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Accurate immune repertoire sequencing reveals
malaria infection driven antibody lineage
diversification in young children
Ben S. Wendel1, Chenfeng He2, Mingjuan Qu2,7, Di Wu2, Stefany M. Hernandez1, Ke-Yue Ma3, Eugene W. Liu4,8,

Jun Xiao5, Peter D. Crompton4, Susan K. Pierce4, Pengyu Ren2, Keke Chen6 & Ning Jiang2,3

Accurately measuring antibody repertoire sequence composition in a small amount of

blood is challenging yet important for understanding repertoire responses to infection and

vaccination. We develop molecular identifier clustering-based immune repertoire sequencing

(MIDCIRS) and use it to study age-related antibody repertoire development and diversifi-

cation before and during acute malaria in infants (< 12 months old) and toddlers

(12–47 months old) with 4−8ml of blood. Here, we show this accurate and high-coverage

repertoire-sequencing method can use as few as 1000 naive B cells. Unexpectedly, we

discover high levels of somatic hypermutation in infants as young as 3 months old. Antibody

clonal lineage analysis reveals that somatic hypermutation levels are increased in both infants

and toddlers upon infection, and memory B cells isolated from individuals who previously

experienced malaria continue to induce somatic hypermutations upon malaria rechallenge.

These results highlight the potential of antibody repertoire diversification in infants and

toddlers.
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V(D)J recombination creates hundreds of billions of
antibodies and T cell receptors that collectively serve as
the immune repertoire to protect the host from pathogens.

Somatic hypermutation (SHM) further diversifies the antibody
repertoire, which makes it impossible to quantify this diversity
with nucleotide resolution until the development of high-
throughput sequencing-based immune repertoire sequencing
(IR-seq)1–4. Although we and others have developed methods to
control for artifacts from high amplification bias and sequencing
error rates through data analysis3, 5–9, obtaining accurate
sequencing information has now been made possible by the use
of molecular identifiers (MID)10–13. MIDs serve as barcodes to
track genes of interest through amplification and sequencing.
They are short stretches of nucleotide sequence tags composed of
randomized nucleotides that are usually tagged to cDNA during
reverse transcription to identify sequencing reads that originated
from the same mRNA transcript. Despite these advancements,
the large amount of input RNA required and low diversity
coverage make it challenging to analyze small numbers of cells,
such as memory B cells from dissected tissues or blood draws
from young children, using IR-seq because these samples
require many PCR cycles to generate enough material to make
sequencing libraries, thus exacerbating PCR bias and errors.

Here we report the development of MID clustering-based
IR-seq (MIDCIRS) that further separates different RNA mole-
cules tagged with the same MID. Using naive B cells, we
demonstrate that MIDCIRS has a high coverage of the diversity
estimate, or different types of antibody sequences, that is

consistent with the input cell number and a large dynamic range
of three orders of magnitude compared to other MID-based
immune repertoire-sequencing methods10, 11. Given the wide
use of IR-seq in basic research as well as clinical settings, we
believe the method outlined here will serve as an important
guideline for future IR-seq experimental designs.

As a proof of principle, we use MIDCIRS to examine the
antibody repertoire diversification in infants (<12 months old)
and toddlers (12–47 months old) from a malaria endemic region
in Mali before and during acute Plasmodium falciparum
infection. Although the antibody repertoire in fetuses14, cord
blood15, young adults6, and the elderly6, 16 has been studied,
infants and toddlers are among the most vulnerable age groups to
many pathogenic challenges, yet their immune repertoires are not
well understood. Infants are widely thought to have weaker
responses than toddlers to vaccines because of their developing
immune systems17. Thus, understanding how the antibody
repertoire develops and diversifies during a natural infection,
such as malaria, not only provides valuable insight into B cell
ontology in humans, but also provides critical information for
vaccine development for these two vulnerable age groups. Using
peripheral blood mononuclear cells (PBMC) from 13 children
aged 3–47 months old before and during acute malaria, with two
of the children followed for a second year and nine additional
pre-malaria individuals we show that infants and toddlers use the
same V, D, and J combination frequencies and have similar
complementarity determining region 3 (CDR3) length distribu-
tions. Although infants have a lower level of average SHM than
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toddlers, the number of SHMs in reads that mutated in infants is
unexpectedly high. Infants have a similar, if not higher, degree of
antigen selection strength, assessed by the likelihood of amino
acid-changing SHMs, compared with toddlers. Remarkably,
during acute malaria, antibody lineages expand in both infants

and toddlers, and this expansion is coupled with extensive
diversification to the same degree as in young adults in response
to acute malaria18, 19. Furthermore, informatically reconstructing
antibody clonal lineages using sequences from both pre-malaria
and acute malaria samples from the same individuals shows that
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infants are capable of introducing SHMs upon a natural infection.
This two time point-shared lineage analysis reveals that memory
B cells isolated from pre-malaria samples in malaria-experienced
individuals continue to induce SHMs upon acute malaria
rechallenge and most IgM memory B cells maintain IgM, whereas
a small fraction switch isotypes. In summary, using an accurate
and high-coverage IR-Seq method, we discover features of the
antibody repertoire that were previously unknown in infants and
toddlers, shedding light on the development of the immune
system and its interactions with pathogens.

Results
Overview of the MIDCIRS method. MIDs have been used to
track individual RNA molecules through PCR and sequencing in
IR-seq to reduce error rate10–13. They can be designed with
sufficient length, and thus diversity, to tag each individual
molecule uniquely. However, this requires knowledge of the total
number of RNA molecules in the sample, which requires a
significant amount of time and effort to measure for each sample
before library preparation. Longer MIDs are likely to decrease the
reverse transcription efficiency20, 21. Therefore, we fixed the MID
length at 12 random nucleotides and developed a generalized
approach to identify each individual transcript using a sequence
similarity-based clustering method to separate a group of
sequencing reads with the same MID into sub-groups. Consensus
sequences are then built by taking the average nucleotide at each
position within a sub-group, weighted by the quality score.
Each consensus sequence represents an RNA molecule, and
identical consensus sequences are merged into unique consensus
sequences, or unique RNA molecules (Fig. 1a, b and Methods).

MIDCIRS yields high accuracy and coverage down to 1000
cells. We used sorted naive B cells with varying numbers
(103–106) to test the dynamic range of MIDCIRS. The resulting
diversity estimates, or different types of antibody sequences,
display a strong correlation with cell numbers at 83% coverage
(Fig. 1c, slope). Previous studies have shown that about 80% of
naive B cells express distinct heavy chain genes22, 23, thus our
method achieves a comprehensive diversity coverage that is much
higher than other MID-based antibody repertoire-sequencing
techniques10–13.

