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Frequent Development of Broadly Neutralizing Antibodies 
in Early Life in a Large Cohort of Children With Human 
Immunodeficiency Virus
Amanda Lucier,1 Youyi Fong,2 Shuk Hang Li,1 Maria Dennis,1 Joshua Eudailey,1 Ashley Nelson,1 Kevin Saunders,1 Coleen K. Cunningham,1,3 
Elizabeth McFarland,4 Ross McKinney,1 M. Anthony Moody,1 Celia LaBranche,1 David Montefiori,1 Sallie R. Permar,1,5 and Genevieve G. Fouda1

1Duke University Medical Center, Durham, North Carolina, USA, 2Statistical Center for HIV/AIDS Research and Prevention, Fred Hutchinson Cancer Research Center, Seattle, Washington, USA, 
3University of California, Irvine, California, USA, 4University of Colorado, Aurora, Colorado, USA, 5Weill Cornell School of Medicine, New York, New York, USA

Background. Recent studies have indicated that broadly neutralizing antibodies (bnAbs) in children may develop earlier after 
human immunodeficiency virus (HIV) infection compared to adults.

Methods. We evaluated plasma from 212 antiretroviral therapy-naive children with HIV (1–3 years old). Neutralization breadth 
and potency was assessed using a panel of 10 viruses and compared to adults with chronic HIV. The magnitude, epitope specificity, 
and immunoglobulin (Ig)G subclass distribution of Env-specific antibodies were assessed using a binding antibody multiplex assay.

Results. One-year-old children demonstrated neutralization breadth comparable to chronically infected adults, whereas 2- 
and 3-year-olds exhibited significantly greater neutralization breadth (P = .014). Likewise, binding antibody responses increased 
with age, with levels in 2- and 3-year-old children comparable to adults. Overall, there was no significant difference in antibody 
specificities or IgG subclass distribution between the pediatric and adult cohorts. It is interesting to note that the neutralization ac-
tivity was mapped to a single epitope (CD4 binding site, V2 or V3 glycans) in only 5 of 38 pediatric broadly neutralizing samples, 
which suggests that most children may develop a polyclonal neutralization response.

Conclusions. These results contribute to a growing body of evidence suggesting that initiating HIV immunization early in life 
may present advantages for the development of broadly neutralizing antibody responses.

Keywords. antibodies; broad neutralization; pediatric HIV.

In 2019, 460 000 human immunodeficiency virus (HIV) in-
fections occurred in young adults aged 15–24 [1]; and ado-
lescents represent the only age group with increased numbers 
of acquired immune deficiency syndrome (AIDS)-related 
deaths over the last decade [2]. A vaccine that can be admin-
istered before sexual debut to protect during the vulnerable 
window of adolescence and generate lifelong immunity is 
therefore a priority for the field. Such a vaccine will prob-
ably need to induce broadly neutralizing antibodies (bnAbs) 
because their protective role has been established in animal 
models [3]. However, traditional vaccine approaches have 
failed to induce bNAbs [4]. Furthermore, only a subset of 
adults with HIV develops bnAbs after several years of infec-
tion [5], and these bnAbs frequently demonstrated unusual 
traits such as high levels of somatic hypermutation (SHM), 
nucleotide insertions and deletions, long complementary 

determinant region 3 (CDR3) lengths, and restricted variable 
gene use [6].

Recent studies have indicated that children may develop 
neutralization breadth earlier [7] or more frequently [8] than 
adults. Epitope mapping of neutralizing antibodies (NAbs) in 
children suggested that bnAbs from children and adults target 
the same key epitopes, but plasma neutralization in children 
seems to be polyclonal [9], whereas in adults it is typically at-
tributed to a single or a few distinct epitope specificities [10]. 
Despite these recent findings, our knowledge of the develop-
ment of Env-specific Ab responses in pediatric settings remains 
incomplete. Although several studies have investigated the 
ontogeny and immunoglobulin (Ig)G subclass distribution of 
HIV-specific Abs in adults with HIV [11], few studies have been 
conducted in young children [12]. Further characterization of 
Env-specific binding responses and IgG subclass distribution in 
children might guide the design of vaccines targeting the early 
life period.

Previous studies investigating neutralization breadth de-
velopment in children have limitations such as small cohort 
size [7] or focus on nonprogressor children [8]. To define the 
frequency and kinetics of bnAb development in children, we 
acquired plasma samples from 212 antiretroviral therapy 
(ART)-naive children infected either in utero or at the time of 
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delivery from the International Maternal, Pediatric, Adolescent 
AIDS Clinical Trials (IMPAACT) repository and from 44 ART-
naive HIV chronically infected adults from the Neutralization 
Serotype Discovery Project (NSDP) study [13]. We compared 
the magnitude, specificity, and IgG subclass distribution of 
HIV-1 Env-specific Abs between children and adults. In addi-
tion, we compared neutralizing antibody responses in children 
and adults using a global panel of HIV-1 strains [14], and we de-
fined the epitope specificity of pediatric neutralizing antibodies. 
To our knowledge, this study represents the most comprehen-
sive analysis of HIV neutralizing antibody responses in a large 
cohort of young children conducted to date.

