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bNAbs against HIV are able to recognize the envelope glycopro-
teins of diverse viral variants, often by targeting conserved epi-
topes that play important functional roles in the viral life cycle. 

After years of chronic infection, between 10% and 50% of HIV-
infected individuals develop antibodies with neutralizing breadth in 
their serum, depending on the criteria used to define breadth1. Many 
HIV bNAb lineages have stereotyped genetic and structural features, 
such as high frequencies of somatic hypermutation (SHM) and long 
heavy-chain complementarity-determining region 3 (CDR-H3) 
sequences. These sequence features are rare in healthy human anti-
body repertoires, but contribute to targeting vulnerable epitope sites 
on the HIV envelope glycoprotein2. Understanding the mechanisms 
contributing to bNAb formation is a priority for HIV vaccine devel-
opment: vaccines eliciting bNAb-like antibodies could potentially 
protect against a wide range of HIV strains.

Why do some HIV-infected individuals generate neutraliz-
ing antibody breadth, while others do not? It is possible that all 
individuals who are infected have a similar potential for produc-
ing bNAbs, but that formation of these antibodies is rate-limited 
by very rare stochastic events such as formation of naive B cells 
with particular CDR-H3 sequences, or the acquisition of particu-
lar somatic mutations during affinity maturation. In this model, 
bNAb lineages in each patient would be unusual outliers from the 
rest of their antibody repertoire. Alternatively, some infected indi-
viduals could be predisposed to generating bNAb-like antibodies 
due to systematic differences in their B cell repertoire formation 
or selection processes. In such patients, bNAbs would arise from a 
pool of many antibody lineages with similar features. Evaluation of  

germline allelic variants in antibody heavy-chain variable gene seg-
ments found no correlation with bNAb production3. However, other 
features of repertoire formation such as V(D)J segment recombina-
tion frequencies, CDR-H3 junction production, SHM frequency or 
differences in B cell selection could also affect the likelihood of pro-
ducing bNAb-like antibodies. Factors such as the T cell populations 
providing help to B cells; regulatory T (Treg) cell populations that 
may control autoreactive B cells; or the mixtures and frequencies of 
HIV viral variants in the patient, could also lead to systematic dif-
ferences in neutralizing antibody breadth between patients.

Here, we analyze antibody heavy-chain (IGH) gene repertoires 
in 96 patients with chronic HIV infection (46 patients with exten-
sive neutralizing breath (bNAb) and 50 patients without neutral-
izing breadth (noNAb)) and 43 HIV-uninfected controls from the 
same geographical regions, to assess whether the two HIV-infected 
groups show systematic differences in antibody repertoire forma-
tion or selection. Our results based on extensive sequencing of each 
patient’s IGH repertoire indicate that HIV-infected individuals 
show significant perturbations of their antibody repertoires, includ-
ing suppressed average SHM frequencies and increased frequencies 
of B cells expressing antibodies with features associated with auto-
reactivity. BNAb individuals each have hundreds to thousands of 
antibody lineages with long CDR-H3s and very high SHM frequen-
cies. In contrast, noNAb subjects and HIV-uninfected individu-
als appear to select against antibody lineages with long CDR-H3 
and high SHM frequencies. Further, we note that patient B cell 
and T cell phenotypes are linked, with a negative correlation seen 
between CTLA-4+ Treg cells and bNAb patient CDR-H3 lengths. 

Aberrant B cell repertoire selection associated 
with HIV neutralizing antibody breadth
Krishna M. Roskin1,2,3, Katherine J. L. Jackson   4, Ji-Yeun Lee5, Ramona A. Hoh5, 
Shilpa A. Joshi   5, Kwan-Ki Hwang   6, Mattia Bonsignori   6, Isabela Pedroza-Pacheco7, 
Hua-Xin Liao6, M. Anthony Moody   6, Andrew Z. Fire   5,8, Persephone Borrow7, 
Barton F. Haynes   6,9,10,11* and Scott D. Boyd   5*

A goal of HIV vaccine development is to elicit antibodies with neutralizing breadth. Broadly neutralizing antibodies (bNAbs) to 
HIV often have unusual sequences with long heavy-chain complementarity-determining region loops, high somatic mutation 
rates and polyreactivity. A subset of HIV-infected individuals develops such antibodies, but it is unclear whether this reflects 
systematic differences in their antibody repertoires or is a consequence of rare stochastic events involving individual clones. 
We sequenced antibody heavy-chain repertoires in a large cohort of HIV-infected individuals with bNAb responses or no neu-
tralization breadth and uninfected controls, identifying consistent features of bNAb repertoires, encompassing thousands of 
B cell clones per individual, with correlated T  cell phenotypes. These repertoire features were not observed during chronic 
cytomegalovirus infection in an independent cohort. Our data indicate that the development of numerous B cell lineages with 
antibody features associated with autoreactivity may be a key aspect in the development of HIV neutralizing antibody breadth.

NAtuRe IMMuNoLogY | VOL 21 | FeBRUARy 2020 | 199–209 | www.nature.com/natureimmunology 199

mailto:barton.haynes@duke.edu
mailto:sboyd1@stanford.edu
http://orcid.org/0000-0002-9952-7069
http://orcid.org/0000-0002-8014-1529
http://orcid.org/0000-0002-3903-6997
http://orcid.org/0000-0003-2973-2101
http://orcid.org/0000-0002-3890-5855
http://orcid.org/0000-0001-6217-8312
http://orcid.org/0000-0002-7643-9023
http://orcid.org/0000-0003-0963-044X
http://www.nature.com/natureimmunology


Articles Nature ImmuNology

An unrelated chronic viral infection, human cytomegalovirus,  
shows no evidence of eliciting the IGH repertoire deviations seen in 
bNAb HIV-infected individuals. Our results indicate that produc-
tion of HIV neutralizing antibody breadth is associated with spe-
cific systematic differences in individual B cell repertoire formation 
and selection.

