measles vaccines.

Methodology/Principal Findings: Infection with EBV and CMV was diagnosed by the presence of virus-specific IgM in the
peripheral blood or by the presence of IgG at higher levels than that found in umbilical cord blood. Anti-meningococcus IgG
and IgM were quantified by ELISA. Anti-measles antibody responses were quantified by haemagglutinin antibody inhibition
assay. Infants infected with EBV had reduced IgG and IgM antibody responses to meningococcal polysaccharides and to
measles vaccine. Infection with CMV alone predicted no changes in the response to meningococcal polysaccharide. While
CMV alone had no discernable effect on the antibody response to measles, the response of infants infected with both CMV
and EBV was similar to that of infants infected with neither, suggesting that the effects of CMV infection countered the
effects of EBV on measles antibody responses.

Conclusions: The results of this exploratory study indicate that infection with EBV is associated with reduced antibody
responses to polysaccharides and to measles vaccine, but suggest that the response to T-cell dependent antigens such as
measles haemagglutinin may be restored by infection with CMV.
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Introduction

Infant vaccination is one of the most important strategies to

combat infectious disease worldwide. However, it has been known

for four decades that the efficacy of infant vaccines in Sub-Saharan

Africa is lower than in high income settings [1] and that

intercurrent infections like malaria may influence antibody

responses [2,3]. For instance, the efficacy of the live attenuated

measles vaccine is typically over 90% in Europe and North

America [4–6], but below 70% in West Africa [7–9].

In Sub-Saharan Africa, infection with the herpesviruses Epstein-

Barr virus (EBV) and cytomegalovirus (CMV) usually occurs during

infancy [10–12], after which they establish lifelong infection [13,14].

Although infection is usually asymptomatic, both viruses have

powerful effects on the lymphocyte populations involved in vaccine-

mediated immunity. EBV infects B-cells and during acute infection,

up to 50% of B-cells may be infected [15]. While EBV infection is

usually asymptomatic in healthy individuals, it can cause severe

disease in immunocompromised individuals and coupled with

chromosomal translocations, causes Burkitt’s lymphoma Burkitt’s

lymphoma in infants whose immune systems have been suppressed

by malaria [16,17]. In the absence of disease, EBV infected B-cells

accumulate a relatively high number of mutations which suggests

that EBV may influence the B-cell compartment even in the

absence of clinical disease [18]. The effect of EBV infection on B-

cell responses to vaccines or concurrent infections is unknown.
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Unlike EBV, CMV has a powerful influence on T-cells even

though T-cells are not a major target for CMV infection [19]. The

T-cell populations of CMV-infected individuals show considerably

higher levels of differentiation [20–23], even among young infants

who are still receiving childhood vaccinations [24]. These effects

vary with age as CMV-induced differentiation in the elderly is

associated with reduced subpopulations of naı̈ve T-cells and poor

vaccine responses [23,25], but infected infants show no such

evidence of reduction of the naı̈ve T-cell pool or of CMV-

associated reduction in T-cell response to measles vaccine [26].

Polysaccharide vaccines stimulate B-cells independently of T-

cells, suggesting that they may be particularly vulnerable to

modulation by EBV. Although the meningococcus polysaccharide

does not induce lasting immunity if administered before four years

[27], the WHO still recommends vaccination irrespective of age to

contain the outbreaks of meningococcal meningitis that periodi-

cally sweep the Sub-Saharan ‘meningitis belt’ [28,29] and so it

remains a valuable tool in child health.

By contrast, the live attenuated measles vaccine induces a broad

range of T-cell and antibody responses [30,31] so is unlikely to be

so vulnerable to any one mechanism of modulation.

As early life CMV and EBV infection and relatively low vaccine

efficacy are both characteristic of Sub-Saharan Africa, we

hypothesised an association between CMV and EBV infection in

infancy and reduced antibody responses to vaccines. We therefore

quantified their influence on antibody responses to the polysac-

charide vaccine against Neisseria meningitidis (meningococcus) and

the live attenuated measles vaccine. We recruited infants from an

ongoing cohort in a peri-urban area of The Gambia and

administered the vaccines at nine months of age. Two months

later, we compared the vaccine antibody responses of infants

infected with CMV and/or EBV to those who remained

uninfected.