MATERIALS AND METHODS

Samples

Plasma samples from ART-naive children (n = 212) who were 
enrolled in the completed studies AIDS Clinical Trials Group 
(ACTG) 152, 300, 382, and 390 [15–18] were obtained from the 
IMPAACT biospecimen repository. These children were assumed 
to be infected with clade B HIV-1 at birth or in utero because they 
were born to women living in the United States. Adult plasma sam-
ples (n = 44) were obtained from ART-naive adults with chronic 
clade B HIV-1 infection who participated in the Neutralization 
Serotype Discovery Project [13]. A summary of the clinical char-
acteristics of the study populations is provided in Table 1.

Binding Antibody Multiplex Assay for the Measurement of Env-Specific 

Immunoglobulin G

A previously described binding antibody multiplex assay 
(BAMA) [19] was used to measure IgG binding to a panel of 17 
HIV-1 antigens (Supplemental Table 1). Based on pilot experi-
ments, a dilution of 1:100 was used for all antigens except for 
gp140s, Bio-V3B, and recMNgp41 that were tested at 1:2000. 
Antigen-specific IgG was detected with a mouse antihuman 
IgG phycoerythrin-conjugated Ab (Southern Biotech) at 2 
μg/mL. Human immunodeficiency virus-1 human hyperim-
mune immunoglobulin (HIVIG) was used as positive con-
trol, and normal human serum was used as negative control. 
Binding was measured using a Bio-Plex 200 instrument (Bio-
Rad Laboratories, Inc.). Immunoglobulin G responses were 

expressed as mean fluorescence intensity (MFI) and were blank 
bead subtracted, except for gp70_B.CaseA_1V2 and gp70 
MNV3, which were subtracted by the MFI of beads coupled 
with a control gp70 construct (MuLVgp70). A response was 
considered positive if the MFI was above a positivity cutoff de-
termined as the highest of either (1) the mean plus 3 standard 
deviations MFI of a panel of 20–30 HIV-negative plasma or (2) 
the lower detection limit of 100 MFI. To ensure consistency be-
tween assays, 50% effective concentration and maximum MFI 
values of HIVIG control were tracked by Levey-Jennings charts 
[20]. Env-specific IgG subclass antibodies were measured using 
a modified BAMA as previously described [21].

Neutralization Assays

Neutralization was measured in TZM-bl cells as previously de-
scribed [22] against a panel of 10 viruses from the global neu-
tralization panel ([14]) (Table 2). Results were reported as the 
50% inhibitory dilution (ID50), which is the dilution of plasma 
resulting in 50% reduction in luminescence compared to that 
of virus control wells. To map neutralizing epitopes, a panel 
of 6-11 HIV-1 Env epitope knockout pseudoviruses (strains 
BJOX002, 25710, or TRO.11) was used (Supplemental Table 4). 
Panel choice was dependent on which parent virus was most 
potently neutralized by the plasma sample.

Table 1. Cohort Clinical Summarya

 Adult Cohort Pediatric Cohort

Clinical characteristics n = 117

1-year-old 2-year-old 3-year-old 

 n = 91 n = 62 n = 59

Clade Infected Multiple clade-infected (with subset of 44 clade B-infected) Clade B-infected

Duration of infection Chronically infected Infected in utero or at birth

ART exposure ART-naive ART-naive

Abbreviations: ACTG, AIDS Clinical Trials Group; ART, antiretroviral therapy.
aPediatric cohort samples were provided by completed IMPAACT Studies ACTG 152, 300, 382, and 390. Adult clade B-infected plasma samples were provided by the Neutralization Serotype 
Discovery Project.

Table 2. Frequency of Neutralization Response in Adults vs Childrena

Virus Clade Adults (%) Children (%) P Value 

25710 C 91 90

TRO11 B 68 78 P = .048

X2278 B 75 86 P = .015

BJOX2000 CRF07_BC 60 55

X1632 G 63 28 P < .001

CE1176 C 62 51

246F3 AC 48 71 P < .001

CH119 CRF07_BC 67 88 P < .001

CE0217 C 46 40

CNE55 CRF01_AE 34 41

aProportion of adult and pediatric samples with 50% inhibitory dilution >100 for each virus. 
The pediatric cohort demonstrated comparable or superior neutralization frequency to 
adults in 9 of 10 viruses tested. The adult cohort had higher neutralization frequency against 
only 1 virus, X1632. Statistically significant P values included as determined by Fisher test.

http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiab629#supplementary-data
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Statistical Analysis

