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Abstract

We evaluated memory responses and antibody persistence to diphtheria-toxoid, tetanus-toxoid, 

whole-cell-pertussis (DTwP), and Hepatitis-B vaccines in HIV-unexposed, HIV-exposed-

uninfected and HIV-infected children previously randomized to initiate time-limited ART at 6–10 

weeks (ART-Immed) or when clinically/immunologically indicated (ART-Def).

All children received DTwP booster at 15–18 months. Antibodies were measured for pertussis-

toxoid, filamentous haemagglutinin (FHA), diphtheria-toxoid, tetanus-toxoid and hepatitis-B prior 

to booster, 1–2 weeks post-booster and at 24-months of age.

Pre-booster antibody GMC were lower in HIV-infected groups than HIV-unexposed children for 

all epitopes. Post-booster and at 24-months of age, the ART-Def group had lower GMCs, and a 

lower proportion had antibody concentrations ≥0.1IU/ml for tetanus-toxoid and diphtheria-toxoid 

compared to HIV-unexposed children. At 24-months of age, the ART-Immed group had higher 

GMCs, and more likely to maintain antibody titres ≥1.0 IU/ml to tetanus-toxoid and diphtheria-

toxoid compared to HIV-unexposed children.

Compared to HIV-unexposed children, at 15 and 24-months of age, persistence of antibody to 

HBsAg of ≥10mIU/ml was similar in the ART-Immed group, but lower among the ART-Def 

group. Antibody kinetics indicated more robust memory responses in HIV-exposed-uninfected 

than HIV-unexposed children to diphtheria-toxoid and wP.

HIV-infected children not on ART at primary vaccination had poorer memory responses, whereas 

HIV-exposed-uninfected children mounted robust memory responses.
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1.0 INTRODUCTION

Anamnestic immune response after vaccination is required for long-term protection against 

the targeted pathogens [1]. HIV-infection induces aberrations in major lymphocyte 

populations, including B-lymphocytes, the cornerstone of humoral immune responses [2, 3]. 

T- and B-lymphocyte dysfunction might cause lower rates of sero-conversion post-

vaccination, quicker waning of antibody, and impaired generation or accelerated loss of 

antigen-specific memory B-lymphocytes [4, 5]. Immune response to vaccination, could be 

optimised in HIV-infected infants by early initiation of antiretroviral therapy (ART) [6], 

through relatively normal lymphocyte development [2, 3]. In contrast, despite B-lymphocyte 

function improving following later initiation of ART, memory responses remain attenuated 

after attaining viral control [7, 8, 9]. We and others previously reported that early ART 

initiation induced better immune responses to the primary series of childhood vaccines than 

when ART was deferred until immunological or clinical deterioration [2, 10, 11, 12]. 

Furthermore, immunological aberrations are also reported in HIV-uninfected children born 

to HIV-infected women, possibly attributable to in-utero exposure to HIV virions and/or 

maternal antiretroviral exposure affecting lymphocyte differentiation and function in their 

offspring [13, 14, 15, 16, 17, 18].

The objective of this study was to evaluate the responses to a booster dose of diphtheria-

toxoid (DT)- tetanus-toxoid (TT) -whole-cell pertussis (wP) with or without Haemophilus 
influenzae type-b conjugate vaccine (DTwP-HibCV) and antibody persistence in HIV-

unexposed, HIV-exposed-uninfected (HEU) and HIV-infected children previously 

randomized to initiate ART within 6–10 weeks of age (ART-Immed) or when clinically or 

immunologically indicated (ART-Def). We also compared the persistence of antibody to 

hepatitis-B vaccine (HBV) until 24-months of age across the study groups.

2.0 METHODS

2.1 Study Setting

This study was conducted on archived serum samples from children in whom the effects of 

HIV-exposure and timing of ART initiation on immune responses to 7-valent pneumococcal 

conjugate vaccine (PCV7) were evaluated [12]. The initial study assessing immune 

responses to pneumococcal vaccine was initiated in 2004, before the pneumococcus vaccine 

was available in the public sector in South Africa. .