Results
IgG SHM in HIV-infected bNAb and noNAb individuals. We first 
evaluated SHM frequencies in IGH repertoires encoding each anti-
body isotype and subclass, to assess the effects of HIV infection, as 
well as to test for differences between bNAb and noNAb individu-
als. bNAb individuals were those whose serum showed the broadest 
inhibition of a panel of 12 HIV isolates in a pseudovirus infection 
assay, with 95% inhibition of at least seven isolates (see Methods). 
HIV-infected individuals showed overall decreases in mean SHM 
frequencies in IGH expressed as IgG but not in other isotypes, com-
pared to uninfected individuals (Fig. 1a and Supplementary Fig. 1a). 
bNAb individuals, however, had mean IgG SHM frequencies closer 
to those of uninfected people. Notably, the most highly mutated 
antibodies (represented here by the SHM value of the 99th per-
centile in the distribution of SHM frequencies in each participant) 
were more mutated in IgG subtypes of bNAb individuals compared 
to both uninfected controls and noNAb individuals (Fig. 1b and 
Supplementary Fig. 1b). The 99th percentile SHM values of IgG in 
bNAb individuals approach the SHM frequencies of well-described 
bNAb monoclonal antibodies isolated in previous studies (Fig. 1c), 
and are higher than the SHM of non-neutralizing antibodies or 
those elicited by vaccination in previous studies (Supplementary 
Fig. 1c). We noted that the standard deviation of SHM values for 
the clones within each individual was also higher in IgG subtypes 
in bNAb individuals compared to noNAb or HIV-uninfected indi-
viduals (Supplementary Fig. 1d). The antibody clonal lineages at the 
99th percentile of mutation or higher, represent an average of 790 
distinct clones (range 287–1,390) in each bNAb individual, rather 
than small numbers of outlier clones.

Frequencies of insertions and deletions (indels) in the antibody 
variable regions have been previously shown to be correlated with 
SHM frequency4. Here, insertion frequency in Ig genes correlated 
with SHM frequency and was decreased in all HIV-infected indi-
viduals compared to uninfected individuals, but deletion rates in 
IgG1 in bNAb individuals were higher, even than in uninfected 
individuals (Supplementary Fig. 1e). IgA antibodies behaved dif-
ferently from the other isotypes, having increased indel rates in 
HIV-infected individuals compared to uninfected individuals, even 
though their SHM frequencies were similar to those of uninfected 
controls. These results highlight further differences in IgG SHM or 
selection processes compared to the other isotypes in antibody rep-
ertoires of patients with HIV infection.

CDR-H3 lengths in HIV-infected individuals are increased. 
Antibodies with long CDR-H3 regions have been previously 
reported to be enriched for autoreactive or polyreactive sequences, 
although this is not the only determinant of antibody autoreactivity5. 
We found that IgG subtype antibodies in both bNAb and noNAb 
individuals had longer CDR-H3s compared to uninfected individu-
als, as previously reported (Fig. 2a and Supplementary Fig. 2a)6. The 
fraction of very long CDR-H3 (>19 amino acids) was also higher 
in IgG subtypes HIV-infected individuals compared to uninfected 
controls but did not differ between bNAb and noNAb individu-
als (Fig. 2b and Supplementary Fig. 2b). Clones with >19 amino 
acids in their CDR-H3s represented thousands of distinct lineages 
in each participant (mean of 8,548 for bNAb individuals, 7,540 for 
noNAb individuals and 7,891 for uninfected individuals). To evalu-
ate whether these CDR-H3 length differences could be attributed 
to the early steps of B cell antigen receptor (BCR) rearrangement 

in the bone marrow, we sequenced IGH rearrangements from a 
genomic DNA template and analyzed the sequences of unproduc-
tive rearrangements (the remnants of unsuccessful first attempts 
by the B cell precursor to rearrange the IGH locus). Nonfunctional 
rearrangement CDR-H3s were longer than productive ones but sur-
prisingly, all HIV-infected individuals had shorter nonproductive 
CDR-H3s than uninfected individuals, with bNAb individuals hav-
ing the shortest nonproductive CDR-H3s of all (Fig. 2c). Therefore, 
the increased proportion of IgG antibodies with CDR-H3 lengths 
exceeding 19 amino acids in HIV-infected individuals does not 
arise during BCR repertoire formation but is a consequence of sub-
sequent B cell selection.

Long CDR-H3s and high SHM in bNAb IgG repertoires. Given 
the observed differences in SHM and CDR-H3 features between 
antibody repertoires in HIV-infected individuals and those of unin-
fected individuals, we sought to determine whether any interactions 
between antibody characteristics were specific to bNAb individu-
als, as many known bNAb antibody lineage types require both 
long CDR-H3 and high SHM frequencies in their development. 
We plotted the average CDR-H3 lengths for antibodies at the 70th, 
80th, 90th, 95th and 99th or higher percentiles of SHM frequency 
in each patient’s repertoires of each antibody isotype (Fig. 3 and 
Supplementary Fig. 2c). bNAb-producing individuals showed a 
significant increase in CDR-H3 lengths in the most-mutated frac-
tions of their IgG repertoires, in contrast to noNAb or uninfected 
individuals. Therefore, bNAb producers are distinct from noNAb 
individuals in the selection or persistence of B cells expressing 
antibodies with long CDR-H3 regions, particularly when these are 
highly somatically mutated. Previous studies have measured fre-
quencies of gp120+ B cells in bNAb patient blood to be in the order 
of 30 per 30,000 (0.1%) IgG+ memory B cells and bNAbs to be 1–4 
per 30,000 (0.003–0.01%) IgG+ memory B cells, suggesting that the 
SHM and CDR-H3 differences that we observe between bNAb and 
noNAb individuals are not due solely to HIV-specific gp120-bind-
ing B cell lineages7–10.

Decreased CTLA-4+ Tregs in bNAb individuals with long CDR-H3. 
We evaluated whether the SHM frequencies or CDR-H3 lengths in 
bNAb, noNAb or uninfected individuals were related to HIV viral 
load or frequencies of CD4+ T cells or other T cell subsets. Average 
SHM frequencies in IgG antibodies within the noNAb group were 
correlated with their CD4+ T cell frequencies, but this was not the 
case for the bNAb or uninfected individuals, suggesting that noNAb 
individuals alone show a dependence on CD4+ T cell frequencies 
for maintaining SHM (Supplementary Fig 3a). As expected, both 
bNAb and noNAb individuals had lower CD4+ T cell frequencies 
than uninfected individuals (Supplementary Fig. 3b) and as pre-
viously reported, bNAb individuals had higher viral loads than 
noNAb individuals, although these average differences between 
groups were not sufficient to predict bNAb status (Supplementary 
Fig. 3c)11. The 99th percentile IgG SHM frequencies were positively 
correlated with CD4+ T cell frequencies and were negatively corre-
lated with higher viral loads in noNAb individuals, but not in bNAb 
individuals (Supplementary Fig. 3d,e). The data suggest that bNAb 
producers respond differently to their immunological environment 
(viral load and frequencies of CD4+ T cells; Supplementary Fig. 3f) 
and achieve very high SHM frequencies in numerous clones despite 
having lower CD4+ T cell frequencies than healthy individuals.