All statistical analyses were performed in the R statistical 
computing and graphics environment. We used magnitude-
breadth (MB) curves [23] to summarize the neutralization 
activities of a subject across viruses. An MB curve is a cu-
mulative distribution function that represents the proportion 
of viruses neutralized with potency no less than x for every 
point along the x-axis. To determine the neutralization score, 
we computed the area under the MB curve, which equals 
to the average potency across a set of viruses. For 2-sample 
tests, we used Mann-Whitney rank-based tests. All P values 
are 2-sided. The Benjamini and Hochberg [24] approach was 
used to adjust for multitesting. Positive response rates were 
compared between groups by Fisher’s exact tests [25]. Median 
regression was conducted using the quantreg package [26]. 
Titers of NAbs among responders were compared between 
groups by 95% confidence intervals (CIs) about the ratio of 
geometric mean titers. Equality of the overall distribution of 
log10 NAb titers between 2 groups was tested as described [27], 
using 10 000 permutated data sets to compute a P value. The 
false discovery rate (FDR) was used to determine tests that 
remained statistically significant after adjustment for the mul-
tiple hypothesis tests. The FDR method was performed at level 
0.05.

RESULTS

Human Immunodeficiency Virus-1 Env-Specific Antibody Binding 

Responses in the Pediatric Cohort in Comparison to Adults

A panel of 17 HIV-1 antigens was used to assess the breadth and 
epitope-specificity of Env-specific IgG in children (n = 212) 
and adults (n = 44) with HIV. More than 90% of children and 
adults had antibodies that bind to the majority of the Env glyco-
proteins (Supplemental Table 1). Overall, the magnitude and 
breadth of Env-specific antibodies were comparable between 
children and adults, although children had higher levels of 
gp41-specific antibodies (Figure 1). It is interesting to note that 
the magnitude of IgG binding against most antigens increased 
from 1 to 2 years of age, but it was comparable between 2- and 
3-year-old children (Supplemental Figure 1), suggesting that 
Env-specific antibody levels progressively increase during the 
first 2 years of life.

Env-specific antibodies from adults and children generally 
bound to the same epitopes, with only slight differences observed 
between the 2 groups (Supplemental Table 2): children had higher 
IgG levels against the constant region 1 ([C1] adjusted P < .001) 
and the membrane-proximal external region (MPER), but the dif-
ference in the magnitude of MPER-specific antibody responses was 
not significant after adjustment for multiple comparisons. Adults 
had higher levels of antibodies against the constant region 5 ([C5] 
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Figure 1. Human immunodeficiency virus (HIV)-1 Env-specific total immunoglobulin (Ig)G. Total IgG for select HIV-1 Env epitopes were measured by binding antibody mul-
tiplex assay in adult and pediatric cohorts. Epitopes include gp120 (a), variable loops (b), gp140/gp41 (c), and peptides (d). Significant difference between adult and pediatric 
cohorts by Wilcoxon as noted.
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adjusted P < .001). Likewise, a higher percentage of children had 
detectable MPER-specific (79% vs 61%, P = .017) and C1-specific 
IgG (58% vs 11%, P < .001), whereas the frequency of C5-specific 
antibodies was higher in adults (77% vs 42%, P < .001).

Human Immunodeficiency Virus (HIV)-1 Env-Specific Immunoglobulin G 

Subclass Distribution in Adults and Children With HIV

We then assessed the subclass distribution of Env-specific 
IgG. Children tended to have lower magnitude gp120-specific 
IgG1 responses compared to adults (P = .042), but this differ-
ence was not significant after adjustment for multiple com-
parisons. Both adults and children had very high magnitude 
of gp41-specific IgG1 (Figure 2). Children also had lower mag-
nitude gp41-specific IgG3 (adjusted P = .030) and lower levels 
of Env-specific IgG4 than adults (adjusted P < .001 for gp140, 
gp120, and gp41). In contrast, children had higher magnitude 
gp41-specific IgG2 antibodies (adjusted P = .011). Similar to 
total IgG, the levels of gp120-specific IgG1 increased with age, 
whereas low levels of other IgG subclass were observed across 
the age groups (Supplemental Figure 2).

Although the majority of adults and children had detectable 
levels of Env-specific IgG1, slight differences in the frequency of 
the other subclasses were observed between adults and children 
(Supplemental Table 3). Most adults and children had IgG3 and 

IgG4 against gp41, but a higher proportion of children had gp41-
specific IgG2 (87% vs 48%, P < .001). In contrast, gp120-specific 
IgG4 were detected more frequently in adults than in children 
(48% vs 22%, P = .002). Approximately half of the adults and 
children had gp120-specific IgG3 and approximately 20% had 
gp120-specific IgG2. The proportion of adults and infants with 
detectable levels of IgG subclass antibodies against the variable 
loop 2 (V2) and the variable loop 3 (V3) was comparable.