We perform rarefaction analysis by subsampling sequencing
reads to different amounts and then computing the diversity to
test the effect of sequencing depth and error rate on MIDCIRS.
On average, the rarefaction curves reach a plateau at a sequencing
depth of around three times the cell number using MIDCIRS,
suggesting that sequencing more will not discover further
diversity (Fig. 1d). In contrast, without using MIDCIRS, the
number of unique sequences continues to increase well beyond
the number of cells for all samples (Fig. 1e). Optimum sequencing
depth is likely to change depending on sample composition
(e.g., PBMCs after immunization). Consistent with previous
MID-based IR-seq experiments10, MIDCIRS reduces the error
rate to 1/130th of the Illumina error rate24, providing the
accuracy necessary to distinguish genuine SHMs (1 in 1000
nucleotides25) from PCR and sequencing errors (1 in 200
nucleotides24) (Supplementary Fig. 2).

Infants and toddlers have similar VDJ usage and CDR3
lengths. Equipped with this ultra-accurate and high-coverage
antibody repertoire-sequencing tool, we applied it to study the
antibody repertoire of infants and toddlers residing in a malaria
endemic region of Mali. From an ongoing malaria cohort study26,
we obtained paired PBMC samples collected before and during
acute febrile malaria from 13 children aged 3–47 months old

(Supplementary Fig. 3 and Supplementary Table 3). Two of the
children were followed for an additional year, giving 15 total
paired PBMC samples. An average of 3.8 million PBMCs per
sample was directly lysed for RNA purification. All PBMCs
were subjected to MIDCIRS analysis. An average of 3.75 million
sequencing reads was obtained for each PBMC sample
(Supplementary Table 4).

For all PBMC samples, sequencing approximately the same
number of reads as the cell numbers saturates the rarefaction
curve (Supplementary Fig. 4). IgM accounts for more than 50% of
the repertoire in infants but reduces to less than 50% in toddlers
(Supplementary Fig. 5). VDJ gene usage is highly correlated for
IgM between infants and toddlers regardless of weighting the
correlation coefficient by the number of sequencing reads or
clonal lineages (Supplementary Fig. 6), demonstrating that the
same mechanism of VDJ recombination is used to generate the
primary antibody repertoire in infants and toddlers. Weighting
on the number of clonal lineages in each VDJ class increases the
correlation for IgG and IgA compared with weighting on
the number of reads in each VDJ class (Supplementary Fig. 6).
The diagonal lines in each panel indicate same sample self-
correlation, and the two shorter off-diagonal lines indicate
correlations from two time points of the same individual. These
data recapitulate previous observations from our study in
zebrafish that clonal expansion-induced differences on the
number of reads in each VDJ class can confound the highly
similar VDJ usage during B cell ontology5. In addition, infants
and toddlers have similar CDR3 length distributions across the
three isotypes and both time points (Supplementary Fig. 7),
consistent with recent studies of PBMCs from 9-month-olds
infants14, 15 and adults27, 28, and confirming the previous results
that an adult-like distribution of CDR3 length is achieved around
2 months of age29.

Both infants and toddlers have unexpectedly high SHM. SHM
is an important characteristic of antibody repertoire secondary
diversification due to antigen stimulation30. Although it has been
demonstrated before that infants have fewer mutations in their
antibody sequences than toddlers and adults, the limited number
of sequences for only a few V genes does not provide convincing
evidence of the levels of SHM in infants31. A recent study using
the first generation of IR-seq showed that two 9-month-old
infants averaged at least six SHMs in IgM of an average length of
500 nucleotides14. These numbers are equivalent to, if not higher
than, reported SHM rates in IgM sequences from healthy adults
day 7 post influenza vaccination10 and are much higher than a
low-throughput infant study using a few V genes and limited
antibody sequences32. Owing to the inherent errors associated
with the first generation of IR-seq as discussed above, it is possible
that PCR and sequencing errors had a role14. In addition, it
remains unclear whether infants (< 12 months old) are able to
generate a significant number of mutations in response to
infection, which would demonstrate their capacity to diversify the
antibody repertoire33.

Here, we show that infants (< 12 months old) and toddlers
(12–47 months old) reach an unexpectedly high level of SHMs in
all three major isotypes, particularly IgG and IgA34 (Fig. 2a).
Although the mutation distributions remain in the low end of the
spectrum for IgM, the number of mutations is significantly higher
in IgG and IgA for both age groups. The threshold for the 10%
most highly mutated unique RNA molecules is around 10 in
infant IgG and IgA sequences (Fig. 2a, infants, right of the blue
long vertical lines) and around 20 in toddler IgG and IgA
sequences (Fig. 2a, toddlers, right of the blue long vertical lines).
To minimize any possible inflation of SHMs, we excluded all
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sequences that were mapped to novel alleles, which were
identified by both TIgGER35 and inspecting IgM sequences
(Methods). These putative novel alleles account for 8% of all
unique sequences on average (Supplementary Table 5). Naive B
cells from these same patients, sorted as a control, harbor only
0.55 mutations on average, as expected (Supplementary Table 6).
Upon acute malaria infection, the SHM histogram shifts right-
ward for almost all isotypes in almost all individuals (Fig. 2a, the
right shift of pink long vertical line compared to blue long vertical
line), including infants. These results demonstrate high levels of
SHM that exceed what have been documented previously32, 34.

SHM load is distinct between infants and toddlers. The
differences in the shapes of SHM distributions of infants and
toddlers, steadily decreasing from unmutated for infants in all
three isotypes while peaking around 10 for toddlers in IgG and
IgA (Fig. 2a), suggest that the total SHM load might reflect the
history of interactions between the antibody repertoire and the
environment, including malaria exposure. As the malaria season
is synchronized with the 6-month rainy season (Supplementary
Fig. 3), and > 90% of the individuals in this cohort are infected
with P. falciparum during the annual malaria season26,
we hypothesized that the SHM load would increase with age.
However, we found that the SHM load rapidly increases with age
in infancy and then appears to plateau around 12 months of age
in an initial smaller set of children with paired pre-malaria and
acute malaria PBMC samples (Supplementary Fig. 8). We then
added nine pre-malaria samples around the infant and toddler
transition (5 of 11 months old and 4 of 13 to 17 months old). The
two-staged trend of SHM load remains for all three isotypes
(Fig. 2b), with samples around the transition having the largest
variation. Detailed comparisons show that, consistent with the
two-stage trend, toddlers have a higher SHM load compared with
infants for all three isotypes at both pre-malaria and acute malaria

time points (Fig. 2c, comparison between age groups). Although
there is a significant increase on SHM load upon acute malaria
infection in IgM for both infants and toddler, bulk PBMC
analysis does not show a significant increase in IgG or IgA,
possibly because of the already elevated SHM base level. This,
along with the two-stage trend (Fig. 2b), suggests that 12 months
is an important developmental threshold for secondary antibody
repertoire diversification: before this threshold, the global
repertoire is quite naive but can quickly diversify upon a natural
infection.