We next examined T  cell subsets of known helper or regu-
latory functions. Resting memory follicular helper (TFH) cell 
(CXCR3−PD-1+ within CD4+CXCR5+) frequencies in the blood 
were not correlated with 99th percentile IgG SHM frequencies 
(Supplementary Fig. 4a). Given that the SHM frequencies in the 
most highly mutated IgG fractions were higher in bNAb individuals 
than in noNAb or healthy individuals, generation of very high SHM 
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Fig. 1 | Differences in SHM frequency in antibody heavy-chain transcripts in HIV-uninfected controls and HIV-infected bNAb and noNAb individuals. The 
clonal structure of the expressed antibody heavy-chain repertoire is described in the Methods. each dot represents the mean SHM frequency (the number 
of nucleotides mutated from the germline sequence of IGHV, divided by the total number of nucleotides in the IGHV sequence) for clones with the indicated 
isotype within a participant. a, The overall SHM frequency for IgM, IgD, IgG and IgA isotypes. The SHM frequencies in the low abundancy isotypes, IgG4 
and Ige, are shown in Supplementary Fig. 1a. P values for comparisons between groups are for the two-sided Wilcoxon–Mann–Whitney U-test. Box-whisker 
plots show the median (horizontal line), interquartile range (box) and 1.5-times the interquartile range (whiskers). The numbers of participants analyzed 
were: HIV-uninfected (HIV−), n = 43; noNAb, n = 50; bNAb, n = 46. b, The SHM frequency of the 99th percentile of most-mutated IgM, IgD, IgG and IgA 
IGHV sequences for each individual. Data for IgG4 and Ige are shown in Supplementary Fig. 1b. P values for comparisons between groups are for the two-
sided Wilcoxon–Mann–Whitney U-test. Box-whisker plots show the median (horizontal line), interquartile range (box) and 1.5-times the interquartile range 
(whiskers). The numbers of participants analyzed were: HIV-uninfected, n = 43; noNAb, n = 50; bNAb, n = 46. c, SHM frequencies of a collection of known 
HIV bNAbs. Box-whisker plots show the median (horizontal line), interquartile range (box) and 1.5-times the interquartile range (whiskers).
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Fig. 2 | Differences in the length of the CDR-H3 of antibody heavy chains in healthy controls compared to HIV-infected bNAb and noNAb individuals.  
a, CDR-H3 amino acid lengths in HIV-infected individuals and uninfected controls in several isotypes. each dot represents the mean CDR-H3 length of 
clones expressing the indicated isotype within an individual. Data for IgG4 and Ige are shown in Supplementary Fig. 2a. P values for comparisons between 
groups are for the two-sided Wilcoxon–Mann–Whitney U-test. Box-whisker plots show the median (horizontal line), interquartile range (box) and 1.5-
times the interquartile range (whiskers). The numbers of participants analyzed were: HIV-uninfected, n = 43; noNAb, n = 50; bNAb, n = 46. b, Fraction 
of clones with long CDR-H3s, that is, CDR-H3s longer than 19 amino acids. Data for IgG4 and Ige are shown in Supplementary Fig. 2b. P values for 
comparisons between groups are for the two-sided Wilcoxon–Mann–Whitney U-test. Box-whisker plots show the median (horizontal line), interquartile 
range (box) and 1.5-times the interquartile range (whiskers). The numbers of participants analyzed were: HIV-uninfected, n = 43; noNAb, n = 50; bNAb, 
n = 46. c, CDR-H3 lengths of unproductive IGH rearrangements from a genomic DNA template. Because these rearrangements are not expressed as a 
functional protein, they provide V(D)J recombination data free of the effects of protein-based selection. P values for comparisons between groups are 
for the two-sided Wilcoxon–Mann–Whitney U-test. Box-whisker plots show the median (horizontal line), interquartile range (box) and 1.5-times the 
interquartile range (whiskers). The numbers of participants analyzed were: HIV-uninfected, n = 43; noNAb, n = 50; bNAb, n = 46.
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frequencies was not limited by CD4+ T cell or memory CD4+ TFH 
cell frequencies in the bNAb individuals.

There were no significant relationships between the frequency of 
regulatory CD4+ Treg cells (CD25+Foxp3+CD4+ cells) and extreme 
(99th percentile) IgG SHM frequencies (Fig. 4a) or CDR-H3 lengths 
in any subject group (Fig. 4b). Circulating T follicular regulatory 
(TFR) cells (CD25+Foxp3+ within CXCR5+CD4+ T  cells) showed 
no correlation with CDR-H3 lengths (Supplementary Fig. 4b),  
and only a weak negative correlation with the 99th percentile 
IgG SHM frequencies in both bNAb and noNAb individuals 
(Supplementary Fig. 4c). The 99th percentile IgG SHM frequen-
cies had no relationship to the proportion of Treg cells expressing 
CTLA-4 (Fig. 4c), but there was a significant negative correlation 
between the frequency of CTLA-4+ Treg cells and mean CDR-H3 
lengths in bNAb individuals (P = 0.0016; Fig. 4d). CTLA-4 is an 
activation marker in CD4+ T cells, and plays an important role in 
the control of humoral responses by CD4+ Treg and TFR cells12. HIV 
viral loads were usually higher in bNAb individuals than noNAb 
individuals (Supplementary Fig. 3d). While this analysis cannot 
prove causation, and it is possible that these T cell populations are  

coordinately regulated with the B cell repertoires in study partici-
pants rather than directly affecting the B cells, the bNAb patients 
with the lowest frequencies of CTLA-4+ Treg cells had the longest 
CDR-H3s. The length of the longest CDR-H3s (99th percentile) 
in bNAb individuals showed a similar negative correlation with 
CTLA-4+ Treg cell frequencies. We observed a weak but nonsignifi-
cant correlation between CTLA-4+ Treg cell frequencies and patient 
viral loads in bNAb individuals (Supplementary Fig. 4d).

bNAb IGHV4-34 usage and selection against autoreactivity. Most 
known bNAbs use a restricted set of IGHV gene segments. We 
examined IGHV segment usage frequency in the 1% most-mutated 
clones of each individual, focusing on segments such as IGHV4-
34, which possesses natural autoreactivity in the unmutated state, 
to determine whether there were differences that might predispose 
them to forming bNAbs (Fig. 5a–c and Supplementary Fig. 5a).  
After Bonferroni multiple hypothesis correction, we identified a sta-
tistically significant difference in the usage of IGHV4-34 between 
groups, in IgG, IgM and IgD antibodies, but not in unproductive 
IGH rearrangements or in the IgA compartments. HIV-infected 
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Fig. 3 | Average heavy-chain CDR-H3 lengths in IGH repertoire fractions with increasing frequencies of SHM. Within each group, the columns from left 
to right indicate the mean CDR-H3 lengths in the 30%, 20%, 10%, 5% or 1% most-mutated sequences in each individual, respectively. Data for the rare 
isotypes IgG4 and Ige are shown in Supplementary Fig. 2c. P values for comparisons between groups are for the two-sided Wilcoxon–Mann–Whitney 
U-test. Box-whisker plots show the median (horizontal line), interquartile range (box) and 1.5-times the interquartile range (whiskers). The numbers of 
participants analyzed were: HIV-uninfected, n = 43; noNAb, n = 50; bNAb, n = 46.
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individuals used IGHV4-34 more than uninfected controls and 
bNAb individuals used IGHV4-34 more frequently than other 
groups. This difference was most evident in the most-mutated 
clones in each individual (Fig. 5c and Supplementary Fig. 5b).