Briefly, infants aged 6–12 weeks were enrolled in Soweto (Gauteng) and Tygerberg 

(Western Cape) in South Africa. Participants included HIV-infected children with CD4+-

lymphocytes ≥25% randomized to initiate ART immediately (ART-Immed); or when 

clinically indicated (CDC Stage C or protocol-defined severe Stage B) and/or when CD4+-

lymphocytes decreased below the threshold (<20%) suggested for ART initiation proposed 
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at the time by the WHO ART guidelines (ART-Def) [19, 20, 21]. Children in the ART-

Immed group were randomized to interrupt ART at 12- (ART/12m) or 24-months (ART/

24m) of age [20, 22]. Study criteria for ART re-initiation were Centers for Disease Control 

and Prevention (CDC) Stage C or investigator-selected (severe) stage B events, including 

symptomatic lymphoid interstitial pneumonitis, bronchiectasis, nephropathy, 

cardiomyopathy, and failure to thrive. Furthermore, children born to HIV-infected mothers 

who tested negative for HIV (HIV-exposed uninfected [HEU]) or born to HIV-uninfected 

mothers (HIV-unexposed) were also enrolled [12].

The primary vaccination series of all children included DTwP-HibCV (CombAct-Hib, 

Sanofi Pasteur, France), monovalent recombinant HBV 10µg dose (HerberBiotec S.A., 

Cuba) and PCV7 (Prevnar™, Wyeth Vaccines, NJ, USA) at approximately 6, 10 and 14 

weeks of age with a 4–6 week interval between doses. The immunogenicity to the primary 

series has been reported [10]. Participants were then randomized to receive a booster-dose of 

either HibCV or PCV7 with DTwP at 15–18 months of age. The immune responses to PCV7 

and HibCV booster will be reported separately (manuscript in preparation).

2.2 Laboratory Assay

Clotted blood samples were collected prior to the booster dose, 1–2 weeks post-booster and 

at 24-months of age; serum aliquots were stored at −70°C [10]. Antibodies to DT, TT, 

hepatitis-B surface antigen (HBsAg), pertussis-toxin (PT) and filamentous hemagglutinin 

(FHA) were measured by an in-house Luminex-multiplex immunoassay as described 

previously [10]. All laboratory tests were performed at the Respiratory Meningeal Pathogens 

Research Unit (RMPRU), Chris Hani Baragwanath Academic Hospital, Johannesburg South 

Africa. Antibody persistence and booster response were grouped according to putative sero-

protective thresholds for long-term protection of ≥0.1IU/ml and ≥1.0IU/ml for DT and TT; 

≥10mIU/ml and ≥100mIU/ml for HBsAg-antibody [1, 23]. Since a correlation between 

serological response and protection against pertussis is not well established, immune 

responses to pertussis vaccine were evaluated by whether ≥4-fold increase from pre-booster 

to post-booster antibody levels was achieved [1]. Laboratory staff were blinded to children’s 

randomization group and other personal information.

2.3 Statistical Analyses

Pre-booster, post-booster and at 24-months of age antibody Geometric Mean Concentrations 

(GMC) between study-groups were compared using a multiple linear regression model, 

considering gender, age, race (black African or mixed ancestry), CD4+-lymphocyte 

percentage, study-centre and pre-booster antibody concentrations (for post-booster and at 

24-months of age time-points) as covariates. Percentage of participants with sero-protective 

antibody levels or sero-conversion was compared between study-groups using multivariate 

logistic regression, considering the same covariates. Analyses were limited to children who 

received all 3-doses in the primary series, had the booster-dose at 15–18 months of age and 

had serum collected within protocol-specified window periods. Children unable/unwilling to 

adhere to the study protocol were excluded from this analysis. Children with missing data at 

specific visits were excluded from those time-points (Supplementary Figure 1). The children 

included in analysis were similar compared to those not included; Supplementary Table 1.
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Results from children in the two arms of the ART-Immed group (ART/12m; ART/24m) were 

similar at all time-points (Supplementary Table 2) and therefore analysed as a single group 

(ART-Immed). CD4+-lymphocyte percentages pre-booster and at 24-months were compared 

by paired t-tests. HIV viral load was not assessed at the time of booster. Statistical analyses 

were performed using GraphPad Prism 5a (GraphPad Software Inc, La Jolla, CA, USA), R 

(R Foundation for Statistical Computing, Vienna, Austria) and STATA (STATA Corporation, 

College Station, TX, USA). All tests were two-sided and p-values <0.05 were considered 

significant. All comparisons were pre-specified.