Human Immunodeficiency Virus (HIV) Neutralizing Antibody Responses in 

Children With HIV Compared to Adults

The ability of pediatric samples to mediate broad neutralization 
was assessed against a panel of 10 HIV-1 pseudoviruses from 
the global neutralization panel [14] and compared with previ-
ously reported data of 117 chronically infected adults from the 
NSDP [13]. Overall, 69% of children and 68% of adults neu-
tralized at least 50% of the viruses in the panel. Broad neutrali-
zation frequency slightly increased with age, because only 60% 
of 1-year old children but 76% of 2-year-old children were able 
to neutralize 50% of the viruses. Using an ID50 of 100 to de-
fine robust neutralization, we observed that 26% of children but 
only 19% of adults neutralized 50% of the viruses with an ID50 
≥100. The percentage of children with robust neutralization 
was comparable across the age groups (23% for 1-year-old, 29% 
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Figure 2. Human immunodeficiency virus (HIV)-1 Env-specific immunoglobulin (Ig)G subclass. Individual IgG subclasses for select HIV-1 Env epitopes were measured by 
binding antibody multiplex assay in adult and pediatric cohorts. Significant difference between adult and pediatric cohorts by Wilcoxon as noted.
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for 2- and 3-year-olds). There was no statistical difference in the 
percentage of children and adults that neutralized 5 of the 10 
tested viruses (Table 2), whereas a higher percentage of children 
than adults were able to neutralize 4 viruses (HIV TRO11; HIV 
X2278; HIV 246F3; HIV CH119). A higher percentage of adults 
than children neutralized HIV X1632. Children also demon-
strated comparable or superior neutralization potency (Figure 
3). The median neutralization titer was higher in children than 
in adults for 4 viruses tested, whereas adult samples demon-
strated higher neutralization potency against one virus.

Neutralization scores were generated as the area under the 
magnitude-breath curve for all tested viruses as previously de-
scribed [23]. Overall, the neutralization score was higher in 
children than in adults (P = .014) (Figure 4a). As with other an-
tibody measurements, the neutralization score increased with 
age in children (P = .014) (Figure 4b), but, by 1 year of age, the 
plasma neutralization activity in perinatally infected children 
is comparable to that of chronically infected adults (P = .44) 
(Figure 4c).

Because the neutralization score is influenced both by the pro-
portion of the viruses neutralized and the potency with which 
these viruses are neutralized, the relative contribution of these fac-
tors was examined using magnitude-breadth curves (Figure 4d). 
The average ID50 of the pediatric cohort was significantly greater 
than that of adults with a similar proportion of viruses neutral-
ized, indicating that the higher neutralization score observed in 
children is mostly driven by a superior neutralization potency.

Association Between Neutralization Breadth and Clinical Factors in 

Children With Human Immunodeficiency Virus 

We performed linear regression analyses to define associations 
between neutralization and patient CD4+ T-cell percentage and 

absolute counts (Supplemental Figure 4). We found a modest 
positive association between neutralization breadth score and 
CD4+ T-cell percentage (slope = 0.01, P = .002) as well as with 
CD4+ T-cell counts (slope = 0.07, P = .003). However, no sig-
nificant association was observed between viral load and neu-
tralization breadth (slope 0.10, P = .28), although this analysis 
was limited by the small number of children with available viral 
load (n = 15). The impact of other clinical factors such as the 
timing of infection (intrauterine versus perinatal) could not 
be evaluated due to the paucity of information in the database. 
Nevertheless, our results suggest that factors other than CD4+ T 
cells likely contribute to drive neutralization breadth develop-
ment in children.

Epitope Specificity of Neutralizing Antibodies in Children With Human 

Immunodeficiency Virus

The epitope specificity of neutralizing antibodies was mapped 
in pediatric samples that neutralized ≥5 viruses with an ID50 
≥100 (n = 38). Neutralization assays were performed against 
a virus from the global panel that the plasma sample neutral-
ized potently (either HIV TRO11, 25710, or BJOX002) and 
against a panel HIV-1 pseudoviruses with selective muta-
tions to abrogate the neutralization potency of a specific class 
of bnAbs [28] (Supplemental Table 4). In addition, the sam-
ples were tested against mutant pseudovirus TRO11.W672A 
to assess the presence of MPER-specific antibodies. A total 
of 5 of 38 plasma samples demonstrated at least a 3-fold re-
duction in ID50 against one mutant compared to the parent 
virus (Table 3). In 3 samples neutralization was mediated by 
antibodies against V3 glycan-epitope, whereas in 1 sample it 
was mediated by antibodies against the CD4 binding site, and 
the last one showed neutralization activity against V2 glycan-
dependent epitope.
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Association Between Binding Antibody Responses and Neutralization 

Epitope Specificity

We then examined associations between neutralization and 
binding antibody responses (Supplemental Table 4) and ob-
served a marginally statistically significant correlation between 
total gp120 and gp140 IgG and neutralization score. Moreover, 
gp140 IgG4 and gp41 IgG4 levels were weakly associated with 
neutralization score.