Materials and Methods

Subjects and vaccinations
Infants were recruited at birth from the maternity ward of

Sukuta Health Centre. Informed consent was obtained from their

mothers and documented by signature or thumb print. Recruit-

ment was restricted to healthy singletons, defined by a birth weight

of at least 1.8kg and no congenital abnormalities, and whose

mothers had not been admitted for hospital treatment during

pregnancy or labour.

The area served by Sukuta Health Centre is peri-urban, and the

population is characterised by low income and crowded

accommodation. Breast feeding is usually continued well into the

second year and 50% of infants are infected with CMV by 10

weeks of age [10]. The HIV status of study subjects was unknown,

but adult prevalence in the region was below 2.5% at the time of

the study [32], so is unlikely to be a significant confounder of this

study. Exposure to malaria is low [33] and no cases of measles

have been reported over the last 7 years. No children were

clinically ill at the time of vaccination, and no outbreaks of

measles, meningitis, Respiratory syncytial virus or Rotavirus

occurred during the study.

All study subjects received childhood vaccinations according to

the Expanded Program of Immunisation, which included

inoculation with the live attenuated Edmonston-Zagreb strain of

the measles virus (Serum Institute of India) at nine months. In

addition, all infants were vaccinated with 50 mg each of

meningococcus subtypes A and C capsular polysaccharide

(Sanofi-Pasteur), also at nine months. All infants received a second

dose of meningococcus conjugate C vaccine (kindly donated by

Wyeth-Lederle) between three and four years of age to ensure

continued protection.

The study was approved by the Gambia Government/MRC

ethics committee.

Sampling schedule
Umbilical cord blood was collected from 224 infants at birth,

and heparinised plasma was stored. At nine months, 1 ml of blood

was collected into a serum separator tube (Becton-Dickinson) for

serum collection from 194 infants. At eleven months, 4 ml of

blood was collected for serum antibody measurements from 182

subjects and full laboratory data was available for 178 subjects

(Fig. 1). Loss to follow–up was mainly due to migration (46%) or

refusal to be bled (18%). All plasma and serum samples were

stored at 250uC or below, and subjected to no more than three

freeze-thaw cycles in the course of the study.

Diagnosis of EBV and CMV
As many of the umbilical cord blood plasma samples contained

substantial levels of maternally derived anti-EBV and CMV IgG, it

was not possible to base diagnosis at nine or eleven months purely

on IgG serostatus.

When infants received the measles and meningococcus vaccines

at nine months, infants were classified as infected if they met one of

two criteria, which were 1/virus-specific IgG levels exceeded the

levels in their umbilical cord blood or 2/a detectable level of virus-

specific IgM. Infants were classified as uninfected if they met one

of three criteria: 1/virus-specific IgG and IgM levels were

undetectable at the time of sampling, 2/virus-specific IgG and

IgM levels were both undetectable at eleven months, as infants

infected at nine months would have an antibody response by

eleven months, or 3/virus-specific IgG levels were detectable but

below cord blood levels at nine months while IgM levels converted

from undetectable to detectable between nine and eleven months.

Two months after receiving the measles and meningococcus

vaccines, at eleven months of age, infants were classified as

infected if they met one of three criteria: 1/virus-specific IgG levels

exceeded the levels in their umbilical cord blood, 2/if they had

detectable levels of virus-specific IgM, or 3/if they had been

classified as infected at nine months. Infants were classified as

uninfected if they met one of three criteria: 1/virus-specific IgG

and IgM levels were both undetectable at nine months and IgM

levels remained undetectable at eleven months, or 2/virus-specific

IgG and IgM levels were both undetectable at eleven months.

Infants for whom none of the above criteria could be met were

unclassified.

Virus-specific antibody levels were measured using ETI-VCA-G

and ETI-EBV-M Reverse ELISAs (Diasorin), which detect IgG

and IgM respectively to the viral capsid antigen (VCA). Infection

with CMV was diagnosed using the ELICYTOK-G Plus ELISA

(Diasorin) to detect IgG and either the ETI-CYTOK-M Reverse

Plus (Diasorin) or the Cytomegalovirus IgM CAPTIATM ELISA

(Trinity Biotech) to detect IgM.