2.4 Ethics considerations

This sub-study was approved by the Human Research Ethics Committees of the University 

of the Witwatersrand (M080966) and Stellenbosch University, the Medicine Control Council 

(South Africa), Division of AIDS of the National Institute for Health (USA) and was 

registered under Clinical Trials number () for the parent study. The parent/s of participants 

signed informed, written consent prior to the childs’ participation, including for measuring 

immune responses to other vaccines.

3.0 RESULTS

Of the 483 children completing the primary vaccination series [10], 465 (96%) returned for 

booster-vaccination at 15–18 months of age; Table 1 and Supplementary Figure 1. Sixteen 

percent (11/69) of children in the ART-Def group were started on ART prior to completing 

their primary series of vaccines, whilst the rest were initiated on ART at the latest by 24-

months of age. The median age at ART initiation among the ART-Def group was 4 months; 

Table 1. Among the ART-Immed group, 70 of 81 and 76 of 90 children who interrupted 

ART at 12-months (ART/12m) and 24-months of age (ART/24m), respectively, were 

included in the analysis [22]. The mean CD4+-lymphocytes percentages were similar 

between the ART-Immed and the ART-Def groups pre-booster and at 24-months of age; 

Table 1.

3.1 Pre- and post-booster antibody kinetics to tetanus-toxoid vaccine

Pre-booster, TT-antibody GMC were higher in HIV-unexposed (0.13IU/ml) compared to 

ART-Immed children (0.08IU/ml, p<0.001), but similar to the ART-Def group (0.11IU/ml, 

p=0.09); Figure 1 and Supplementary Table 3. Nevertheless, ≥99% of all children had TT-

antibody levels ≥0.01IU/ml; however, compared to HIV-unexposed children (79%), ART-

Immed (49%, p<0.001) and ART-Def (43%, p<0.001) groups were less likely to have TT-

antibody levels ≥0.1IU/ml; Figure 1 and Supplementary Table 4.

Following the booster dose, the fold-increase in TT-antibody was lower among the ART-Def 

(39.8, p<0.001) and ART-Immed (87.9, p=0.001) than HIV-unexposed (135.6) children; 

Supplementary Table 3. This was also associated with higher TT-antibody GMC among 

HIV-unexposed (17.9IU/ml) than the ART-Immed (6.6 IU/ml, p<0.001) or ART-Def 

(4.4IU/ml, p<0.001) groups. Within the HIV-infected groups, the fold-increase in TT-

antibody post-booster in ART-Immed was higher than in ART-Def children. Following the 

booster dose, all HIV-unexposed and HIV-infected children had TT-antibody levels 
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≥0.1IU/ml. The majority also had titers ≥1.0IU/ml, although less so among ART-Def (85%) 

than HIV-unexposed (100%, p<0.001) and ART-Immed (96%, p=0.01) children; Figure 1 

and Supplementary Table 4.

At 24-months of age, TT GMC were higher in HIV-unexposed (1.7IU/ml) compared to 

ART-Immed (0.79IU/ml, p<0.001) and ART-Def (0.23IU/ml, p<0.001) children; and the 

fold-decline was greater among ART-Def (−21.3) than either HIV-unexposed (−10.1, 

p<0.001) or ART-Immed (−9.7, p=0.002) groups; Supplementary Table 3. Nevertheless, 

>96% of all children maintained TT-antibody ≥0.01IU/ml; whilst a lower percentage of 

ART-Def (72%) had levels ≥0.1IU/ml compared to HIV-unexposed and ART-Immed groups 

(100% each, p<0.001). Further, 76% of HIV-unexposed had TT-antibody ≥1.0IU/ml 

compared to 36% of ART-Immed (p<0.001) and 14% of ART-Def (p<0.001); Figure 1 and 

Supplementary Table 4.