B cells expressing antibodies using IGHV4-34 convey infor-
mation about the immune system’s control of autoreactive clones. 
Unmutated IGHV4-34 encodes a tyrosine residue at codon 26 (in 
the IMGT numbering system) at the junction between framework 
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Fig. 4 | Correlation of Ig heavy-chain features and t cell subsets. a, 99th percentile IgG SHM frequencies and percentage of CD4+ Treg cells (CD25+Foxp3+CD4+ 
cells) within lymphocytes in individuals with no HIV infection, or HIV-infected noNAb or bNAb individuals. Shaded regions in all panels are the 95% confidence 
interval from the linear regression model. b, Average IgG CDR-H3 length and the percentage of Treg cells within lymphocytes. Shaded regions in all panels are 
the 95% confidence intervals from the linear regression model. c, Percentage of CD25+Foxp3+CD4+ T cells expressing immune-checkpoint protein CTLA-4 
and the 99th percentile SHM frequency in IgG. Shaded regions in all panels are the 95% confidence intervals from the linear regression model. d, Percentage 
of CD25+Foxp3+CD4+ T cells expressing CTLA-4 showed a negative correlation with heavy-chain CDR-H3 length in bNAb individuals (slope = −0.04125, 
s.e.m. = 0.01108, P = 0.0016 for linear regression model). Shaded regions in all panels are the 95% confidence intervals from the linear regression model.
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1 and CDR-H1 that contributes to a hydrophobic patch that binds 
poly-N-acetyllactosamine carbohydrate self-antigens (known as ‘big 
I’ and ‘little i’ antigens) on red blood cells13,14. SHM that alters codon 

26 can remove self-reactivity and is very common in B cells that use 
IGHV4-34 (ref. 13). HIV-infected individuals have decreased codon 
26 mutation frequencies compared to uninfected individuals, when 
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normalized for total antibody mutation frequencies, suggesting that 
HIV infection is associated with a permissive state in which poten-
tially autoreactive clones that would otherwise be eliminated can 
persist (Fig. 5d).

Increased B cell clonal expansion in HIV infection. Previous stud-
ies with relatively small cohorts have reported lower BCR sequence 
diversity in individuals with HIV as compared to uninfected con-
trols; however, it can be challenging to distinguish between true 
decreases in species richness versus the presence of some larger 
clones15. By sequencing replicate IGH libraries from six indepen-
dent genomic DNA (gDNA) template aliquots for each individual, 
we calculated a normalized ‘clonality score’ equivalent to the prob-
ability that randomly selected reads from two replicate IGH librar-
ies from a sample will be from the same B cell clone. Unrearranged 
IGHV gene segments do not appear in these gDNA libraries as 
they are too far upstream of the IGHJ gene segments to give PCR 
amplicons. Individuals who were HIV-infected had elevated clon-
ality compared to individuals who were HIV-uninfected (Fig. 6). 
In all groups, SHM frequency was increased in expanded clones 
compared to those showing no evidence of clonal expansion 
(Supplementary Fig. 6). There was no difference between bNAb 
and noNAb individuals in this measure, even when differences in 
CD4+ T  cell counts and viral loads were included in the analysis 
(Supplementary Fig. 3 and ref. 11).

IGH convergence and repertoire features in HIV infection. We 
hypothesized that IGH repertoire differences as well as antigen-
driven selection would give rise to distinctive common or ‘con-
vergent’ rearrangements distinguishing individuals who were 
HIV-infected from those who were HIV-uninfected and bNAb 
from noNAb individuals. Such convergent sequences could be use-
ful for diagnostic purposes, identifying B cell repertoires that have 
been shaped by exposure to HIV and those that give rise to bNAb 
antibody types. Some convergent sequences would be expected to 
be HIV-specific, while others could be polyreactive, autoreactive or 
specific for other antigens. We searched for shared IGH sequences 
that were informative for distinguishing individuals who were 
HIV-infected from those who were HIV-uninfected. Individuals 
were scored based on the number of such shared sequences that 
they demonstrated. Receiver operating characteristic (ROC) plots 
showed that this classification scheme was effective for distinguish-
ing individuals with HIV infection from those who were uninfected, 

achieving a >90% true positive rate with a <10% false positive rate, 
with an area under the curve (AUC) of 0.95 (Fig. 7a). The same 
approach, attempting to distinguish bNAb individuals from noNAb 
individuals performed less well, with an AUC of 0.72, but showed 
some discrimination between these groups. Selection of convergent 
clonotypes for these classifications was subjected to cross validation 
to minimize overfitting of the classifier, but we did not empirically 
test the binding specificity of the convergent antibodies identified. 
When we searched for the sequences of known monoclonal bNAbs 
that have been previously isolated from a few of the individuals in 
the bNAb patient cohort in this study, using a threshold of 80% 
nucleotide identity in CDR-H3, equal CDR-H3 length and the same 

0.0019
0.0027

10–7

10–6

10–5

10–4

HIV– noNAb bNAb

C
lo

na
lit

y 
sc

or
e

Fig. 6 | Clonality analysis. Clonality scores in IGH replicate sequencing 
datasets generated from a genomic DNA template (see Methods) from 
individuals with and without HIV infection. P values for comparisons 
between groups are for the two-sided Wilcoxon–Mann–Whitney U-test. Box-
whisker plots show the median (horizontal line), interquartile range (box) 
and 1.5-times the interquartile range (whiskers). The numbers of participants 
analyzed were: HIV-uninfected, n = 43; noNAb, n = 50; bNAb, n = 46.

AUC: 0.948

AUC: 0.667

0.00

0.10

0.25

0.50

0.75

0.90

1.00

0.00 0.10 0.25 0.50 0.75 0.90 1.00

False positive fraction
T

ru
e 

po
si

tiv
e 

fr
ac

tio
n

Test

HIV– versus HIV+

bNAb versus noNAb

AUC: 0.936

AUC: 0.952

AUC: 0.960
AUC: 0.902

AUC: 0.680

AUC: 0.892

 

0.
00

0.
10

0.
25 0.