Diagnosis for exposure to malaria parasites
Exposure to malaria was assessed by testing for the presence of

IgG antibody specific for two merozoite surface antigens, apical

membrane antigen 1 (AMA1) [34] and the two allelic types of

merozoite surface antigen 2 (MSP2) [35] using an ELISA method

as previously described [36]. Samples were classified as seropos-

itive if the optical density reading was above 3 standard deviations

of the mean value obtained by testing 20 sera from non-immune

tourists visiting The Gambia [33].

EBV & CMV Alter Ab. Responses
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Measurement of vaccine responses
Antibody responses to measles and meningococcus were

measured using the serum samples collected at eleven months of

age. Responses to meningococcus were quantified with an ELISA

adapted from a previously published protocols [37]. Standards

were prepared from reference serum CDC 1992 (NIBSC) at 1/100

for meningococcus A and 1/200 for meningococcus C, and eight

doubling dilutions of triplicate preparations were carried out for

each microplate, enabling results to be expressed as mg ml21.

Anti-measles antibody response was measured using the

haemagglutinin antibody inhibition assay (HAI) [38], and

calibrated against the second WHO standard. Assay sensitivity

was 15.6 mIU and minimum detectable value was 31.2 mIU.

Results are expressed as the log2 titre at which no haemaggluti-

nation was observed.

Assessment of EBV viral load
Samples were collected from 40 of the 43 EBV-seropositive

infants at eleven months of age. Aliquots of 200 ml of blood were

centrifuged at 2000 g for 5 min, plasma was removed and DNA

was isolated into 50 ml using the DNA Mini Kit reagents (Qiagen).

Positive control EBV DNA was extracted from B95-8 cells [39]

and Namalwa cells [40] using similar methods. The DNA

concentration of the samples was determined by UV spectropho-

tometry. The number of EBV genome copies in the DNA samples

was determined by real-time PCR. Briefly, 5 ml of DNA (1–5 ng/

ml) was included in a 25 ml reaction using the manufacturer’s

protocol (Qiagen Quantitect Virus kit). After a 10 min step at

95uC step to activate the polymerase, cycling (40 cycles) was

performed. Cycling (40 repeats) (15 s at 95uC, followed by 60 s at

60uC with data acquisition at either 470 nm source, 510 nm

Figure 1. Study Design. A Study design showing times at which samples were collected, EBV and CMV serology was carried out, vaccines were
administered and vaccine-specific responses were measured. B numbers of infants in the cohort and involved in analysis, and numbers infected with
EBV and CMV at nine and eleven months.
doi:10.1371/journal.pone.0014013.g001
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detection for FAM (EBV BALF5 probe) or 530 nm source,

555 nm detection for JOE (B2M probe). The primers and probes

are described in Table 1. The EBV genome number in test

samples was quantified relative to B95-8 and Namalwa DNA and

the EBV copy number per cell in the test samples was expressed

relative to the b-2 microglobulin gene [41]. The lower limit of

detection was four EBV copies in 5 ml DNA sample ( = 50 ml

original blood volume).

Statistical analysis
Association for infection with CMV and EBV was quantified

using Pearson’s chi-square test. Differences in the log10 trans-

formed vaccine response between CMV and EBV infection status

(and their interaction) were tested using linear regression adjusting

for the possible confounding effect of malaria infection. Due to the

high proportion of zero IgM responses to meningococcus C, the

responses were dichotomised around 0.10 mg ml-1and analysed

using logistic regression.

The HAI titres were categorized into 8 groups and ordinal

logistic regression was used to study the association with EBV and

CMV infections status, allowing for the possible confounding effect

of pre-vaccination measles antibody.

As the meningococcal ELISAs generated continuous data, they

were compared to EBV viral load by ANCOVA using CMV

serostatus as a fixed factor. If CMV serostatus was non-significant,

EBV viral load was compared to the antibody level by Spearman’s

correlation coefficient, and the four derived significances were

corrected for multiplicity by the step-down Bonferroni method.

Linear regression was used to test for the association between

EBV viral load and anti-meningococcus IgG and IgM adjusting

for CMV serostatus.

Analyses were performed using Stata 11 (Statacorp) and Matlab

7.4 (The MathWorks Inc). Differences were considered significant

at p,0.05.