TT-antibody kinetics were similar pre- and post-booster in HIV-unexposed compared to 

HEU children. TT-antibody GMC were, however, lower in HEU at 24-months of age (1.3 vs. 

1.7IU/ml, p=0.01) and 66% of HEU compared to 76% of HIV-unexposed children (p=0.05) 

had TT-antibody ≥1.0IU/ml; Figure 1.

3.2 Pre- and post-booster antibody kinetics to diphtheria-toxoid vaccine

Pre-booster, DT-antibody GMC were similar in HIV-unexposed (0.08IU/ml) compared to 

ART-Immed (0.10IU/ml; p=0.22) or ART-Def (0.12IU/ml, p=0.05) children; Figure 2 and 

Supplementary Table 3. A higher percentage of HIV-infected children (ART-Immed: 54%, 

p=0.001 and ART-Def: 57%, p=0.02) had pre-booster levels ≥0.1IU/ml than HIV-unexposed 

(38%) children; Figure 2 and Supplementary Table 4.

The post-booster DT-antibody fold-increase was, however, higher among the HIV-unexposed 

group (49.6) than ART-Immed (30.4; p=0.08) and ART-Def (17.9; p=0.001) groups. Also 

post-booster GMC were higher among HIV-unexposed children (3.9IU/ml) than ART-

Immed (3.0IU/ml, p<0.001) and ART-Def (2.3IU/m; p=0.003) groups. All HIV-unexposed 

and HIV-infected children, however, had post-booster DT-antibody ≥0.1IU/ml. Further, 

≥93% of all groups had DT-antibody levels ≥1.0IU/ml, except among the ART-Def group 

(85% vs. 99% in HIV-unexposed children; p=0.02); Figure 2.

At 24-months of age, compared to HIV-unexposed children (0.68IU/ml), DT-antibody GMC 

were lower in ART-Immed (0.46IU/ml, p<0.001) and ART-Def (0.20IU/ml, p<0.001) 

groups. The fold-decline in titers was greater among the ART-Def (−11.4; p=0.001) and 

ART-Immed (−6.8; p=0.008) groups than HIV-unexposed (−5.5) children. All HIV-

unexposed and HIV-infected children maintained DT-antibody ≥0.01IU/ml, although a lower 

percentage of ART-Def (80%) had levels ≥0.1IU/ml than HIV-unexposed (99%, p=0.02) or 

ART-Immed (99%, p=0.004) children. Further, a higher percentage of HIV-unexposed (32%) 

children had antibody levels ≥1.0IU/ml than ART-Immed (13%, p=0.001) and ART-Def 

(2%, p=0.003), Figure 2.

Comparing HEU to HIV-unexposed children, pre-booster DT-antibody GMC were similar; 

although HEU children were more likely to have levels ≥0.1IU/ml (54%, p=0.03). HEU 
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children demonstrated higher fold-increase post-booster (68.4, p=0.004), resulting in higher 

GMC (4.6IU/ml) than HIV-unexposed children (3.9IU/ml, p=0.002). The percentage with 

titers ≥1.0 IU/ml was, however, similar between these two groups (>97%). Similarly, at 24-

months of age GMC and percentage of children with sero-protective levels (for both ≥0.1 

and ≥1IU/ml) were similar; however, antibody decay was greater in HEU compared to HIV-

unexposed children (fold change −7.7 vs. −5.5; p=0.004, respectively), Supplementary Table 

4.

3.3 Pre- and post-booster antibody kinetics to pertussis antigens

Prior to wP booster, FHA-antibody GMC were lower among HIV-unexposed (24.6IU/ml) 

than ART-Immed (34.0 IU/ml, p=0.001) children, and similar to ART-Def children (31.9; 

p=0.09). Pertussis-toxoid antibody GMC were, however, higher in HIV-unexposed 

(38.3IU/ml) than ART-Immed (31.8IU/ml, p=0.004) and ART-Def (27.2IU/ml, p=0.004) 

groups; Figure 3 and Supplementary Table 3.