Higher memory B cell percentage results in higher SHM load.
This unexpected developmental threshold of secondary antibody
repertoire diversification prompted us to focus on B cell subset
composition changes and ask whether they correlate with this
two-staged SHM load. Flow cytometry analysis reveals that naive
B cells decrease from about 95% in 3-month-old infants to about
80% in toddlers (Fig. 3a). Conversely, memory B cells increase
from about 4% in 3-month-old infants to about 15% in toddlers
(Fig. 3f). As the two-stage SHM load analysis suggests, 12 months
appears to divide the samples into two age groups, with a large
variation at the infant to toddler transition and in the toddler
group. Infants have a significantly more naive B cells and fewer
memory B cells than toddlers (Fig. 3b, g). Plasmablast percentages
fluctuated in a much smaller range (Supplementary Fig. 10). With
a similar two-staged trend observed for B cell subset percentages,
we hypothesized that the B cell subset percentage would correlate
with SHM load. Indeed, further analysis shows that the decrease
in naive B cell percentage and the increase in memory B cell
percentage correlate well with SHM load across IgM, IgG,
and IgA isotypes (Fig. 3c–e, h–j), which supports our initial
hypothesis that 12 months separates infants from toddlers in both
SHM load and B cell composition changes. These data suggest
that memory B cells contribute significantly to the developing
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antibody repertoire, and their composition is essential in
secondary antibody repertoire diversification.

SHMs are similarly selected in infants and toddlers. One of the
key features of antibody affinity maturation is antigen selection
pressure imposed on an antibody, which is reflected in the
enrichment of replacement mutations36 in the CDRs, the parts of
the antibody that interact with antigens, and the depletion of
replacement mutations in the framework regions (FWRs), the
parts of the antibody responsible for proper folding. The
unexpectedly high level of SHMs observed in infants prompted us
to ask whether those SHMs have characteristics of antigen
selection, as seen in older children and adults. As previous studies
have shown that infants have limited CD4 T cell responses and
neonatal mice exhibit poor germinal center formation17, we
hypothesized that infant antibody sequences would display
weaker signs of antigen selection. Here, we use a recently
published tool, BASELINe37, to compare the selection strength.
BASELINe quantifies the likelihood that the observed frequency
of replacement mutations differs from the expected frequency
under no selection; a higher frequency implies positive selection
and a lower frequency implies negative selection, and the degree
of divergence from no selection relates to the selection strength.
Surprisingly, despite infants harboring fewer overall mutations,
these mutations are positively selected in the CDRs and negatively
selected in the FWRs in both IgG and IgA (Fig. 4b, c, e, f).
Contrary to the hypothesis that infants would have a lower
selection strength than toddlers, for both IgG and IgA, infants
actually have a higher selection strength at both pre-malaria and
acute malaria time points (Fig. 4). The lower selection strength in
infant IgM sequences at the pre-malaria time point is significantly
higher during acute malaria infection (Fig. 4a, d, CDR black
curves between two time points, P< 0.0001 (numerical integra-
tion, as previously described37)), suggesting that the significant
increase in SHM is antigen-driven and selected upon. To
compare with a large amount of historical adult data, we

calculated replacement to silent mutation ratios (R/S ratios),
which are about 2-3:1 in FWRs and 5:1 in CDRs for both infants
and toddlers (Supplementary Table 7). These results are similar to
adults36, 38–40, and much higher than what has been reported for
children previously using a very limited number of sequences41.
We also noticed that R/S ratio in the FWRs of IgM was
much higher in infants, contrary to the BASELINe results,
which highlights the importance of incorporating the expected
replacement frequency when considering selection pressure.
These results suggest that as an end result of interactions between
antigen selection and SHM, the degree of antibody amino acid
changes is comparable in infants, toddlers, and adults. It also
suggests that cellular and molecular machineries for antigen
selection are already in place in infants.

Clonal lineages diversify upon acute febrile malaria. The
exhaustive sequencing data obtained by MIDCIRS offers
the possibility to reconstruct clonal lineages that trace B cell
development. Clonal lineages contain different species of unique
antibody sequences that could be progenies derived from the
same ancestral B cell. B cell clonal lineage analysis has been
used to track affinity maturation and sequence evolution of HIV
broadly neutralizing antibodies42, 43. Using a clustering method
with a pre-determined threshold (90% similarity on nucleotide
sequence at CDR3), we previously demonstrated that B cell
clonal lineages could be informatically defined and contain
pathogen-specific antibody sequences6. In addition, the clonal
lineage analysis also highlighted the lack of antibody diversifica-
tion in the elderly after influenza vaccination6. Using the same
approach and a similar threshold6, 44, we aimed to answer
whether infants and toddlers are able to diversify antibody clonal
lineages in response to infection and, if so, whether they have a
similar ability to do so, which was previously impossible to
answer due to technical limitations. To do this, we first visualized
structures of informatically defined clonal lineages for the entire
antibody repertoire (Supplementary Fig. 11). Each oval lineage
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Fig. 4 Antigen selection strength comparisons between infants and toddlers. Selection strength distributions, as determined by BASELINe37, were
compared between infants (black) and toddlers (red) for PBMCs from pre-malaria (a–c) (Ninfant= 6, Ntoddler= 9) and acute malaria (d–f) (Ninfant= 6,
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FWR (FWR2 and 3, bottom half of each panel) for unique RNA molecules was calculated. CDR3 and FWR4 were omitted due to the difficulty in determining
the germline sequence. FWR1 for all sequences was also omitted because it was not covered entirely by some of the primers. P value calculated as
previously described37
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map represents an individual PBMC sample at one time point.
Densely packed individual lineages are not easily identified
visually in Supplementary Fig. 11; however, dark areas indicate
that clonal lineages are already complex in this cohort of infants
as young as 3 months old and can be further diversified upon
acute febrile malaria.