Results

Analyses were restricted to the 178 subjects who were bled and

vaccinated at 9 months of age and who had antibody data at 11

months of age.

More infants were infected with CMV than EBV
CMV infection was usually earlier than EBV (Fig. 1). At nine

months, 115 of 173 (66%) classifiable subjects were CMV-infected

as opposed to 30 of 166 EBV-infected subjects. 10% of the CMV

uninfected subjects and 8% of the EBV uninfected subjects were

infected between 9 and 11 months of age. No significant

associations between seropositivity for CMV and EBV were found.

Few infants had been exposed to malaria or measles
At nine months, 30 of 176 (17%) samples tested were

seropositive for malaria. Seropositivity for malaria was not

associated with seropositivity for CMV or EBV.

Seropositivity for measles was uncommon before vaccination,

with only six of 178 (3.4%) infants tested immediately before

vaccination having a detectable level of haemagglutinating

antibody activity.

EBV infection was associated with low antibody
responses to meningococcus polysaccharide

There were no significant statistical interactions between the

effects of EBV and CMV on any of the responses to

meningococcus measured.

Levels of IgG and IgM to meningococcus A and C at 11 months

were compared by EBV serostatus at the time the vaccine was

administered at nine months. IgG responses were significantly

lower in EBV+ infants (p,0.05). However, there were no

detectable differences between EBV+ and EBV2 infants in the

anti-meningococcus A or C IgM levels (Table 2). When levels of

IgG and IgM to meningococcus A and C were compared by EBV

serostatus at the time of sampling at eleven months, both IgG and

IgM concentrations were lower in EBV+ infants (p,0.01) (Table 3).

Infection with CMV at either time of vaccination or at time of

sampling was not associated with anti-meningococcus antibody

levels at 11 months (Table 2, Table 3), and none of the responses

correlated with EBV viraemia at 11 months of age (data not shown).

Following these initial analyses, we then performed several tests

of the robustness of our analytic approach.

The majority of subjects who could not be classified had

detectable levels of IgG to CMV or EBV, but at levels lower than

in the umbilical cord blood. In order to test whether the results

could have been biased by failure to classify infants that were

actually uninfected, we repeated the regression analysis with all

unclassified infants as uninfected, and found that the associations

still remained significant (data not shown).

Eleven infants seroconverted for EBV between 9 and 11

months, and six seroconverted for CMV though none serocon-

verted for both To establish whether the difference between EBV-

infected and uninfected infants was due to the effect of infection

between the time of vaccination and sampling, we repeated the

regression analysis excluding any infants that seroconverted

between the two sampling times. The significant associations

remained the same as in the original analysis (data not shown).

To test whether malaria infection had any effect on anti-

meningococcus antibody levels, we repeated the regression

analysis with seropositivity to P. falciparum, defined as a detectable

response to any of the three antigens tested, as a factor. We found

no effect on the associations (data not shown).

EBV infection predicted low antibody responses to
measles unless there was concurrent CMV infection

There were significant interactions between the effects of EBV

and CMV infection on the anti-measles antibody response, so it

was inappropriate to perform multiple comparisons on the four

possible groups.

The same trends were apparent whether the infants were

classified by CMV and EBV serostatus at the time of vaccination

at nine months or the time of antibody measurement at eleven

Table 1. Primers used for quantification of EBV by real-time
PCR.

Name Function Sequence (59 to 39)

mo 052 EBV BALF5 forward
primer

CCTTTGGCGCGGATCCTC

mo 053 EBV BALF5 reverse
primer

TCCTTCTTGGCTAGTCTGTTGAC

mo 054 EBV BALF5 probe
59 6-FAM, 39 TAMRA

CATCAAGAAGCTGCTGGCGGCC

mo 055 B2M forward primer GGGAATTGATTTGGGAGAGCATC

mo 056 B2M reverse primer AGGTCCTGGCTCTACAATTTACTAA

mo 057 B2M probe
59 HEX, 39 TAMRA

AGTGTGACTGGGCAGATCATCCACCTTC

doi:10.1371/journal.pone.0014013.t001
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months. In both cases, antibody levels of the EBV+CMV2 infants

were considerably lower than those of any of the other three

groups, while differences between the other three groups were

small (Fig. 2).