The fold-increase in FHA-antibody post-booster was similar between HIV-unexposed (18.7) 

and HIV-infected children (12.3–13.0); all groups achieved similar GMC. The PT-antibody 

fold-increase was, however, higher in HIV-unexposed (56.1) than ART-Immed (30.1, 

p=0.01) and ART-Def (27.9, p=0.04) children. Consequently, PT-antibody post-boost GMC 

were higher in HIV-unexposed (2168.8 IU/ml) than ART-Immed (951.5IU/ml, p<0.001) and 

ART-Def (767.6IU/ml, p<0.001) groups. There were, however, no differences in the sero-

conversion rates (i.e. % with ≥4-fold increase) between HIV-unexposed and HIV-infected 

children for either FHA (>88%) or PT (≥90%); Figure 3.

At 24-months of age, the ART-Def group showed a larger fold-decline for FHA-antibody 

(−3.6, p=0.04) and PT-antibody (−12, p=0.01) compared to HIV-unexposed (−2.6 and −7.7, 

respectively). The ART-Immed group had similar antibody decay for FHA compared to 

HIV-unexposed (−2.1; p=0.40) but had a lower decline in PT-antibody (−4.0; p<0.001); 

Supplementary Table 3. Further, ART-Def group had lower FHA- and PT-antibody GMC 

than HIV-unexposed and ART-Immed groups (p≤0.02 for all observations); Supplementary 

Table 3 and Figure 3.

HEU compared to HIV-unexposed children had higher pre-booster FHA-antibody (34.5 vs. 

24.6IU/ml, p=0.01), but similar PT-antibody GMC. Post-booster fold-increases were also 

greater in HEU than HIV-unexposed to both FHA (23.1 vs. 18.7, p=0.01) and PT (56.1 vs. 

79.7, p=0.001); and consequently HEU had higher GMC than HIV-unexposed children to 

both FHA (806.2IU/ml vs. 467.6IU/ml, p<0.001) and PT (2168.8 vs. 3138.2IU/ml, 

p<0.001); Figure 3. There was, however, no difference in the percentage showing sero-

conversion to PT (99%) or FHA (>93%) between HEU and HIV-unexposed children. 

Between post-booster and 24-months of age, HEU children showed a greater fold-decrease 

than HIV-unexposed for both FHA-antibody (−5.8, p<0.001) and PT-antibody (−9.6, 

p=0.06), but there were no differences in GMC at 24-months of age, Supplementary Table 3.

3.4 Persistence and antibody kinetics to hepatitis-B vaccine

No booster dose of HBV was scheduled in this study; hence, we only measured antibody 

persistence to the primary series. At 15-months of age, all children maintained sero-
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protective HBsAg antibody levels ≥10mIU/ml and 94%−100% had levels ≥100mIU/ml. 

HBsAg antibody GMC were, however, lower in ART-Immed (769.4mIU/ml, p=0.001) and 

ART-Def (700.2mIU/ml, p=0.002) than HIV-unexposed (1198.5mIU/ml) children. HEU 

(880.1mIU/ml, p=0.02) also had lower HBsAg antibody GMC than HIV-unexposed 

children; Figure 4. All groups showed a decrease in HBsAg antibody GMC between post-

primary series (5-months of age) and 15-months of age, except for the ART-Def group in 

whom there was a 0.8-fold increase. The fold-decrease in GMC was lower in ART-Immed 

(−1.2, p<0.001) than HIV-unexposed children (−2.1); Supplementary Table 3.

At 24-months of age, GMC were lower in ART-Immed (242.0mIU/ml, p=0.001) and ART-

Def (54.8mIU/ml, p<0.001) groups compared to HIV-unexposed children (396.1mIU/ml). 