50
0.

75 0.
90

1.
00

0.
00

0.
10

0.
25 0.

50
0.

75 0.
90 1.

00

0.00
0.10

0.25

0.50

0.75

0.90
1.00

False positive fraction

T
ru

e 
po

si
tiv

e 
fr

ac
tio

n

Repertoire stats
Convergent IgH
Both

Model

a

b
HIV– versus HIV+ noNAb versus bNAb

Fig. 7 | Prediction of HIV and bNAb status. a, ROC curve for prediction of 
HIV status (HIV-infected versus HIV-uninfected) (red curve) and bNAb 
versus noNAb status (blue) using the number of predictive IGH sequence 
clusters found in each individual. Fourfold cross validation was used to 
prevent overfitting: predictive clusters were selected from three folds and 
were tested on the held-out fold. Random partitioning of the data into 
folds was performed 40 times. Curves shown are the average over all 160 
partitions. AUC, a summary of overall predictive power, is shown for each 
classification problem. b, Predictive accuracy for random forest models that 
use overall repertoire statistics (red), predictive IGH clusters (green) or 
both (blue) as features for the prediction of HIV infection status (left) and 
bNAb versus noNAb status (right). The numbers of participants analyzed 
were: HIV-uninfected, n = 43; noNAb, n = 50; bNAb, n = 46.

NAtuRe IMMuNoLogY | VOL 21 | FeBRUARy 2020 | 199–209 | www.nature.com/natureimmunology206

http://www.nature.com/natureimmunology


ArticlesNature ImmuNology

IGHV and IGHJ gene segment usage, we identified bNAbs CH01, 
CH02, CH03 and CH04 in the IGH repertoire data from indi-
vidual 0219; bNAbs DH511.1/2/3/6/7P/8P and DH511.4/5/10P in 
individual CH0210; and CH105 in individual CH0505 (refs. 9,16,17).  
At a CDR-H3 identity threshold of 75%, we also identified bNAbs 
CH103, CH104 and CH106 in individual CH505 (ref. 17). We did 
not find convergent antibodies to the known bNAb lineages in 
other broad-neutralizing individuals at these CDR-H3 identity 
thresholds. We infer that the antibody lineages responsible for HIV 
neutralizing breadth in these other individuals do not share high 
sequence identity with known bNAbs.

To further evaluate the ability of IGH repertoire data to clas-
sify HIV infection status and neutralizing breadth, we combined 
the presence or absence of convergent IGH sequences with gen-
eral repertoire statistics listed in Table 1: mean IgG mutation level; 
99th percentile IgG mutation level; mean IgG, IgM and IgD CDR-
H3 lengths; fraction of ‘long’ (>19 amino acids) IgG, IgM and IgD 
CDR-H3s; mean nonfunctional CDR-H3 length from gDNA librar-
ies; and usage of IGHV4-34 in the 1% most-mutated IgG sequences, 
in a random forest model (Fig. 7b) with the same cross-validation 
scheme as above18. While this more complex model yielded only a 
small improvement on the already accurate classification of HIV 
infection status (AUC of 0.96), the addition of repertoire statistics 
markedly improved the categorization of bNAb and noNAb indi-
viduals (AUC of 0.89).

Cytomegalovirus minimally alters IGH repertoires. Finally, we 
assessed whether the IGH repertoire features differing with HIV 
infection state and neutralizing breadth were specific to HIV, by 
considering an unrelated chronic viral infection, human cytomega-
lovirus (CMV), a herpesvirus causing a lifelong persistent infection 
that is highly prevalent in many populations and almost ubiquitous 
in HIV-infected cohorts. We sequenced IGH repertoires in HIV-
seronegative blood donors, of whom n = 52 were CMV-seropositive 
and n = 61 were CMV-seronegative. Individuals who were CMV-
seropositive compared to those who were CMV-seronegative 
showed none of the IGH repertoire features seen in individuals who 
were infected with HIV and bNAb individuals, such as overall SHM 

differences in IgG isotypes (Supplementary Fig. 7a), 99th percen-
tile SHM values in IgG isotypes (Supplementary Fig. 7b), CDR-H3 
lengths (Supplementary Fig. 7c) or CDR-H3 fraction longer than 19 
amino acids (Supplementary Fig. 7d), CDR-H3 lengths in progres-
sively higher-SHM fractions of the IgG repertoires (Supplementary 
Fig. 7e) or IGHV4-34 usage (Supplementary Fig. 7f). These results 
indicate that the HIV-associated or bNAb-associated IGH reper-
toire features we observed in the HIV-infected indviduals are not a 
generic consequence of all chronic viral infections.

Discussion
Many human immune responses show heterogeneity, such as when 
memory of previous exposures shapes responses to new influ-
enza viral strains19 or host genetic background influences hepa-
titis B vaccination responses20,21. It has been unclear whether an 
individual’s HIV neutralizing antibody breadth depends on rare 
stochastic events giving rise to very few bNAb clones or whether  
bNAb producers have systematic BCR repertoire differences lead-
ing to many potential bNAb lineages. Our data favor the latter  
possibility, showing numerous lineages with high SHM and long 
CDR-H3s in bNAb individuals. Notably, the most highly mutated 
fraction of IgGs in bNAb individuals have higher SHM frequencies 
than those of noNAb or uninfected individuals and number in the 
hundreds to thousands per individual, rather than representing rare 
outlier clones.

Human pre- or pro-B cells with long CDR-H3s are removed 
from the repertoire before the naive B cell stage, and antigen-expe-
rienced B cell populations are further selected to have shorter CDR-
H3s compared to the naive repertoire5,22. We found that CDR-H3s 
in unselected, unproductive IGH in HIV-infected individuals were 
shorter than in uninfected controls, similarly to findings in com-
mon variable immune deficiency22 (CVID) and potentially reflect-
ing altered V(D)J recombination in the bone marrow. In contrast, 
CDR-H3s in productive IgG antibodies were longer in HIV-infected 
individuals compared to uninfected individuals, showing a strong 
selection for longer CDR-H3s. However, only the bNAb individuals 
showed selection favoring long CDR-H3 in the most highly mutated 
fractions of their antibody repertoires.