The densely packed lineages could result from large lineage
sizes (one unique RNA molecule with many copies), large lineage
diversities (many unique RNA molecules), or a combination of

the two. To closely examine the possible differences in the degree
of this intra-clonal lineage expansion and diversification between
infants and toddlers, especially upon acute febrile malaria, we
projected the global lineage structure (Supplementary Fig. 11)
onto diversity and size of lineage axes (Fig. 5a). Each circle
represents an individual lineage, with the area of the circle
proportional to the SHM load (average mutations of the lineage).
This analysis effectively captures five parameters that quantify
lineage complexity in a sample: number of total clonal lineages
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(number of circles), diversity of each lineage (x-axis position,
number of unique RNA molecules in a lineage), size of each
lineage (y-axis position, number of total RNA molecules in a
lineage), SHM load of each lineage (area of circle, key is located in
between the infant and toddler panels in Fig. 5a), and the extent
of clonal expansion of each lineage (distance from y= x parity
line; no clonally expanded RNA molecules within a lineage if it is
on parity line or pure clonal expanded RNA molecules if it is in
the top left quadrant of each panel).

Figure 5b, c are two example lineages selected to display the full
lineage structures to demonstrate a lineage with diversification
and clonal expansion (Fig. 5b refers to green letter “b” indicated in
Fig. 5a, Inf3) and another one with diversification but without
clonal expansion (Fig. 5c refers to green letter “c” indicated in
Fig. 5a, Inf3). Both are represented by a single circle in Fig. 5a,
but their locations in Fig. 5a depend on the numbers of RNA
molecules (y axis) and numbers of unique RNA molecules
(x axis). Lineage “c” (c in Fig. 5a, Inf3, zoomed in view in Fig. 5c)
that lies away from the origin and near the black y= x parity line
consists of 8 unique sequences, each represented by only one
RNA molecule, indicating extensive lineage diversification but no

clonal expansion. Lineage “b” (b in Fig. 5a, Inf3, zoomed in view
in Fig. 5b) that lies far from the parity line is dominated by two
unique RNA molecules each with about 20 copies (Fig. 5b, height
of nodes), indicating extensive clonal expansion of particular
sequences in addition to diversification. Changing lineage
forming threshold from 90 to 95% does not change the overall
structure of the lineages (Supplementary Fig. 12).

This five-dimension lineage analysis reveals that infants as
young as 3 months old can generate extensive lineage structures,
with many lineages containing more than 20 different types of
antibody sequences and 50 RNA molecules (Fig. 5a). Toddlers
have many more lineages with higher levels of both size and
diversity. However, in both infants and toddlers, the majority of
clonal lineages are singleton lineages consisting of only one RNA
molecule (Fig. 5d), consistent with the flow cytometry analysis
that the bulk of the B cell repertoire is naive in these young
children (Fig. 3). Upon acute malaria infection, the fraction of
non-singleton lineages increases in both infants and toddlers
(Fig. 5d).

To tease out whether these non-singleton lineages diversify or
clonally expand upon acute infection, we fit linear regressions to
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the lineage diversity-size plots. An immune response against an
infection can have a twofold effect on the lineage landscape:
antigen stimulation can cause clonal expansion, which would
shift the lineage up on the y axis, and SHM and affinity
maturation, which would shift the lineage to the right on the
x axis. This balance between clonal expansion and diversification
is depicted by the slope of the linear regression (Fig. 5a, dashed
blue lines for pre-malaria samples and dashed pink lines for acute
malaria samples). We hypothesized that the lower absolute SHM
load of infants would imply a defect in the ability to diversify
clonal lineages in response to infection, leading the slope change
from pre-malaria to acute malaria to be low (a small angle
between blue and pink dashed lines) or even negative (pink dashed
line is closer to y axis than blue dashed line). Surprisingly, our
analysis shows that infants diversify their clonal lineages in a
similar manner as toddlers in response to acute malaria (Fig. 5e).
As singleton lineages do not bear any weight on the linear
regression, our analysis shows that the increasing fraction of
non-singleton lineages upon malaria infection is similarly
diversified between infants and toddlers, which is also similar
to a young adult at pre-malaria and acute malaria (Supplementary
Fig. 14). However, this sharply contrasts with what we had
previously observed in the elderly following influenza vaccination,
where clonal expansion dominated6. Among clonally expanding
and diversifying B cell clones during an infection, only a subset of
the cells comprising the clonal burst remain once the infection
has been cleared. Thus, the characteristic change in the lineage
size/diversity linear regression slope upon infection is expected to
subside as time passes since the acute infection. Indeed,
comparing the pre-malaria lineage size/diversity linear regression
slopes reveals no difference between infants (who have not
experienced malaria before) and toddlers (who have experienced
malarias in previous years) (Supplementary Fig. 13). These results
highlight the unexpected capability of young children’s antibody
repertoire in response to a natural infection.

SHM load increases upon an acute febrile malaria infection.
The plateau we observed on SHM load in toddlers at both
pre-malaria and acute malaria (Fig. 2b) and the lack of a SHM
difference in IgG and IgA between pre-malaria and acute malaria
(Fig. 2c) seems to suggest that the experienced part of the
repertoire does not respond to malaria infection by inducing
SHM. However, it could be that only a portion of the bulk
antibody repertoire responds to the infection and there is already
a high level of baseline SHMs as revealed by the histogram
analysis (Fig. 2a). As we saw the lineage diversification upon
malaria infection in Fig. 5, we hypothesized that examining the
SHMs from sequences in two time point-shared lineages (lineages
containing both pre-malaria and acute malaria sequences) would
enable us to quantify the infection-induced SHM increase from
the highly mutated background. To test this, we pooled all
sequences from both time points, including sorted memory B
cells at pre-malaria, and generated lineages again using the 90%
similarity threshold at CDR36, 44. We are able to find two time
point-shared lineages in all individuals analyzed (Supplementary
Table 8). Consistent with the observation that toddlers already
have a diverse and expanded antibody repertoire compared to
infants, there are more shared lineages in toddlers than infants
(Supplementary Table 8). We tallied SHMs for sequences from
pre-malaria and acute malaria in the two time point-shared
lineages separately. Consistent with our hypothesis, both infants
and toddlers significantly increase SHM upon infection (Fig. 6a).
Indeed, toddlers had a higher pre-malaria SHM level compared to
infants (Fig. 6a, blue symbols). To our surprise, infants were able
to induce more SHMs compared to toddlers (Fig. 6b). These data

suggested that indeed both infants and toddlers induce SHMs
upon malaria infection.

Memory B cells further diversify upon malaria rechallenge. The
importance of IgM-expressing memory B cells has been reported
in mice in several recent studies45–48, including a mouse model of
malaria infection49. However, fewer studies have examined these
cells in humans50, and their composition and role in repertoire
diversification upon rechallenge remains elusive. It is widely
believed that they may retain the capacity to introduce further
mutations and class switch45, 46, 49, 51. However, sequence-based
clonal lineage evidence is lacking. The paired samples before and
during acute malaria from toddlers who experienced malaria in
previous years provided an opportunity to investigate the role of
memory B cells in repertoire diversification upon rechallenge in
children.