ART-Def children were also less likely to maintain levels ≥10mIU/ml (72%) and 

≥100mIU/ml (50%) compared to HIV-unexposed or ART-Immed (92%−100%, p<0.001 for 

all comparisons); Figure 4. Also, between 15 to 24-months of age, HBsAg antibody decay 

was greater among ART-Def (−13.3) than HIV-unexposed and ART-Immed groups (−3, 

p<0.001 for all comparisons).

Comparing HIV-unexposed to HEU children, despite similar decline in HBsAg antibody 

between 5 and 15-months of age, HEU had lower GMC (880.1, p=0.02) and were less likely 

to have titres ≥100mIU/ml (94% vs. 100%, p=0.01). These differences were, however, no 

longer evident by 24-months of age; Figure 4.

4.0 DISCUSSION

Timing of ART initiation during early infancy had an on-going effect on the immune 

responses to booster-dose of some vaccines. Notably, even though all children in the ART-

Def group began ART during their first year of life and had similar CD4+-lymphocytes 

counts compared to the ART-Immed group at the time of booster, they had an attenuated 

booster response to most vaccine epitopes compared to HIV-unexposed (for TT, DT and PT) 

and ART-Immed children (for TT and DT). Memory responses and antibody persistence 

were generally similar between the ART-Immed and the HIV-unexposed children. 

Furthermore, ART interruption at 12-months of age did not negatively impact the booster 

responses or persistence of antibodies to the evaluated vaccine epitopes (Supplementary 

material Table 2). ART-Def children were unable to maintain HBsAg antibody 

concentrations ≥10IU/ml at 24-months of age in contrast to the other study groups. It 

remains unclear, however, whether HBV booster is required for children initiating ART later, 

as memory responses might be present even in the absence of detectable HBsAg antibody 

[24]. Another finding from our study, is that the memory responses to vaccine epitopes were 

similar and occasionally more robust (for DT, PT and FHA) in HEU children.

Previous studies reported that a high percentage of HIV-infected children on ART (±90%) 

maintained serologic response to TT one year post-vaccination [25, 26, 27], corroborated by 

a recent meta-analysis in which 75% of HIV-infected children maintained TT-antibody titres 

≥0.1IU/ml 2 to 5-years post TT-vaccination [28]. In a small study of pre- and post-booster 

responses to TT-vaccine, stratified by incomplete or full viral suppression, modest humoral 

and cellular responses were identified and antibody decayed rapidly within one year [29]. 
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Despite reconstitution of the CD4+-lymphocyte count over the first year of ART in our ART-

Def group, additional booster doses might be necessary to maintain sero-protective 

immunity, as only 72% of these children maintained TT-antibody concentrations ≥0.1IU/ml 

at 24-months of age.

Diphtheria-toxoid is a weaker antigen than TT, with steeper antibody decay in healthy 

children [30]. In our study, in addition to an inferior anamnestic response to DT in the ART-

Def group, these children were less likely to maintain sero-protective levels of ≥0.1IU/ml 

(80%) than all other groups (>98%) at 24-months of age. Nevertheless, responses to DT in 

the ART-Def group were higher than previously reported in children on ART (40–65% of 

children with viral suppression achieved sero-protective antibody levels), however, 

immunological responses were only assessed 4–6 years post-booster dose in the study by 

Zaccarelli-Filho et al. [25].

Interpretation of immune responses to pertussis vaccination is challenging, as correlates of 

protection are not established [1]. Immune responses to PT and FHA were, however, high in 

our study, with ≥4-fold increase from pre-booster to post-booster vaccination observed for 

each pertussis antigen in >87% of all groups. The high sero-conversion rates seen in our 

HIV-infected groups were similar to that observed in healthy HIV-uninfected children after 

DTP boosting [31]. Although the HIV-infected children had significant increases in antibody 

concentration to PT and FHA post-booster, GMC were lower than in HIV-uninfected 

children especially for PT, which is considered key virulent factor of Bordetella pertussis 
[32]. A USA cohort study of children on stable ART given acellular-pertussis vaccine 

reported low antibody responses to a booster-dose and shorter duration of protective 

immunity than in HIV-uninfected children, despite receiving at least a four dose primary 

series [33].