We also examined the association between the levels of 
epitope-specific binding antibodies and the neutralization 
specificity. Child 2 (from Table 3) in which neutralization spec-
ificity mapped to a V2-glycan epitope demonstrated moder-
ately high V1V2-specific IgG and IgG1 responses ranking at 
the 65th and 56th percentile. No V1V2-specific IgG2, IgG3, or 
IgG4 was detected in this child (Supplemental Figure 5). The 3 
children (3–5) in which neutralization specificity mapped to V3 
glycan dependent epitope demonstrated high V3-specific IgG 
binding ranking at the 75th, 85th, and 83rd percentile. They 

also demonstrated high V3-specific IgG1 ranking at the 61st, 
79th, and 75th percentile for the IgG1 distribution, whereas the 
levels of the other IgG subclass were variable. Thus, although 
high levels of V1V2- or V3-specific IgG or IgG1 antibodies are 
not indicative of V2- or V3-specific neutralizing antibody re-
sponses, when children exhibited neutralizing antibodies to a 
particular site they tended to have high binding antibodies to 
the same site.

DISCUSSION

Recent reports indicating (1) that HIV vaccination can elicit 
robust and durable antibody responses in infants [29, 30] and 
(2) that children may develop broad neutralization more fre-
quently and earlier than adults [9] suggest that the early life 
immune system could present advantages to achieve neutrali-
zation breadth through vaccination. Only a few studies have as-
sessed neutralizing antibody responses in children. Goo et al [7] 
investigated neutralization in a small cohort (n = 28) of clade 
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A-infected children from Kenya and reported that broad neu-
tralization could be detected in infants as early as 1 year after 
infection. Subsequently, Muenchhoff et al [8] reported higher 
frequency of broad neutralization in South African children 
aged >5 years compared to chronically infected adults. Our 
study focused on a large cohort of children with HIV aged 1 to 
3 to specifically define the kinetics of the development of broad 
neutralization in children, because adults with HIV usually de-
velop neutralization breath after several years of infection [31]. 
This age range excluded the possibility that passive maternal 
antibodies contributed to the measured neutralization because 
before 1 year of age, it would be difficult to decipher the con-
tribution of maternal versus infant antibodies. The uniqueness 
of these historical pediatric ART-naive samples is worth noting 
because the World Health Organization now recommends ini-
tiation of ART at the time of diagnosis.

In contrast to the findings from Muenchhoff et al [8], who 
reported more frequent bnAb development in children than in 
adults (75% vs 19%), we found similar proportions of children 
and adults who neutralized 50% of the viruses (69% vs 68%). 
Comparable frequencies were still observed when we only con-
sidered children and adults who neutralize 50% of viruses with 
ID50 >100 (26% vs 19%, P = .13). Difference in age between the 
2 cohorts could have contributed to these divergent results. 
Although we did not test longitudinal samples, we found that 
neutralization scores increased with age (Figure 4). Makhdoomi 
et al [32] have also reported that the neutralization breadth in 
children with HIV from India aged 5 to 17 years increased over 
time. Furthermore, our cohort was United States-based (pre-
dominant clade B infections), whereas Muenchhoff et al [8] 
studied South African children (predominant clade C infec-
tions). The South African cohort also focused on the specific 
subpopulation of nonprogressors [8], and the virus panels used 
to assess neutralization breadth in the 2 studies were different. 
Finally, it is possible that differences in transmission modes con-
tributed to the slightly divergent results [33]. In our US-based 
cohort, transmission occurred in utero and perinatally, whereas 
breast milk transmission is also an important mode of trans-
mission in South Africa. Despite these differences, it is worth 
noting that our results combined with those of previous studies 
establish that children are able to rapidly develop broad neutral-
izing antibody responses after HIV infection.

Previous studies indicated that increased levels of HIV-
specific IgG2 and IgG4 during early HIV infection in adults 
correlate with development of broad neutralization [34] and 
that high levels of IgG3 are associated with neutralization [35]. 
We therefore investigated whether a distinct IgG subclass pro-
file in children contributed to explain the early development 
of broad neutralization. Overall, the IgG subclass profiles 
of the pediatric and adult cohorts were grossly similar with 
only a few statistically significant differences. Most notably, 
the majority of children mounted a detectable gp41-specific Ta
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IgG2 response, whereas this response was seen in less than 
half of chronically infected adults. The clinical significance of 
this difference is unclear because there was no association be-
tween this response and neutralization breadth. The ability of 
children to produce IgG2 is usually delayed compared to other 
subclasses [36], thus the observation that young children de-
velop more robust IgG2 responses than adults is somewhat 
surprising. Nevertheless, because low levels of gp41-specific 
IgG2 are usually associated to later stage disease [37], the 
higher levels of gp41-specific IgG2 in children may simply be 
a marker of more recent infections. We were also interested 
to define whether higher HIV-specific IgG3 were observed in 
children based on the recent report that IgG3 enhances the 
neutralization activity of an HIV V2-specific bnAb [16]. For 
most antigens, there was no difference in the magnitude of 
IgG3 responses between adults and children, except for gp41 
and V1V2, which were higher in adults than in children. Thus, 
overall, our results suggest that IgG subclass distribution may 
not contribute to the early development of broad neutraliza-
tion in children.