Here, we focus on two time point-shared lineages that harbor
sequences from pre-malaria memory B cells. Given the significant
increase of SHM we identified at acute malaria sequences over
pre-malaria sequences in two time point-shared lineages (Fig. 6a),
we reasoned that the high repertoire coverage of MIDCIRS
should enable us to identify a large number of two time point-
shared lineages that contain these memory B cells, and these
memory B cells should have mutated progenies at the acute
malaria time point. To ensure that we identify sequence progenies
of these pre-malaria memory B cells, we employed an antibody
lineage structure construction algorithm, COLT, that we recently
developed52. COLT considers isotype, sampling time, and SHM
pattern when constructing an antibody lineage, which allows us
to trace, at the sequence level, the acute progeny of these memory
B cells. As illustrated by Supplementary Fig. 15, this COLT-
generated lineage tree depicts a pre-malaria memory B cell
sequence serving as a parent node to sequences derived from
the acute malaria time point. This analysis is much more
stringent in identifying sequence progenies than simply judging if
a pre-malaria memory B cell sequence is grouped with acute
malaria PBMC sequences.

On average, 5% of unique sequences from 10,000 sorted
memory B cells form lineages with acute malaria PBMC
sequences (Fig. 6c, dark blue slice of the first pie). COLT52

analysis on these pre-malaria memory B cell-containing lineages
shows that 53% contain traceable progeny sequences from the
acute malaria PBMCs (Fig. 6c, lighter blue slice of the second pie).
Overall, there is a significant increase of SHM in these
acute malaria progenies compared with their ancestor pre-
malaria memory B cells (Fig. 6d). Consistent with previous
studies45, 46, 51, these progeny-bearing pre-malaria memory B
cells express all three major isotypes, with IgM being the
dominant species (Fig. 6e). Investigating their isotype switching
capacity reveals that about 60% of the IgM pre-malaria memory B
cells maintain IgM as progenies; however, about 20% only have
isotype-switched progenies detected, whereas the remaining 20%
have both IgM and isotype-switched progenies (Fig. 6f). These
pre-malaria IgM memory B cells largely retain IgM expression
while further introducing SHM upon rechallenge. Thus, these
analyses show multi-facet diversification potential of young
children’s memory B cells in a natural infection rechallenge.

Discussion
About 13,000 children under 1 year old die every day world-
wide53, and most of these deaths are caused by infection17. It has
long been recognized that children’s immune systems are
immature at birth and require time to develop to provide
protection against pathogens or respond to vaccines. However,
few studies have focused on children’s antibody repertoire
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development, diversification, and response to infection. Knowl-
edge in this area holds great interest to vaccine development and
vaccination strategy design. This is especially urgent for malaria,
as it still kills about half a million children each year54, and the
most advanced malaria vaccine confers only partial, short-lived
protection in African children55.

However, studying the antibody repertoire in young children is
challenging in several regards: first, lack of analytical tools to
exhaustively study the antibody repertoire from small volumes
of blood; second, lack of informatic analysis tools to turn high-
throughput data into knowledge; and third, the rarity of a set of
samples from young children obtained before and at the time of a
natural infection. To address these challenges, we developed a
highly accurate and high-coverage immune repertoire-sequencing
tool, MIDCIRS, to analyze antibody repertoire development,
diversification, and capacity to respond to a natural infection in
children who were experiencing acute febrile malaria.

Previous studies showed that there was evidence of SHM
and antigen selection in infants 8 months of age or older by
examining a few V-gene alleles31. However, it is not clear how
widespread SHMs are in infant antibody repertoires and to what
degree SHMs can be introduced in response to an infection. By
using a comprehensive and unbiased analysis, here we show that
infants as young as 3 months old can have 10% of sequences with
five or more mutations, and they can further introduce mutations
upon an acute febrile malaria infection to well over 20 SHM per
270 nt heavy chain V region. Compared with toddlers, there is
a separation on SHM load around 12 months: this number
gradually increases before 12 months and stays at a plateau after
that regardless of repeated malaria incidents. Consistent with
this trend is the similar pattern observed in the increase in the
percentage of memory B cells and corresponding decrease in
percentage of naive B cells with age: both plateaued after
12 months of age. Accordantly, SHM load in IgM, IgG, and IgA
correlates with the percentages of naive and memory B cells.
Surprisingly, regardless of the lower mutation load in infants,
their mutations are similarly, if not more strongly, selected as
those of toddlers, suggesting that the molecular machineries and
other cellular components involved in antibody selection are
already developed in infants. In future analyses, it will be of
interest to tease out the mechanistic contributions to a two-stage
increase of average mutation number, in particular, the role of T
cell help and germinal center formation. Regardless of these
detailed mechanisms, it is clear infants can perform antibody
selection as well as toddlers and adults, which provides some
assurance of the effectiveness of vaccination in young children.

Another interesting finding is that infant antibody repertoires
are capable of diversification, as seen through the clonal lineage
analysis. We show that both infants and toddlers diversify their
repertoire to the same degree upon an acute febrile malaria
infection. Although adults have a larger range on the diversity of
the lineage because they have accumulated more mutations, the
degree of repertoire diversification in infants and toddlers
is similar to what adults experience at an acute febrile malaria.
This contrasts how elderly individuals preferentially increase the
size of these lineages due to clonal expansion after influenza
vaccination6. Altogether, these data provide evidence that infant
antibody repertoires are similarly capable of responding to
malaria as toddlers and adults.

Analyzing antibody lineages formed by sequences from both
pre-malaria and acute malaria samples, we see an increase in
SHM upon malaria infection. Although the high background
SHMs at pre-malaria prevented us from detecting an increase of
SHM upon malaria infection in the bulk repertoire except in IgM,
our two time point-shared lineage analysis shows both infants
and toddlers increase SHMs upon acute malaria infection. This

highlights the power of combining informatics analysis with
improved technology—the magnitude of SHM increase in
toddlers is relatively small compared with infants, which would
have been missed if MIDs were not used. Similar problems may
prevent a recent study from identifying an increase of SHM in
healthy adults who received influenza vaccination50. It is also
possible that the perturbation of a natural infection is much
stronger than vaccination. The evidence we observe that infants
have a similar propensity to diversify clonal lineages, perform
antigen selection, and increase SHM load in acute malaria also
provides a comprehensive assessment of the capacity of infants’
antibody repertoire to respond to a natural infection. These
results also provide some assurance that infants are capable
of responding to external stimuli and develop significantly
diversified antibody lineages. These, along with the observation
that administering anti-parasite drugs in the first 10 months of
life correlated with higher malaria incidence in 2nd year of life56,
suggest that repeated vaccination might mimic the naturally
acquired clinical malaria resistance that arises through repeated
malaria exposures26, 56.