In our study, persistence of HBsAg antibody 12-months post-primary series was high in all 

groups, although GMC were lower in HIV-infected than HIV-unexposed children. 

Furthermore, by 24-months of age the percentage of ART-Def children with levels 

≥10mIU/ml decreased from 100% at 15-months age to 72%, and only 50% had levels 

≥100mIU/ml, compared to 92% among ART-Immed children. A study on antibody 

persistence following HepB vaccination in HIV-infected children on ART, reported that 

those with titers ≥10mIU/ml following three doses of HepB vaccine, were 71%, 61%, 38%, 

and 25% at 48 weeks, 2 years, 4 years and 6 years of age, respectively [34]. The results from 

our study support further booster doses of HBV in children not on ART at the time of receipt 

of their primary series of vaccines considering the high prevalence of chronic hepatitis-B 

infection in HIV-infected individuals [35].

In our study a similar proportion of HEU and HIV-unexposed children maintained sero-

protective levels to TT, DT and HBsAg; and had comparable PT and FHA GMC 12-months 

post-primary vaccination. This corroborated results from an earlier South African study, 

where HEU children had similar antibody levels compared to HIV-unexposed children at 12-

months of age to TT, DT and HBsAg [36]. Anamnestic responses were also similar between 

HEU and HIV-unexposed, although HEU had higher FHA and PT GMC than HIV-

unexposed children, the clinical significance of which is unclear in the absence of correlate 
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of protection against pertussis. Although we did not examine the immunological basis for 

the higher post-boost GMCs in HEU compared to HIV-unexposed children; it could be that 

the memory responses induced with the primary series of wP vaccine was enhanced in HEU 

due to lower levels of transplacental acquired maternal antibody as we had previously 

observed in this cohort [10], which could interfere with primary immune responses. 

However, the same mechanism would not explain the higher post-boost GMCs to FHA (and 

DT) in HEU compared to HIV-unexposed children. Consequently, further research is 

warranted to explain the basis for the more the seemingly more robust memory responses to 

wP and DT in HEU compared to HIV-unexposed children.

Limitations to our study include that we were not powered to assess break-through 

infections; therefore, the functionality of induced antibodies against preventing disease 

cannot be definitively determined. Also, despite having used whole-cell pertussis vaccine, 

we measured antibody to PT and FHA rather than using the whole-cell pertussis ELISA 

assay, as this was more practical for inclusion in the Luminex multiplex immunoassay. The 

PT and FHA antibody responses, although providing a relative measure of immunogenicity 

of the whole-cell vaccine, are not necessarily a complete measure of immunity induced by it, 

although antibody against PT is strongly correlated with protection against severe pertussis 

disease [1]. The differences in responses between the PT and FHA observed in this study, 

could be attributable to the acellular vaccine antigens used in the luminex assay, as 

previously suggested by Cherry et al that the type of ELISA used may affect the antibody 

titers detected [37].

In conclusion, our results show that vaccine induced memory responses and humoral 

immunity is maintained among HIV-infected children initiated on ART during receipt of 

their primary series of DTwP. In contrast, deferring ART initiation in HIV-infected children 

attenuated their booster responses to TT, PT and HBV compared to HIV-unexposed children, 

despite the HIV-infected children having establishing normal CD4+-lymphocytes counts 

[10]. This suggests a need for further booster doses of TT, PT and HBV among HIV-infected 

children not initiated on ART during the time of their primary vaccination series.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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KEY ISSUES

• Early ART initiation during the first year of infancy had continued effects on 

the immune responses to booster-dose of most of the vaccines epitopes tested.

• Although the ART-Def group began ART during the first year of life and had 

similar CD4+-lymphocytes counts compared to the ART-Immed group at the 

time of booster, they had an attenuated booster response to most vaccine 

epitopes compared to HIV-unexposed (for TT, DT and PT) and ART-Immed 

children (for TT and DT).

• Memory responses and antibody persistence were generally similar between 

the ART-Immed and the HIV-unexposed children.