In adults, broad neutralization is frequently mediated by 
a single or a few antibody specificities [38, 39]. Doria-Rose 
et al [40] used a fingerprinting computational approach 
to define the epitope specificity of 143 donors with neu-
tralization breadth >30%, and they reported that the neu-
tralization antibodies mapped to known or potential new 
specificities in 53% of the donors. Our studies and others 
suggest that polyclonal responses may occur more frequently 
in children. It is notable that Goo et al [7] reported that the 
plasma neutralization in 7 children with broad neutraliza-
tion could not be mapped to known dominant neutraliza-
tion epitopes. Moreover, in a cohort of 16 clade C-infected 
nonprogressor children from South Africa, Ditse et al [9] ob-
served that the majority of children had antibodies targeting 
multiple known neutralization epitopes. In contrast, Mishra 
et al [27] reported that only 2 of 10 infant elite neutralizers 
demonstrated polyclonal responses. Although it is possible 
that our selection of mutant pseudoviruses failed to identify 
antibodies targeting a known epitope—becauseas the most 
common bnAb targets [9] were represented in our panel—
our results likely indicate that breadth was mediated either 
by a polyclonal response or that these pediatric nAbs target 
novel neutralization epitopes. In adults, it has been proposed 
that the development of bnAbs results from cooperation 
between multiple B- cell lineages, which selects for escape 
mutants and allows the continual stimulation of the bnAb 
lineage [6]. Our findings may suggest that the abundance 
of naive B cells in children allows for activation of multiple 
B-cell lineages upon HIV infection leading to a polyclonal 
response. Thus, plasma broad neutralization in children 
could be mediated by the additive activity of a collection of 
antibodies with limited to moderate neutralization.

CONCLUSIONS

Elucidating the mechanisms through which children achieve 
broad neutralization will be critical to guide vaccine develop-
ment. More importantly, analysis of 2 V3-glycan-dependent 
bnAbs isolated from children indicated that breadth was ac-
quired through a pathway distinct from that of adult antibodies 
from the same class [41, 42] with notably lower levels of somatic 
hypermutation and early accumulation of critical improbable 
mutations [43]. Identifying and characterizing more Abs from 
children is imperative to determine whether low levels of SHM 
is a consistent feature of pediatric nAbs. This knowledge will ul-
timately guide HIV vaccine strategies aiming at inducing broad 
neutralization with the goal of achieving protective immunity 
before sexual debut.

Supplementary Data

Supplementary materials are available at The Journal of 
Infectious Diseases online. Supplementary materials consist of 
data provided by the author that are published to benefit the 
reader. The posted materials are not copyedited. The contents of 
all supplementary data are the sole responsibility of the authors. 
Questions or messages regarding errors should be addressed to 
the author.

Notes

Acknowledgments. We are grateful to the clinical teams and 
study participants of AIDS Clinical Trials Group (ACTG) 152, 
300, 382, and 390.

Disclaimer. The content is solely the responsibility of the au-
thors and does not necessarily represent the official views of the 
National Institutes of Health (NIH). 

Financial support. Research reported in this publication 
was funded by The National Institute of Allergy and Infectious 
Diseases (NIAID) of the National Institutes of Health under 
Award Number R01AI143370. Part of the results resulted from 
research supported by the Duke University Center for AIDS 
Research, an NIH-funded program (5P30 AI064518). The anal-
ysis was partially funded by the NIH Award R01AI122991 (to 
Y. F.). Overall support for the International Maternal Pediatric 
Adolescent AIDS Clinical Trials Network (IMPAACT) was 
provided by the NIAID with cofunding from the Eunice 
Kennedy Shriver National Institute of Child Health and 
Human Development (NICHD) and the National Institute of 
Mental Health (NIMH), all components of the NIH, under 
Award Numbers UM1AI068632-15 (IMPAACT Leadership 
and Operations Center), UM1AI068616-15 (IMPAACT 
Statistical and Data Management Center), and UM1AI106716-
15 (IMPAACT Laboratory Center) and by NICHD Contract 
Number HHSN275201800001I.

Potential conflicts of interest. All authors: No reported con-
flicts of interest. All authors have submitted the ICMJE Form 
for Disclosure of Potential Conflicts of Interest. 



Broadly Neutralizing Antibodies in Children • JID 2022:225 (15 May) • 1739

References

 1. UNAIDS. Global HIV & AIDS statistics — 2018 fact sheet. 
Available at: https://www.unaids.org/en/resources/fact-
sheet. Accessed 3 January 2021. 

 2. UNICEF. Adolescent HIV prevention. https://data.unicef.
org/topic/hivaids/adolescents-young-people/. Accessed 3 
January 2021.

 3. Julg B, Tartaglia LJ, Keele BF, et al. Broadly neutralizing 
antibodies targeting the HIV-1 envelope V2 apex confer 
protection against a clade C SHIV challenge. Sci Transl Med 
2017; 9:eaal1321.

 4. Phillips B, Fouda GG, Eudailey J, et al. Impact of pox-
virus vector priming, protein coadministration, and vac-
cine intervals on HIV gp120 vaccine-elicited antibody 
magnitude and function in infant macaques. Clin Vaccine 
Immunol 2017; 24:e00231-17.