Using progeny tracing in two time point-shared lineages
containing pre-malaria memory B cells, we were able to detect
total of 1799 lineages that contained acute progenies. We
analyzed conventional memory B cells because the atypical
memory B cell frequency is low in this cohort of young children
(Supplementary Fig. 9). This is possibly due to the relatively few
malaria incidents in these young children, as opposed to adults
and older children that we and others have analyzed where
atypical memory B cell increases prevalence as a result of many
years of chronic malaria exposure57, 58. In depth analysis shows
both continued SHM and isotype switching in memory B cells in
response to a natural infection rechallenge. Although we do not
know the cell phenotype of these progeny sequences, it is
reasonable to speculate that some of them could have developed
into plasmablasts. A previous study has shown that plasmablasts
have about 30 to 35 times more transcripts per cell compared to
other peripheral B cell populations59. Even when we relaxed the
threshold and counted all unique sequences that had more than 10
copies as plasmablasts, at most 2.1% of unique sequences in these
pre-malaria memory B cell-derived progenies could be inferred as
plasmablasts (Supplementary Fig. 16). Applying the same
threshold to bulk PBMC sequences from acute malaria time point
resulted in a similar percentage of plasmablasts-derived sequences,
which is consistent with about 2.2% of plasmablasts by flow
cytometry analysis. Altogether, these data suggest that most of the
progenies from pre-malaria memory B cells remain memory B
cells and continued to increase SHMs in these young children.

In summary, we presented an improved method of utilizing
MIDs to significantly enhance the coverage and dynamic range of
IR-seq. Using it, we systemically studied the antibody repertoire
in malaria-exposed infants and toddlers and discovered several
aspects of repertoire development, diversification, and capacity to
respond to an infection that were not known before, which
provides not only new parameters and approaches in quantifying
vaccine efficacy beyond traditional serological titer but also
venues for future studies of detailed molecular and cellular
mechanisms that drive antibody repertoire differences between
infants and toddlers.

Methods
Study design and cohort. Human PBMCs for method validation were purified
from de-identified blood bank donor samples. This protocol was approved by the
Institutional Review Board of the University of Texas at Austin as non-human
subject research.

Infant and toddler PBMC samples from 22 residents of Kalifabougou, Mali,
ranging from 3 months old to 47 months old, were collected from an ongoing
malaria cohort study26 and analyzed as summarized in Supplementary Table 3.
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Enrollment exclusion criteria were hemoglobin level < 7 g/dL, axillary temperature
≥ 37.5°C, acute systemic illness, use of antimalarial or immunosuppressive
medications in the past 30 days, and pregnancy. The research definition of malaria
was an axillary temperature of ≥ 37.5°C, ≥ 2500 asexual parasites per µL of blood,
and no other cause of fever discernible by physical exam. The Ethics Committee of
the Faculty of Medicine, Pharmacy, and Dentistry at the University of Sciences,
Technique, and Technology of Bamako, and the Institutional Review Board of the
National Institute of Allergy and Infectious Diseases, National Institutes of Health,
approved the malaria study, from which we obtained frozen PBMCs. Written
informed consent was obtained from adult participants and from the parents or
guardians of participating children. The study is registered in the ClinicalTrials.gov
database (NCT01322581).

For this study, individuals were chosen based on the availability of frozen
PBMCs in the age range specified. Blood draws were taken before the rainy season,
when mosquitos are not rampant and the cases of malaria are low, and during
acute febrile malaria (Supplementary Fig. 3). Samples were labeled for analysis by
the group (Inf/Tod), patient ID, time point, and age at blood draw (in months),
e.g., Inf1-Pre3m represents the pre-malaria time point for infant 1 who was
3 months old at the time of blood draw (Supplementary Table 3). Samples collected
before the beginning of the rainy season that tested PCR negative for Plasmodium
falciparum and Plasmodium malariae were designated “pre-malaria”. Samples
collected 7 days into acute febrile malaria infection were designated “acute
malaria”. Among them, two individuals were tracked for two consecutive malaria
seasons and only the pre-malaria time point was obtained and analyzed for nine
individuals around the infant to toddler transition, as indicated in Supplementary
Table 3. Authors were not blinded to the age-group allocation or to the sample
collection time.

Cell sorting. Frozen PBMCs were thawed, washed once in RPMI, and then
processed for cell staining and sorting following standard FACS staining
protocol60, 61. Naive B cells were FACS-sorted based on the phenotype of
CD3–CD19+CD20+CD27–CD38low. For malaria samples, up to 5,000,000
PBMCs were lysed directly. The remaining PBMCs were analyzed via flow cyto-
metry; plasmablasts were gated based on the phenotype of CD4−CD8−CD14−

CD56−CD19+CD27brightCD38bright and memory B cells were gated based on the
phenotype of CD4−CD8−CD14−CD56−CD19+CD20+CD27+CD38low. Naive and
memory B cells were not gated on IgD or CD21, so only conventional memory B
cells were analyzed. Sorted cells were lysed in RLT Plus buffer (Qiagen) supple-
mented with 1% β-mercaptoethanol (Sigma). The following antibody clones were
obtained from Biolegend and used as 1:25 dilution: Alexa Fluor 488 OKT3 (CD3),
Alexa Fluor 700 RPA-T4 (CD4), Alexa Fluor 488 HCD14 (CD14), APC-Cy7 2H7
(CD20), PE-Cy7 O323 (CD27), APC HIT2 (CD38), Alexa Fluor 488 MEM-188
(CD56), and Brilliant Violet 605 IA6-2 (IgD). The following antibody clones were
obtained from BD Biosciences: PE-CF594 RPA-T8 (CD8), Brilliant Ultraviolet 395
SJ25C1 (CD19), and Brilliant Ultraviolet 737 B-ly4 (CD21). Flow cytometry and
cell sorting were performed on BD FACS Aria II.