Table 1 | Summary of bNAb and noNAb heavy-chain repertoire features

noNAb bNAb

Average SHM frequency

 IgG subtypes Lower than HIV-uninfected Lower than HIV-uninfected, but higher than noNAb

extreme SHM frequency (99th percentile)

 IgG subtypes Lower than HIV-uninfected Higher than HIV-uninfected

CDR-H3 length

 IgD/unselected Shorter than HIV-uninfected Shorter than HIV-uninfected

 IgG subtypes Longer than HIV-uninfected Longer than HIV-uninfected

CDR-H3 length at increasing SHM frequency

 IgM Nondecreasing, unlike HIV-uninfected Nondecreasing, unlike HIV-uninfected

 IgG subtypes Comparable to HIV-uninfected Increasing

IgHV segment usage

 IGHV4-34 in IgG Higher than HIV-uninfected Higher than HIV-uninfected and noNAb, increasing with SHM

 ‘Redemption’ of IGHV4-34 clones Less than HIV-uninfected Less than HIV-uninfected

 Clonality Higher than HIV-uninfected Higher than HIV-uninfected

 CD4+ T cell frequencies Less than HIV-uninfected Less than noNAb and HIV-uninfected

 effect on SHM frequency Increasing with CD4+ T cell count Unaffected

 Viral load – Higher than noNAb

 effect on extreme SHM frequencies Decreases extreme SHM Unaffected
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These findings do not exclude a major role for the course of the 
viral infection and the number and variety of HIV antigenic vari-
ants that arise in each patient in driving antibody repertoire phe-
notypes. bNAb producers had higher viral loads, suggesting that 
greater antigen drive could contribute to bNAb lineage develop-
ment23. Previous estimates of HIV broadly neutralizing or gp120+ B 
cells in bNAb individuals ranged from 0.003–0.1% of memory IgG+ 
B cells, indicating that these cells are unlikely to account for the dif-
ferences in SHM and CDR-H3 values that we observed between 
bNAb and noNAb individuals7–10. However, gp120+ and bNAb B cell 
measurements may underestimate frequencies of cells specific for 
other unknown HIV antigenic variants in participants.

From T cell phenotyping data previously published11, we iden-
tified T  cell correlates of BCR repertoire features in individuals 
who were infected with HIV. SHM frequencies in bNAb individu-
als were not correlated with total CD4+ T cell or memory TFH fre-
quencies in the blood. CTLA-4+ Treg frequencies correlated with 
CDR-H3 lengths in bNAb producers, opening the possibility that 
these cells may be involved, either directly or indirectly, in con-
trolling CDR-H3 lengths in the maturing BCR repertoire of bNAb 
individuals. Alternatively, increased CTLA-4 expression in Treg 
cells in this context may primarily indicate that higher levels of Treg 
activation are present under conditions that also lead to shorter 
CDR-H3s. Transient modulation of immune checkpoints such as 
the CTLA-4 pathway during HIV vaccination has been proposed 
as a new approach to enable HIV-infected individuals to generate 
bNAbs. Any attempt to test this idea would need to include strat-
egies to minimize autoimmune side effects, such as those seen in 
cancer immunotherapy trials24,25. Our analysis raises the hypothesis  
that CTLA-4 blockade could lead to HIV-specific antibodies with 
longer CDR-H3s.

Antibodies using unmutated IGHV4-34 are implicated in cold 
agglutinin disease, an autoimmune hemolytic anemia associated 
with HIV infection and other immune disorders26,27. IgG in HIV-
infected individuals used IGHV4-34 at higher frequencies than 
in uninfected controls, particularly in bNAb individuals. SHM 
of codon 26 in IGHV4-34 decreases this autoreactivity, a process 
termed ‘clonal redemption’ and is seen at high frequencies in HIV-
infected individuals13. Serum reactivity with an anti-idiotype anti-
body that binds unmutated IGHV4-34 has been loosely correlated 
with broad HIV neutralization28. We found that bNAb producers 
show significantly lower SHM frequencies of codon 26 in IGHV4-
34 gene segments compared to uninfected controls, suggesting that 
the lack of selection against autoreactive antibodies is associated 
with the development of HIV neutralizing breadth, consistent with 
previous reports of bNAb producers showing various autoantibod-
ies in their sera29,30.

In summary, our evidence points to the loss of normal selection 
against B cells expressing IgG with long CDR-H3 regions and high 
SHM frequencies, and a general loss of selection against autoreac-
tive antibodies, in the development of HIV neutralizing breadth. 
CTLA-4+ Treg cells show a strong negative correlation with CDR-
H3 lengths in the BCR repertoires of bNAb producers, suggesting 
that this cell population, or CTLA-4 pathway manipulation more 
generally, could be targets for future strategies to improve neu-
tralizing breadth generated by HIV vaccination. A major topic of 
current study is the way that differences in the HIV viral popula-
tions, such as the diversity, concentrations or epitope features of 
viral subpopulations, may affect the B cell phenotypes we observe. 
HIV-infected individuals produce characteristic ‘convergent’ clones 
with highly similar sequences detected in two or more individuals 
that are rarely detected in healthy people. These convergent clones 
indicate whether an individual is infected by HIV, although we have 
not determined whether all such clones are specific to HIV. We also 
find other clones that more weakly classify an individual’s HIV neu-
tralizing breadth. The accuracy of bNAb classification is enhanced 

in models that incorporate additional repertoire characteristics, but 
convergent clones alone are sufficient to predict HIV infection sta-
tus accurately. As sequence data accumulate for human antibodies 
specific for various pathogens, vaccines and other antigens, it may 
become possible to use antibody repertoire data to predict an indi-
vidual’s responses to future immune stimuli and to improve vacci-
nation strategies for challenging pathogens such as HIV.
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Methods
Patient cohorts. Participants were recruited in a multisite study of acute and 
chronic HIV-1 infection that included an uninfected control arm, as previously 
reported11. The study was approved by the Duke Medicine Institutional Review 
Board as well as the ethics boards of the local sites. All participants provided 
informed consent. On average, participants in the chronic arm of the study 
were followed for >400 d. Patients defined clinically as virus controllers were 
excluded from the study. Participants who were infected with HIV and uninfected 
controls were predominantly African and regions of origin of these individuals 
are described11. Matching of nonneutralizing HIV-infected controls to broadly 
neutralizing HIV-infected individuals was carried out using propensity score-
matching with age, sex and country of origin as input variables, and resulted in a 
nonneutralizing set of control individuals that did not significantly differ in age, sex 
or country of origin compared to the broadly neutralizing individuals.

bNAb patient status was determined by serological measurement of the 
reciprocal inhibitory dilution for 50% reduction of infection (ID50) for a panel of 
12 HIV isolates in the TZM-bl pseudovirus neutralization assay, a measure of HIV 
neutralization based on decreases in expression of a Tat-regulated firefly luciferase 
(Luc) reporter gene after one round of infection with Env-pseudotyped viruses31. 
To be categorized as a bNAb individual, the participant’s principal component 
score (PC1) from the neutralization panel data was required to exceed a value of 
3 (representing the top 14% of neutralizers) and their ID50 score was required to 
be at least 95 for 7 of the 12 viral isolates in the panel11. All nonneutralizing HIV-
infected controls had PC1 scores <0.1 and did not exceed an ID50 threshold of 95 
for any HIV isolate in the serological panel.