The EBV+CMV2 group accounted for only 8 of the 161 (5.0%)

classifiable infants at nine months and 13 of 159 (8.2%) at eleven

months. The median log (base 2) HAI titre of the EBV+CMV2

infants was 2.5 as compared to 4.0 among EBV2CMV2 infants

classified by serostatus at nine months. The difference based on

serostatus at eleven months was smaller, but the median inhibiting

titre was 3.0 among EBV+CMV2 infants compared to 4.0 among

EBV2CMV2 infants.

Table 2. Antibody responses to meningococcus A and C, grouped by EBV/CMV serostatus at nine months.

Meningococcus strain Antibody isotype Group n Median (mg ml21) IQR P*

A IgG EBV2 136 2.05 1.30–3.92 0.03

A IgG EBV+ 30 1.40 0.80–2.31

A IgM EBV2 136 1.29 0.68–2.33 0.10

A IgM EBV+ 30 0.97 0.35–1.74

C IgG EBV2 136 3.20 1.59–6.80 0.04

C IgG EBV+ 30 2.47 1.21–3.86

C IgM EBV2 136 0.10 0.01–0.19 0.08

C IgM EBV+ 30 0.08 0.02–0.12

A IgG CMV2 58 2.00 1.40–4.41 0.12

A IgG CMV+ 115 1.75 1.16–3.56

A IgM CMV2 58 1.30 0.69–2.36 0.55

A IgM CMV+ 115 1.13 0.58–2.27

C IgG CMV2 58 3.67 1.77–6.63 0.28

C IgG CMV+ 115 2.68 1.35–5.63

C IgM CMV2 58 0.09 0.01–0.19 0.83

C IgM CMV+ 115 0.09 0.02–0.17

*Calculated by linear regression model. Significant values in bold.
Infection with EBV at time of vaccine administration at nine months predicts reduced antibody responses to both meningococcus A and C, but infection with CMV has
no effect. Groups refer to the CMV and EBV serostatus at the time the vaccine was administered at nine months.
doi:10.1371/journal.pone.0014013.t002

Table 3. Antibody responses to meningococcus A and C, grouped by EBV/CMV serostatus at eleven months.

Meningococcus strain Antibody isotype Group n Median (mg ml21) IQR P*

A IgG EBV2 124 2.15 1.35–4.13 0.003

A IgG EBV+ 41 1.43 0.90–2.31

A IgM EBV2 124 1.38 0.71–2.44 0.002

A IgM EBV+ 41 0.92 0.32–1.30

C IgG EBV2 124 3.44 1.75–7.44 0.006

C IgG EBV+ 41 2.41 1.19–3.80

C IgM EBV2 124 0.11 0.02–0.19 0.01

C IgM EBV+ 41 0.07 0.00–0.12

A IgG CMV2 51 2.03 1.31–4.44 0.08

A IgG CMV+ 121 1.86 1.20–3.56

A IgM CMV2 51 1.35 0.67–2.46 0.39

A IgM CMV+ 121 1.13 0.61–2.25

C IgG CMV2 51 3.61 1.95–6.19 0.26

C IgG CMV+ 121 2.70 1.37–6.18

C IgM CMV2 51 0.09 0.01–0.19 0.86

C IgM CMV+ 121 0.09 0.02–0.17

*Calculated by linear regression model. Significant values in bold.
Infection with EBV at eleven months predicts reduced antibody responses to both meningococcus A and C, but infection with CMV has no effect. Groups refer to EBV
and CMV serostatus at the time of sampling at 11 months.
doi:10.1371/journal.pone.0014013.t003
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CMV infection alone showed little effect on antibody titre, but

appeared to offset the reduced antibody response associated with

EBV as the median titre among EBV+CMV+ infants was 5.0 both

at nine and eleven months (Fig. 2).

Incorporating pre-vaccination measles antibody titre into the

regression model had no effect on the associations between CMV

and EBV with anti-measles antibodies, or the interaction between

CMV and EBV, and neither the presence nor the titre of pre-

vaccination anti-measles antibodies was associated with anti-

measles antibodies in any of the groups at 11 months.