Bulk antibody sequencing library generation and sequencing. MIDs were added
during the reverse transcription step through the use of fusion primers, which
contain the partial Illumina P5 sequencing adaptor followed by twelve random
nucleotides and primers to the constant region of five antibody isotypes. We fused
eleven forward primers that were previously designed6 to partial Illumina P7
adaptor. Full Illumina adaptors were added during the second PCR step along with
library indexes. Total RNA was purified using All Prep DNA/RNA kit (Qiagen)
following the manufacturer’s protocol. cDNA synthesis was done using Superscript
III (Life Technologies) with 30% of the RNA as input. After free primer removal by
Exonuclease I digestion (New England Biolabs) according to the manufacturer’s
protocol, Takara Ex Taq HS polymerase (clone Tech) was used for both PCR
reactions. The first PCR was performed with the following program: initial
denature at 95°C for 3 min, followed by 20 cycles of 95°C for 30 s, 57°C for 30 s,
and finally 72°C for 2 min with a 4°C hold. All cDNA was used for first PCR and
about 1% of 1st PCR product was used for second PCR. The second PCR was
performed with the following program: initial denature at 95°C for 3 min, followed
by 10 cycles of 95°C for 30 s, 57°C for 30 s, and finally 72°C for 2 min with a 4°C
hold. The second PCR products were gel purified and quantified by qPCR Library
Quantification Kit (KAPA Biosystems, catalog number KK4824). 0.009 pmol of the
QCed second PCR product were sequenced on Illumina Miseq with paired-end
250 bp read mode (sequencing kit catalog number: MiSeq Reagent Kit v2
(500cycle) MS-102-2003). The list of primers for RT and PCR can be found in
Supplementary Table 1. Libraries were sequenced multiple times until saturated
based on rarefaction analysis in Supplementary Fig. 4. Reads from all runs were
combined and analyzed.

Preliminary read processing. Raw reads from Illumina MiSeq PE250 were first
cleaned up following steps outlines in Fig. 1b. Only reads that exactly matched the
corresponding library indices were included for further processing. The end of each
raw read was trimmed such that all bases had a quality score of 25 or higher. Reads
1 and 2 were merged using the SeqPrep tool (https://github.comjstjohn/SeqPrep).
The merged reads were filtered with specific V-gene and constant region primers to
determine immunoglobulin (Ig)-sequencing reads. The primers were then

truncated from the reads. The retained reads were further truncated to 320 bp
for the naive B cells in method verification experiments and 270 bp for samples
from malaria cohort. Read numbers after each filter are listed in Supplementary
Tables 2 and 4.

MID sub-group generating. Raw reads were split into MID groups according to
their 12 nucleotide barcodes. For each MID group, quality threshold clustering was
used to cluster similar reads. This process groups reads derived from a common
template RNA molecule together, whereas separating reads derived from distinct
RNA molecules. A Levenshtein distance of 15% of the read length was used as
the threshold. This was calibrated using RNA controls with known sequences
(Supplementary Fig. 1). For each sub-group, a consensus sequence was built based
on the average nucleotide at each position, weighted by the quality score. In the
case that there were only two reads in an MID sub-group, we only considered them
useful reads if both were identical. Each MID sub-group is equivalent to an RNA
molecule. Next, we merged all of the identical consensus to form unique consensus
sequences, or unique RNA molecules, which were used to estimate the diversity
and assess the sequencing depth in rarefaction analysis (Fig. 1c, d and Supple-
mentary Fig. 4). Scripts for this section can be downloaded at https://github.com/
utjianglab/MIDCIRS.

Error rate calculation. The difference between the consensus sequence for an RNA
molecule and the raw reads associated with it represent the errors generated in
either PCR or sequencing. The error rate can be calculated using the following
formula (1):

Error Rate Rawð Þ ¼
PNI

i¼1 Diff i; Ið Þ
NI ´ L

; ð1Þ

where Diff (i,I) is the Levenshtein distance between read i and the consensus
sequence in MID sub-group I, NI is the number of reads in MID sub-group I, and L
is the read length.

To estimate the improved error rate using MIDCIRS, we equally divided the
raw reads from one library into two data sets. The same MID sub-group generating
process was performed on both data sets. By comparing the differences between the
consensus sequences with identical MID between these two data sets, we can
calculate the improved error rate for using MID sub-groups as:

Error Rate MIDð Þ ¼
P

I;J Diff I; Jð Þ ´NIP
I NI ´ L

; ð2Þ

where Diff(I,J) is the Levenshtein distance between the consensus I and consensus
J, which have the identical MID, NI is the number of reads in MID sub-group I, and
L is the read length.

VDJ definition and mutation counts. As described in previous work, similar
methods were used to define the V, D, and J gene segments for all sequences3, 5, 6.
From the International ImMunoGeneTics information system database (IMGT,
http://www.imgt.org/textes/vquest/refseqh.html)62, human heavy chain variable
gene segment sequences (249 V-exon, 37 D-exon and 13 J-exon) were downloaded.
Each unique sequence was first aligned to all 249V gene alleles. The specific V-allele
with a maximum Smith–Waterman score was then assigned. In some cases, newly
identified germline alleles, defined either by TIgGER35 or our method (below),
were added to the template sequences. J-segments and D-segments were then
similarly assigned. The number of mutations from germline sequence was
counted as the number of substitutions from the best aligned V and J templates as
previously described3, 5, 6. The CDR3 was omitted due to the difficulty in
determining the germline sequence. The germline sequences of V, D, and J gene
segments were grouped by combining similar alleles into families using IMGT
designation in VDJ correlation plots. In total, 58V, 27D, and 6J families were used.

Novel allele detection. To address the possibility of novel germline alleles inflating
the observed number of mutations, new germline alleles were assembled. In short,
IgM sequences for each individual were aligned and assigned to the traditional
V-gene alleles in the IMGT database. If novel alleles exist in individuals, parts of
unique RNA sequences will be assigned as mutations when they are actually
derived from differences between novel and traditional alleles. The ratios of
unmutated unique RNA molecules to those with one, two, three, and four
mutations compared to the IMGT germline were determined, and if any were
found to be less than 2 to 1, the alleles were flagged for further inspection. Unique
RNA molecules were used to minimize the contributions of clonal expansion, and
IgM sequences were used to minimize the contributions of SHM. Sequences within
flagged alleles were then aligned to the closest IMGT germline to determine if the
mutations were truly polymorphisms. When identical mutation patterns were
observed in a minimum of 80% of all sequences in a flagged allele family, it was
deemed a novel germline allele. For individuals with sorted naive B cells, novel
alleles were generated from the naive B cell BCR sequences to complement those
found in the bulk IgM sequences.
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TIgGER was used as previously reported as another method to discover novel
alleles35. TIgGER compares the mutation rate at a specific position to the overall
number of mutations for sequences within the same assigned V-gene allele.
Outliers within the low mutation region suggests the existence of a novel allele, and
the shape of the curve can effectively distinguish between individuals homozygous
and heterozygous for the novel allele.

Our new method and TIgGER have a 90% percent overlap in newly identified
alleles. Discrepancies between the two methods were treated with a conservative
estimation on the number of SHM, meaning we liberally included novel alleles as
part of the germline gene segments. Non-overlapping novel alleles were manually
inspected, and the union of novel alleles detected by TIgGER and our method was
included as part of the germline gene segments. Sequences mapped to these novel
alleles were excluded from our analysis, which accounts for an average 8% of all
sequences (Supplementary Table 5).