 5. Doria-Rose NA, Klein RM, Daniels MG, et al. Breadth of 
human immunodeficiency virus-specific neutralizing ac-
tivity in sera: clustering analysis and association with clin-
ical variables. J Virol 2010; 84:1631–6.

 6. Bonsignori M, Liao HX, Gao F, et al. Antibody-virus 
co-evolution in HIV infection: paths for HIV vaccine de-
velopment. Immunol Rev 2017; 275:145–60.

 7. Goo L, Chohan V, Nduati R, Overbaugh J. Early develop-
ment of broadly neutralizing antibodies in HIV-1-infected 
infants. Nat Med 2014; 20:655–8.

 8. Muenchhoff M, Adland E, Karimanzira O, et al. 
Nonprogressing HIV-infected children share fundamental 
immunological features of nonpathogenic SIV infection. 
Sci Transl Med 2016; 8:358ra125.

 9. Ditse Z, Muenchhoff M, Adland E, et al. HIV-1 subtype 
C-infected children with exceptional neutralization breadth 
exhibit polyclonal responses targeting known epitopes. J 
Virol 2018; 92:e00878-18.

 10. Tomaras GD, Binley JM, Gray ES, et al. Polyclonal B cell re-
sponses to conserved neutralization epitopes in a subset of 
HIV-1-infected individuals. J Virol 2011; 85:11502–19.

 11. Bricault CA, Yusim K, Seaman MS, et al. HIV-1 neutralizing 
antibody signatures and application to epitope-targeted 
vaccine design. Cell Host Microbe 2019; 25:59–72.e8.

 12. Pollack H, Zhan MX, Ilmet-Moore T, Ajuang-Simbiri K, 
Krasinski K, Borkowsky W. Ontogeny of anti-human im-
munodeficiency virus (HIV) antibody production in HIV-
1-infected infants. Proc Natl Acad Sci USA 1993; 90:2340–4.

 13. Hraber P, Seaman MS, Bailer RT, Mascola JR, Montefiori 
DC, Korber BT. Prevalence of broadly neutralizing an-
tibody responses during chronic HIV-1 infection. AIDS 
2014; 28:163–9.

 14. deCamp A, Hraber P, Bailer RT, et al. Global panel of 
HIV-1 Env reference strains for standardized assessments 
of vaccine-elicited neutralizing antibodies. J Virol 2014; 
88:2489–507.

 15. Bowersox J. ACTG 152: new insights into pediatric anti-
retroviral therapy. NIAID AIDS Agenda 1996; 3. PMID: 
11363798.

 16. Gilden D. ACTG 300 leaves many questions unanswered. 
GMHC Treat Issues 1997; 11:35–6.

 17. Starr SE, Fletcher CV, Spector SA, et al. Combination 
therapy with efavirenz, nelfinavir, and nucleoside reverse-
transcriptase inhibitors in children infected with human 
immunodeficiency virus type 1. Pediatric AIDS Clinical 
Trials Group 382 Team. N Engl J Med 1999; 341:1874–81.

 18. Team P-S, Babiker A, Castro nee Green H, et al. First-line 
antiretroviral therapy with a protease inhibitor versus non-
nucleoside reverse transcriptase inhibitor and switch at 
higher versus low viral load in HIV-infected children: an 
open-label, randomised phase 2/3 trial. Lancet Infect Dis 
2011; 11:273–83.

 19. Tomaras GD, Yates NL, Liu P, et al. Initial B-cell responses 
to transmitted human immunodeficiency virus type 1: 
virion-binding immunoglobulin M (IgM) and IgG anti-
bodies followed by plasma anti-gp41 antibodies with inef-
fective control of initial viremia. J Virol 2008; 82:12449–63.

 20. Pollara J, Jones DI, Huffman T, et al. Bridging vaccine-
induced HIV-1 neutralizing and effector antibody re-
sponses in rabbit and rhesus macaque animal models. J 
Virol 2019; 93:e02119-18.

 21. Martinez DR, Fong Y, Li SH, et al. Fc characteristics me-
diate selective placental transfer of IgG in HIV-infected 
women. Cell 2019; 178:190–201.e11.

 22. Montefiori DC. Evaluating neutralizing antibodies against 
HIV, SIV, and SHIV in luciferase reporter gene assays. Curr 
Protoc Immunol 2005; Chapter 12:Unit 12 1.

 23. Huang Y, Gilbert PB, Montefiori DC, Self SG. Simultaneous 
evaluation of the magnitude and breadth of a left and right 
censored multivariate response, with application to HIV 
vaccine development. Stat Biopharm Res 2009; 1:81–91.

 24. Benjamini Y, Hochberg Y. Controlling the false discovery 
rate: a practical and powerful approach to multiple testing. 
J R Stat Soc Ser B Stat Methodol 1995; 57:289–300.