Discussion

We found that EBV infection prior to or shortly after

vaccination at 9 months of age predicted lower antibody responses

to both the T-cell-dependent measles and T-cell-independent

meningococcus polysaccharide antigens, but that co-infection with

CMV was associated with responses equivalent to those found in

uninfected infants.

We can only speculate on the immune mechanisms underlying

these interactions as the study focussed on antibody measure-

ments. However several mechanisms of interaction between viral

infections have been described. For instance, one virus may induce

an immune response that inhibits growth of another [42,43], or

specific immune responses induced by one virus may cross-react

with epitopes expressed by another [44].

The lower antibody responses in EBV-infected infants are

consistent with the finding that EBV infection of B-cells induces

mutations that may interfere with antibody production [18]. Work

on mouse models showed that the immune system can only

support a finite number of antibody producing cells [45], so it is

also possible that EBV-induced expansion reduces the available

niches for vaccine-specific antibody producing cells.

Co-infection with CMV appeared to return antibody levels to

the T-cell-dependent haemmaglutinin to levels found in EBV2

infants. As there was no effect of CMV infection on antibody to

the T-cell-independent meningococcus vaccine, this suggests

restoration was mediated through T-cells. In The Gambia, we

have previously found that CMV infection drives CD4 T-cell

differentiation in infants and that cellular responses to CMV

correlate with the antibody response to measles vaccine [26],

which suggests that exposure to CMV may enhance antibody

production through non-specific upregulation of CD4 T-cell

mediated help. Studies in The Gambia [26] and Malawi [46]

have shown that CMV infection is associated with a relatively high

proportion of memory cells in both the CD4 and CD8 T-cell

compartments, which accords with our findings. These putative

interactions of CMV with vaccines need to be studied on a larger

scale in early infancy when the incidence of CMV is highest and

vaccination most intense.

We were unable to distinguish the effects of infection with EBV

and CMV at time of vaccination from the effects at time of

sampling so could not establish whether low vaccine antibody

levels in EBV-infected infants are programmed at the time of

infection or whether infections after vaccination are able to down

regulate current antibody production. In either case, approxi-

mately 20% of infants were infected with EBV at nine months and

consequently subject to lower immune response which is a

substantial number, even if post-vaccination EBV infection does

not have the same downregulatory effects.

It is unlikely that EBV infection alone is sufficient explanation

for reduced efficacy of measles vaccine in Africa, as only 10% of

Figure 2. Infection with EBV but not CMV downregulates antibody responses to measles. Infection with EBV is associated with reduced
antibody responses to measles unless infants are coinfected with CMV. Plots of serum haemagglutinin-inhibiting activity at eleven months of age,
plotted against the serostatus at A the time of vaccination at nine months of age and B the time of sampling at eleven months of age. Titres are
expressed as log2. Grey bars indicate medians. Significances refer to the statistical interaction between the effects of EBV and CMV infection.
doi:10.1371/journal.pone.0014013.g002
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infants were EBV+CMV2. However the magnitude of the

reduction in antibody responses suggests that EBV may be a

contributing factor along with early age of immunisation,

persistence of maternal antibody [47] and intense exposure during

measles outbreaks due to overcrowding [48].

Malaria has been associated with immunosuppression of

responses to viral infection [17,49] and the meningococcal

polysaccharide and Haemophilus influenzae vaccines [2,3]. However

the lack of association between low level malaria exposure and

CMV or EBV infection in this cohort, or between malaria

exposure and antibody response to vaccines makes it unlikely that

malaria infection confounded the association between antibody

levels and CMV and EBV infection in this cohort. Together with

the low HIV prevalence and lack of concurrent disease outbreaks,

it is unlikely that another infection was behind the observed

differences. Due to shortage of sera we could not measure pre-

vaccination meningococcal antibody concentrations. However,

previous studies in the region have shown that maternal antibody

decays quickly and that infants have undetectable or very low

levels [50] and very low carriage rates [51], so past or intercurrent

infection with meningococci are unlikely to have influenced our

results.