For comparison of CMV-seropositive and CMV-seronegative participant 
IGH repertoires in Supplementary Fig. 7, a separate cohort of 113 healthy adult 
blood donors from the Stanford Blood Center was used. All participants provided 
informed consent. These participants were negative for pathogen-screening testing 
for HIV, HCV, HBV, HTLV, West Nile virus, TPPA (syphilis) and Trypanosoma 
cruzi, and had no symptoms of acute illness or diseases, including malignancies. 
Participant ages ranged from 17–87 years (median: 52 years and mean: 49 years). 
Sequence data from these participants are reported by Nielsen et al.32.

T cell phenotyping by flow cytometry. Flow cytometric analysis of T cell 
populations in peripheral blood mononuclear cells (PBMCs) was carried out as 
previously reported11. For analysis of circulating resting memory TFH frequencies, 
PBMCs were surface stained with CXCR3 allophycocyanin (APC) (1C6) and 
CXCR5 Alexa Fluor (AF)488 (RF8B2) (both from BD Biosciences) at 37 °C for 
10 min, then washed and surface stained with CD3 phycoerythrin (PE)-Texas Red 
(S4.1; Life Technologies); CD4 APC-H7 (SK3), CD45RO PE-Cy7 (UCHL1), CCR6 
PE (11A9) and PD-1 Brilliant Violet (BV)421 (EH12.1) (all from BD Biosciences), 
plus a biotinylated antibody to ICOS (ISA-3; eBioscience) at 20 °C for 15 min; then 
washed and stained with fluorescent-conjugated streptavidin Peridinin chlorophyll 
protein (PerCP) (BD Biosciences) and Live/Dead Fixable Aqua Dead Cell Stain 
(Life Technologies) at 20 °C for 10 min, before washing and fixation with 4% 
paraformaldehyde for 15 min.

For analysis of circulating CD4+ Treg and TFR cells, monoclonal antibodies 
used for surface staining included CD3 PE-Texas Red (S4.1; Life Technologies), 
CD4 APC-H7 (SK3), CD25 PE-Cy7 (2A3), CXCR5 AF488 (RF8B2) and PD-1 
BV421(EH12.1) (all from BD Biosciences). PBMCs were stained for 15 min at 37 °C 
before washing and staining for 10 min at 20 °C with Live/Dead Fixable Aqua Dead 
Cell Stain (Life Technologies). The Foxp3 Fix/Perm kit (eBioscience) was then used 
to fix and permeabilize cells at 20 °C for 15 min before staining with Foxp3 APC 
(PCH101) and CTLA-4 PerCP-eFluor710 (14D3) (both from eBioscience) at 20 °C 
for 45 min, after which they were washed twice with permeabilization buffer.

Flow cytometry data were acquired with a Cyan ADP Analyzer (Beckman 
Coulter) or LSR Fortessa X-20 Analyzer (BD Biosciences) with standard filter sets 
and data were analyzed using FlowJo software (v.8.8.6; Treestar). The T cell flow 
cytometry data were previously published11 and details of the gating strategies used 
for identification of cell subsets are described there.

Isolation of nucleic acids from peripheral blood mononuclear cells. Heparinized 
whole-blood samples (5 to 8 ml) were collected and PBMCs were isolated by 
centrifugation of diluted blood over Histopaque-1077 (Sigma-Aldrich) or 
Ficoll-Paque (GE Healthcare). gDNA was isolated via column purification 
(Qiagen), magnetic bead-based isolation (MagNA Pure, Roche Life Science) or 
centrifugation-based purification (ArchivePure, 5 Prime). RNA was isolated using 
the AllPrep DNA/RNA kit (Qiagen).

PCR amplification of cDNA for IGH library sequencing. For RNA-derived 
antibody isotype libraries, cDNA was synthesized with SuperScript II reverse 
transcriptase (Thermo Fisher Scientific) with random hexamer primers. Templates 
were amplified by PCR using isotype-specific primers located in the first exon of 
the constant (C1) regions (Supplementary Table 2) and BIOMED-2 IGHV primers 
in the framework 1 (FR1) region (Supplementary Table 4)22,33. These primers also 
encoded approximately half of the Illumina linker sequences needed for cluster 
generation and sequencing on the MiSeq instrument. Sample identity was encoded 
by eight-nucleotide multiplex identifier barcodes in each primer. For Illumina 

cluster recognition, four randomized nucleotides were encoded in the primers 
immediately after the Illumina linker sequence in the constant region primers. 
Each antibody isotype for each sample was amplified in a separate PCR reaction 
to prevent formation of cross-isotype chimeric PCR products. PCR was carried 
out with AmpliTaq Gold (Thermo Fisher Scientific) following the manufacturer’s 
instructions using a program of: 94 °C for 7 min, 35 cycles of (94 °C for 30 s, 58 °C 
for 45 s and 72 °C for 120 s) and final extension at 72 °C for 10 min. A second PCR 
step with primers listed in Supplementary Table 5 was used to add the remaining 
portion of the Illumina linkers to the amplicons and was carried out with the 
Qiagen Multiplex PCR kit (Qiagen) according to the manufacturer’s instructions, 
using 0.4 μl of the first PCR product as template in a 30-μl reaction. The PCR 
program for the second PCR step was 94 °C for 15 min, 12 cycles of (94 °C for 
30 s, 60 °C for 45 s and 72 °C for 90 s) and final extension at 72 °C for 10 min. The 
products of each PCR reaction were quantitated, pooled in equimolar amounts, 
electrophoresed on agarose gels and gel extracted with QIAquick kits (Qiagen). 
High-throughput sequencing was performed with an Illumina MiSeq instrument 
using 600-cycle sequencing kits.

PCR amplification of gDNA IGH libraries and sequencing. For gDNA-
templated libraries, PCR reactions were prepared from 100 ng gDNA aliquots 
to generate three independent libraries per sample. Multiplexed primers to the 
IGHJ (Supplementary Table 3) and FR1 or FR2 framework regions, as per the 
BIOMED-2 design (Supplementary Table 4), were used, with additional sequence 
representing the first half of the Illumina linkers22,33. Eight-nucleotide barcode 
sequences were included in the primers to indicate sample and replicate identity 
and four randomized bases were included upstream of the barcodes on the 
IGHJ primer for Illumina clustering. PCR was performed with AmpliTaq Gold 
polymerase as per the manufacturer’s instructions. The PCR program was as 
follows: 94 °C for 5 min, 35 cycles of (94 °C for 30 s, 60 °C for 45 s and 72 °C for 
90 s) and final extension at 72 °C for 10 min. A second PCR reaction to complete 
the Illumina linker sequence was carried out using the protocol in the previous 
section with the primers from Supplementary Table 5. Libraries were pooled in 
equimolar amounts, gel extracted and sequenced in two runs of the Illumina 
MiSeq instrument.