• ART interruption at 12-months of age compared to interruption at 24-months 

did not negatively impact response to DTwP booster vaccination or 

persistence of antibodies to the evaluated vaccine epitopes.

• ART-Def children were unable to maintain HBsAg antibody concentrations 

≥10IU/ml at 24-months of age in contrast to the other study groups.
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Figure 1. 
Geometric mean concentration and percentage of children with sero-protective antibody 

levels to tetanus-toxoid at pre-booster, post-booster and at 24 months of age.

Footnote: HIV-unexposed: HIV-uninfected children born to HIV-uninfected mothers; ART-

Immed: HIV-infected children with CD4+% ≥25% at enrolment who were initiated on 

antiretroviral therapy (ART) at enrolment; ART-Def: HIV-infected children with CD4+ 

≥25% at enrolment randomized to deferred ART; HEU: HIV-uninfected children born to 

HIV-infected mothers. A) TT geometric mean concentration at pre-booster, post-booster and 

24 months of age. Vertical bars represent 95% CI. B) Percentage of children sero-protected 

(≥0.01; ≥0.1 and ≥1.0 IU/ml) at pre-booster, post-booster and 24 months of age.

* p-value <0.001; ** p-value =0.01; *** p-value =0.03.
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Figure 2. 
Geometric mean concentration and percentage of children with sero-protective antibody 

levels to diphtheria-toxoid at pre-booster, post-booster and at 24 months of age.

Footnote: HIV-unexposed: HIV-uninfected children born to HIV-uninfected mothers; ART-

Immed: HIV-infected children with CD4+% ≥25% at enrolment who were initiated on 

antiretroviral therapy (ART) at enrolment; ART-Def: HIV-infected children with CD4+ 

≥25% at enrolment randomized to deferred ART; HEU: HIV-uninfected children born to 

HIV-infected mothers. A) DT geometric mean concentration at pre-booster, post-booster and 

24 months of age. Vertical bars represent 95% CI. B) Percentage of children sero-protected 

(>0.01; >0.1 and >1.0 IU/ml) at pre-booster, post-booster and 24 months of age.

* p-value <0.01; ** p-value <0.05; *** p-value <0.001.
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Figure 3. 
Geometric mean concentration and percentage of children with ≥4-Fold increase in antibody 

levels to Pertussis antigens at pre-booster, post-booster and at 24 months of age.

Footnote: HIV-unexposed: HIV-uninfected children born to HIV-uninfected mothers; ART-

Immed: HIV-infected children with CD4+% ≥25% at enrolment who were initiated on 

antiretroviral therapy (ART) at enrolment; ART-Def: HIV-infected children with CD4+ 

≥25% at enrolment randomized to deferred ART; HEU: HIV-uninfected children born to 

HIV-infected mothers. A) FHA and PT geometric mean concentration at pre-booster, post-

booster and 24 months of age. Vertical bars represent 95% CI. B) Percentage of children 

who sero-converted to pertussis antigens (≥4-Fold increase in antibody level) at post-booster.

* p-value <0.05; ** p-value <0.001; *** p-value <0.01.
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Figure 4. 
Geometric mean concentration and percentage of children with sero-protective antibody 

titers to HBsAg at 5 months, 15–18 months and at 24 months of age.

Footnote: HIV-unexposed: HIV-uninfected children born to HIV-uninfected mothers; ART-

Immed: HIV-infected children with CD4+% ≥25% at enrolment who were initiated on 

antiretroviral therapy (ART) at enrolment; ART-Def: HIV-infected children with CD4+ 

≥25% at enrolment randomized to deferred ART; HEU: HIV-uninfected children born to 

HIV-infected mothers. A) HBsAg-antibody geometric mean concentration at 5 months, 15–

18 months and 24 months of age. Vertical bars represent 95% CI. B) Percentage of children 

sero-protected (≥10 and ≥100 mIU/ml) at 5 months, 15–18 months and 24 months of age.

* p-value <0.05; ** p-value <0.001; *** p-value <0.01.
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