Our exploratory study was relatively limited in size and cannot

provide a mechanistic explanation for the potentially important

findings. Larger studies will be necessary to establish whether

CMV or EBV infection bears on vaccine efficacy or enhances

susceptibility to invasion by polysaccharide-encapsulated bacteria

such as Streptococcus pneumoniae or Neisseria meningitidis, which are

common in this region. Furthermore, understanding the interac-

tion of these common early life infections with the infant immune

system may shed light on the non-specific effects of vaccines

reported in West Africa [52,53].

Conclusions
Infection with EBV reduced antibody responses to the T-cell

independent meningococcal polysaccharide vaccines while infec-

tion with CMV had no effect. Infection with EBV alone reduced

the antibody response to the live measles vaccine, but co-infection

with CMV reversed the effects of EBV and elevated the antibody

response to levels similar to those of infants infected with neither

virus.
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antibody production following immunization in old age: association with

CD8+CD282 T cell clonal expansions and an imbalance in the production of

Th1 and Th2 cytokines. J Immunol 168: 5893–5899.

24. Miles D, van der Sande M, Jeffries D, Kaye S, Ismaili J, et al. (2007)

Cytomegalovirus Infection in Gambian Infants Leads to Profound CD8 T Cell

Differentiation. J Virol 81: 5766–5776.

25. Trzonkowski P, Mysliwska J, Szmit E, Wieckiewicz J, Lukaszuk K, et al. (2003)

Association between cytomegalovirus infection, enhanced proinflammatory

response and low level of anti-hemagglutinins during the anti-influenza

vaccination - an impact of immunosenescence. Vaccine 21: 3826–3836.

EBV & CMV Alter Ab. Responses

PLoS ONE | www.plosone.org 7 November 2010 | Volume 5 | Issue 11 | e14013



26. Miles D, Sanneh M, Holder B, Crozier S, Nyamweya S, et al. (2008)

Cytomegalovirus infection induces T-cell differentiation without impairing
antigen-specific responses in Gambian infants. Immunology 124: 388–400.

27. Reingold A, Broome C, Hightower A, Ajello G, Bolan G, et al. (1985) Age-

specific differences in duration of clinical protection after vaccination with
meningococcal polysaccharide A vaccine. Lancet 2: 114–118.

28. WHO (2002) Meningococcal vaccines: polysaccharide and polysaccharide
conjugate vaccines. Wkly Epidemiol Rec 77: 331–339.

29. WHO (2005) Enhanced surveillance of epidemic meningococcal meningitis in

Africa: a three-year experience. Wkly Epidemiol Rec 80: 313–320.
30. Norrby E, Gollmar Y (1972) Appearance and persistence of antibodies against

different virus components after regular measles infections. Infect Immun 6:
240–247.

31. Jaye A, Magnusen A, Whittle H (1997) Human leukocyte antigen class I- and
class II-restricted cytotoxic T lymphocyte responses to measles antigens in

immune adults. J Infect Dis 177: 1282–1289.

32. Schim van der Loeff M, Sarge-Njie R, Ceesay S, Awasana A, Jaye P, et al. (2003)
Regional differences in HIV trends in The Gambia: results from sentinel

surveillance among pregnant women. AIDS 17: 1841–1846.
33. Duah N, Miles D, Whittle H, Conway D (2010) Acquisition of antibody isotypes

against Plasmodium falciparum blood stage antigens in a birth cohort. Parasite

Immunol 32: 125–134.
34. Dutta S, Lalitha P, Ware L, Barbosa A, Moch J, et al. (2002) Purification,

characterization, and immunogenicity of the refolded ectodomain of the
Plasmodium falciparum apical membrane antigen 1 expressed in Escherichia coli.

Infect Immun 70: 3101–3110.
35. Polley S, Conway D, Cavanagh D, McBride J, Lowe B, et al. (2006) High levels

of serum antibodies to merozoite surface protein 2 of Plasmodium falciparum are

associated with reduced risk of clinical malaria in coastal Kenya. Vaccine 24:
4233–4246.