 25. Fisher RA. On the interpretation of χ2 from contingency 
tables, and the calculation of P. J R Stat Soc 1922; 85:87–94.

 26. Koenker R. Quantile regression. Cambridge, UK: 
Cambridge University Press; 2005.

 27. Mishra N, Sharma S, Dobhal A, et al. Broadly neutralizing 
plasma antibodies effective against autologous circulating 
viruses in infants with multivariant HIV-1 infection. Nat 
Commun 2020; 11:4409.

 28. Li M, Gao F, Mascola JR, et al. Human immunodeficiency 
virus type 1 env clones from acute and early subtype B in-
fections for standardized assessments of vaccine-elicited 
neutralizing antibodies. J Virol 2005; 79:10108–25.

 29. Fouda GG, Cunningham CK, McFarland EJ, et al. Infant 
HIV type 1 gp120 vaccination elicits robust and durable 

https://www.unaids.org/en/resources/fact-sheet
https://www.unaids.org/en/resources/fact-sheet
https://data.unicef.org/topic/hivaids/adolescents-young-people/
https://data.unicef.org/topic/hivaids/adolescents-young-people/


1740 • JID 2022:225 (15 May) • Lucier et al

anti-V1V2 immunoglobulin G responses and only rare 
envelope-specific immunoglobulin A responses. J Infect 
Dis 2015; 211:508–17.

 30. McGuire EP, Fong Y, Toote C, et al. HIV-exposed infants 
vaccinated with an MF59/recombinant gp120 vaccine have 
higher-magnitude anti-V1V2 IgG responses than adults im-
munized with the same vaccine. J Virol 2018; 92:e01070-17.

 31. Gray ES, Madiga MC, Hermanus T, et al. The neutralization 
breadth of HIV-1 develops incrementally over four years 
and is associated with CD4+ T cell decline and high viral 
load during acute infection. J Virol 2011; 85:4828–40.

 32. Makhdoomi MA, Khan L, Kumar S, et al. Evolution of cross-
neutralizing antibodies and mapping epitope specificity in 
plasma of chronic HIV-1-infected antiretroviral therapy-
naive children from India. J Gen Virol 2017; 98:1879–91.

 33. Dickover RE, Garratty EM, Plaeger S, Bryson YJ. Perinatal 
transmission of major, minor, and multiple maternal 
human immunodeficiency virus type 1 variants in utero 
and intrapartum. J Virol 2001; 75:2194–203.

 34. Richardson SI, Chung AW, Natarajan H, et al. HIV-specific 
Fc effector function early in infection predicts the develop-
ment of broadly neutralizing antibodies. PLoS Pathog 2018; 
14:e1006987.

 35. Scharf O, Golding H, King LR, et al. Immunoglobulin G3 
from polyclonal human immunodeficiency virus (HIV) 
immune globulin is more potent than other subclasses in 
neutralizing HIV type 1. J Virol 2001; 75:6558–65.

 36. Blanco E, Perez-Andres M, Arriba-Mendez S, et al. Age-
associated distribution of normal B-cell and plasma cell 
subsets in peripheral blood. J Allergy Clin Immunol 2018; 
141:2208–19.e16.

 37. Lal RB, Heiba IM, Dhawan RR, Smith ES, Perine PL. IgG 
subclass responses to human immunodeficiency virus-1 
antigens: lack of IgG2 response to gp41 correlates with clin-
ical manifestation of disease. Clin Immunol Immunopathol 
1991; 58:267–77.

 38. Frimat L, Mariat C, Landais P, Kone S, Commenges B, 
Choukroun G. Anaemia management with C.E.R.A. in rou-
tine clinical practice: OCEANE (Cohorte Mircera patients 
non-dialyses), a national, multicenter, longitudinal, obser-
vational prospective study, in patients with chronic kidney 
disease not on dialysis. BMJ Open 2013; 3:e001888.

 39. Walker LM, Simek MD, Priddy F, et al. A limited number 
of antibody specificities mediate broad and potent serum 
neutralization in selected HIV-1 infected individuals. PLoS 
Pathog 2010; 6:e1001028.

 40. Doria-Rose NA, Altae-Tran HR, Roark RS, et al. Mapping 
polyclonal HIV-1 antibody responses via next-generation 
neutralization fingerprinting. PLoS Pathog 2017; 
13:e1006148.

 41. Simonich CA, Williams KL, Verkerke HP, et al. HIV-1 neu-
tralizing antibodies with limited hypermutation from an in-
fant. Cell 2016; 166:77–87.

 42. Kumar S, Panda H, Makhdoomi MA, et al. An HIV-1 
broadly neutralizing antibody from a clade C-infected pe-
diatric elite neutralizer potently neutralizes the contem-
poraneous and autologous evolving viruses. J Virol 2019; 
93:e01495-18.

 43. Wiehe K, Bradley T, Meyerhoff RR, et al. Functional rele-
vance of improbable antibody mutations for HIV broadly 
neutralizing antibody development. Cell Host Microbe 
2018; 23:759–65.e6.