IGH sequence processing and analysis. Sequences with exact matches to IGHV 
and IGHJ (gDNA) or isotype constant region (for cDNA-derived data) barcodes 
were assigned to the corresponding samples and replicate libraries. Barcodes 
and primer sequences were trimmed. Matches to gene-specific primer sequences 
allowed for a one-nucleotide mismatch. Trimmed sequences had their V, D 
and J gene segments and junctional bases annotated with IgBLAST 1.3.0 (ref. 
34) and a sequence database of germline gene segments from the international 
ImMunoGeneTics information system (IMGT)35. Annotation of antibody isotype 
and subtype of RNA-derived sequences was accomplished by looking for perfect 
matches between constant regions from the IMGT database and sequences 
upstream of the constant region primer. CDR-H3 sequences were identified on the 
basis of the conserved cysteine-104 and the motif downstream of the conserved 
tryptophan-118 residue36. Non-IGH artifactual sequences and those with poor 
IGHV matches (IGHV segment match bit score less than 140) were removed from 
the data. The Python scripts and R code used for secondary analyses of the data 
can be provided on request.

In total, 25,507,784 sequences from HIV-infected individuals (mean: 265,706 
per individual) and 8,393,313 sequences from healthy controls (mean: 195,193 
per individual) were obtained and analyzed. For the CMV cohort analysis, at 
total of 36,720,077 sequences from individuals who were CMV-seropositive and 
45,429,593 sequences from those who were CMV-seronegative was obtained and 
analyzed.

Inference of clonal lineages. Sequences were clustered into putative clonal lineages 
using single-linkage clustering. Briefly, the process starts with all sequences in their 
own lineages and iteratively, two lineages are merged if any two reads, one from each 
lineage, satisfy the following four criteria: (1) come from the same individual; (2) 
share the same V and J segment annotations (not including allele designation); (3) 
have equal CDR-H3 length; and (4) CDR-H3 nucleotide sequences match with 90% 
or more identity. The process ends when there are no lineages satisfying the criteria. 
This clonal inference procedure produced 6,821,567 clones from HIV-infected 
individuals (mean: 710,578 per person) and 2,400,986 clones from healthy controls 
(mean: 66,349 per person). The mean number of reads per lineage was 3.68.

Clonality analysis and clonality scores. To calculate a summary measure of the 
contribution of clonally expanded B cells to the repertoire of each individual, 
normalizing for sequencing depth in each individual, we calculated a clonality 
score as:

P
ijk;i≠k Nij ´NikP
jk;j≠k Tj ´Tk

where Nij and Nik are the copy numbers of clone i observed in independent replicate 
PCR libraries, j and k, generated from independent aliquots of template DNA and 
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Tj and Tk are total read numbers in the corresponding replicate libraries. The log 
base 10 of this score is shown in the figures.

Selection of disease-specific IGH clusters. To determine antibody amino acid 
sequences that distinguish individuals with and without HIV infection or bNAb 
from noNAb-producers, we clustered IGH amino acid sequences to identify 
convergent antibodies, that is antibodies elicited by different subjects with similar 
IGH sequences. Heavy-chain sequences annotated with the same V and J segment 
(not considering alleles) and the same CDR-H3 length were clustered based on 
90% CDR-H3 amino acid sequence similarity. Partitioning of sequences by V, J 
and CDR-H3 length was performed using custom software, while the CDR-H3 
amino acid sequence clustering was performed using cd-hit37 with options -c 0.90 
-l 4 -S 0 -g 1 -b 1. For discriminating individuals with and without HIV infection, 
clusters were selected as informative if (1) they contained sequences from at least 
three individuals; (2) 80% of subjects with the sequences were HIV-infected; and 
(3) the cluster had an expected mutual information of 0.06 bits or greater38. For 
discriminating bNAb from noNAb-producers, clusters were selected if (1) they 
contained sequences from at least three individuals; (2) 80% of individuals with 
the sequences were bNAb producers; and (3) the cluster had an expected mutual 
information of 0.05 bits or greater. A lower threshold was used to separate bNAb 
from noNAb-producers due to fewer individuals in this comparison.

Classifying individuals with predictive clusters. For each of the predictive 
clusters, a consensus CDR-H3 amino acid sequence was calculated by taking 
the most common amino acid at each position, where each cluster member was 
weighted by the number of participants with that sequence. A new individual 
was scored by co-clustering their annotated IGH sequences with the consensus 
sequences of the predictive clusters. This clustering was performed using the same 
method as detailed above. The new individual was assigned a score equal to the 
number of predictive clusters that have sequences from the individual co-clustering 
with the sequences of the cluster.

To test the classification accuracy of this prediction method, we performed 
fourfold cross validation. Subject groups (individuals who were infected with HIV 
versus those who were not or bNAb producers versus noNAb-producers) were 
separated into four sets using stratified random sampling. The first three sets were 
used to select predictive IGH sequences as described above. The selected sequences 
were then used to score the fourth set as described above. To give an accurate estimate 
of the generalization error of this method, this process was repeated for 160 partitions.

Repertoire biomarkers of HIV infection and bNAb status. Features in the 
random forest classifier39 included: the mean and 99th percentile mutation 
level of the IgG compartment; the mean CDR-H3 length and fraction of long 
CDR-H3s (>19 amino acids) of the IgG, IgM, IgD and out-of-frame sequences; 
clonality score; fraction of IgG sequences using IGHV4-34 and the presence or 
absence of the convergent IGH sequences from the previous section. The same 
cross-validation scheme as above was used here. Class probabilities were used to 
calculate the ROC curve and AUC.

Bioinformatical and statistical analysis. Analysis of heavy-chain data was 
performed with custom Python40 code using Pandas41 and NumPy42. Statistical tests 
and generation of plots was performed in R43 using Rstudio44, ggplot45 and plyr46. 
P values were calculated by using the two-sided Wilcoxon Mann–Whitney U-test. 
Box-whisker plots show the median (horizontal line), interquartile range (box) and 
1.5-times the interquartile range (whiskers).

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The B cell heavy-chain sequences analyzed here are available through the 
Short Read Archive. Data from the HIV cohort can be found in the BioProject 
PRJNA486667. Data from CMV-seropositive and seronegative healthy controls are 
deposited as BioProject PRJNA491287.
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