36. Cavanagh D, Elhassan I, Roper C, Robinson V, Giha H, et al. (1998) A
longitudinal study of type-specific antibody responses to Plasmodium falciparum

merozoite surface protein-1 in an area of unstable malaria in Sudan. J Immunol

161: 347–359.
37. Gheesling LL, Carlone GM, Pais LB, Holder PF, Maslanka SE, et al. (1994)

Multicenter comparison of Neisseria meningitidis serogroup C anti-capsular
polysaccharide antibody levels measured by a standardized enzyme-linked

immunosorbent assay. J Clin Microbiol 32: 1475–1482.
38. Whittle H, Mann G, Eccles M, O’Neill K, Jupp L, et al. (1988) Effects of dose

and strain of vaccine on success of measles vaccination of infants aged 4-5

months. Lancet 331: 963–966.
39. Miller G, Shope T, Lisco H, Stitt D, Lipman M (1972) Epstein-Barr virus:

transformation, cytopathic changes, and viral antigens in squirrel monkey and
marmoset leukocytes. Proc Natl Acad Sci USA 69: 383–387.

40. Klein G, Dombos L, Gothoskar B (1972) Sensitivity of Epstein-Barr virus (EBV)

producer and non-producer human lymphoblastoid cell lines to superinfection

with EB-virus. Int J Cancer 10: 44–57.

41. Pfaffl MW (2001) A new mathematical model for relative quantification in real-

time RT-PCR. Nucleic Acids Res 29: e45.

42. Grivel J-C, Ito Y, Faga G, Santoro F, Shaheen F, et al. (2001) Suppression of

CCR5- but not CXCR4-tropic HIV-1 in lymphoid tissue by human herpesvirus

6. Nat Med 7: 1232–1235.

43. Grivel J-C, Garcı́a M, Moss WJ, Margolis LB (2005) Inhibition of HIV-1

replication in human lymphoid tissues ex vivo by measles virus. J Infect Dis 192:

71–78.

44. Clute S, Watkin L, Cornberg M, Naumov Y, Sullivan J, et al. (2005) Cross-

reactive influenza virus-specific CD8+ T cells contribute to lymphoproliferation

in Epstein-Barr virus-associated infectious mononucleosis. J Clin Invest 115:

3602–3612.

45. Sze D-Y, Toellner K-M, Garcı́a de Vinuesa C, Taylor D, MacLennan I (2000)

Intrinsic constraint on plasmablast growth and extrinsic limits of plasma cell

survival. J Exp Med 192: 813–821.

46. Ben-Smith A, Gorak-Stolinska P, Floyd S, Weir R, Lalor M, et al. (2008)

Differences between naive and memory T cell phenotype in Malawian and UK

adolescents: a role for Cytomegalovirus? BMC Infect Dis 8: 139.

47. Siegrist C-A (2003) Mechanisms by which maternal antibodies influence infant

vaccine responses: review of hypotheses and definition of main determinants.

Vaccine. pp 3406–3412.

48. Aaby P, Bukh J, Lisse IM, Smits AJ (1984) Overcrowding and intensive exposure

as determinants of measles mortality. Am J Epidemiol 120: 49–63.

49. Xiao L, Owen S, Rudolph D, Lal R, Lal A (1998) Plasmodium falciparum antigen-

induced human immunodeficiency virus type 1 replication is mediated through

induction of tumor necrosis factor-a. J Infect Dis 177: 437–445.

50. O’Dempsey T, McArdle T, Ceesay S, Secka O, Demba E, et al. (1996)

Meningococcal antibody titres in infants of women immunised with meningo-

coccal polysaccharide vaccine during pregnancy. Arch Dis Child Fetal Neonatal

Ed 74: F43–46.

51. Blakebrough I, Greenwood B, Whittle H, Bradley A, Gilles H (1982) The

epidemiology of infections due to Neisseria meningitidis and Neisseria lactamica in a

northern Nigerian community. J Infect Dis 146: 626–637.

52. Aaby P, Samb B, Simondon F, Seck A, Knudsen K, et al. (1995) Non-specific

beneficial effect of measles immunisation: analysis of mortality studies from

developing countries. BMJ 311: 481–485.

53. Aaby P, Garly ML, Nielsen J, Ravn H, Martins C, et al. (2007) Increased female-

male mortality ratio associated with inactivated polio and diphtheria-tetanus-

pertussis vaccines: Observations from vaccination trials in Guinea-Bissau.

Pediatr Infect Dis J 26: 247–252.

EBV & CMV Alter Ab. Responses

PLoS ONE | www.plosone.org 8 November 2010 | Volume 5 | Issue 11 | e14013