Translation from nucleotide to amino acid sequences. Nucleotide sequences
were translated into amino acid sequences based on codon translation as
previously described3, 5, 6. The unique RNA sequences were inputted to IMGT
High V quest to translate into amino acid sequences. The boundary of the CDR3
is defined by IMGT numbering for Ig and two conserved sequence markers of
“Tyr-(Tyr/Phe)-Cys” to “Trp-Gly”. CDR3 length was determined according to
these anchor residues.

Selection pressure. The selection pressure was evaluated via BASELINe37. The
unique RNA molecules of PBMC, populations were inputted to BASELINe and
compared with the closest IMGT germline alleles. The observed number of
replacement and silent mutations were compared with the expected number of
mutations for the assigned germline sequence. A selection strength as measured by
the probability density function (PDF) was generated using BASELINe to indicate
the direction and degree for CDR (CDR1 and 2) and FWR (FWR2, and 3) regions
for each unique RNA molecule first, then combined for each individual, and then
further combined for each of the two groups, infants and toddlers. The PDFs
were plotted and compared between infants and toddlers (Fig. 4). The associated
P values comparing two group PDFs were calculated using BASELINe. Samples
with 5,000,000 PBMCs were subsampled to 120,000 RNA molecules. Samples with
fewer PBMCs were subsampled to proportionally fewer RNA molecules according
to the PBMC number.

Replacement/silent mutation. According to the amino acid sequence translation
results and V/D/J gene templates alignment results, we counted the number of
nucleotide mutations resulting in amino acid substitutions (replacement, R) or no
amino acid substitutions (silent, S) in FWR region (FWR2 and 3) and CDR region
(CDR1 and 2) using the IMGT/HighV-QUEST63. The number of silent and
replacement mutations was averaged in each age-group (infant and toddler) and
the ratio for silent vs. replacement mutation was calculated. The CDR3 and FWR4
were omitted due to the difficulty in determining the germline sequence. FWR1 for
all sequences was also omitted because it was not covered entirely by some of the
primers. Samples with 5,000,000 PBMCs were subsampled to 120,000 RNA
molecules. Samples with fewer PBMCs were subsampled to proportionally fewer
RNA molecules according to the PBMC number.

VDJ usage correlation. The correlation of VDJ usage between infants and toddlers
were calculated with Pearson correlation coefficient as the following formula (3) as
in previous studies3, 5, 6:

corr ¼

P
v¼ Vf g;d¼ Df g; j¼ Jf g

Xvdj � Xh i� �
Yvdj � Yh i� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
v¼ Vf g;d¼ Df g; j¼ Jf g

Xvdj � Xh i� �2� P
v¼ Vf g;d¼ Df g; j¼ Jf g

Yvdj � Yh i� �2r ; ð3Þ

vdj refers to the combination of one v allele family from 58V-gene allele families
({V}), one d allele family from 27 D gene allele families ({D}), and one j allele family
from 6J gene allele families ({j}). For the reads weighted correlation, Xvdj and Yvdj

refer to the fraction of reads assigned to the respective vdj combination for
individuals X and Y, respectively. Xh i and Yh i are the average reads across all vdj
combinations. For the lineage weighted correlation, these parameters refer to the
fraction of lineages for each vdj allele family combination. Samples with 5,000,000
PBMCs were subsampled to 120,000 RNA molecules. Samples with fewer PBMCs
were subsampled to proportionally fewer RNA molecules according to the PBMC
number. vdj combinations that were not detected in either sample being compared
were omitted from the correlation calculation.

Clustering sequences into clonal lineages. Sequences with similar CDR3 are
possibly progenies from the same naive B cell and can be grouped into a clonal
lineage. To detect the lineage structure for the antibody repertoire, we performed
single linkage clustering, using a re-parameterization of the method described
previously5, 6, 44, accounting for the larger size of the CDR3 and junction in
humans as compared to zebrafish. RNA sequences with the same V and J allele
assignments, the same junction length, and whose junction regions differed by no

more than 10% on the nucleotide level were grouped together into a lineage. This is
equivalent to a biological clone that underwent clonal expansion. To test the
robustness of this threshold, we also tried the threshold of 95% similarity for
CDR3 region44, and it did not change the overall position of each lineage in
the diversity-size plot, nor did it change the linear fits of lineage distribution
generated from these two threshold (Supplementary Fig. 12). Lineage diversity
is the number of unique RNA molecules within the lineage, and lineage size is
the total number of RNA molecules within the lineage. Samples with 5,000,000
PBMCs were subsampled to 120,000 RNA molecules. Samples with fewer
PBMCs were subsampled to proportionally fewer RNA molecules according to
the PBMC number.

Clonal lineage diversification. In order to discuss the clonal lineage diversifica-
tion, the size and diversity, as described above, were plotted against each other for
pre-malaria and acute malaria time points for each individual (Fig. 5a). The linear
regression visualizes the average degree of diversification relative to clonal
expansion. A characteristic shift toward further diversification of clonal lineages
upon acute malaria infection was evaluated by the decrease in the slope of the
linear regression for each infant and toddler. The shift was calculated by the
difference between the arctangents of the slopes of the linear regressions.

Two time point-shared lineage analysis. To test the effects of acute malaria
infection on the structure of clonal lineages, RNA molecules from both the
pre-malaria and acute malaria time points were grouped together and subjected to
clustering into clonal lineages as described above. Resulting lineages that contained
sequences from both the pre-malaria and acute malaria time points were isolated
for mutational analysis. Within these shared lineages, the average number of
mutations for the pre-malaria sequences was calculated alongside the average
number of mutations for the acute malaria sequences (Fig. 6a).

Lineage structure visualization. Representative lineages were selected to
visualize the lineage structures and the evolution of antibody sequences.
Lineage structures were generated using COLT52 (software can be downloaded
here: http://www.cs.wright.edu/~keke.chen/software/colt.zip) and validated
manually. We implemented a lineage visualization tool, COLT-Viz (He et al.,
submitted). In short, COLT considers constraints (e.g., isotype and timepoint)
along with mutational patterns to build lineage trees. The height of each node
is proportional to the number of RNA molecules associated with the unique
sequence (size), the color of each node relates to the number of SHMs, and
the distance between nodes is proportional to the Levenshtein distance
between the node sequences.

Pre-malaria memory B cells with acute progeny lineage analysis. To determine
the fate of the pre-malaria memory B cells upon acute malaria infection, two time
point-shared lineages were formed as described above, and lineages containing
sequences from both FACS-sorted pre-malaria memory B cells and acute malaria
PBMCs were isolated for further analysis. COLT was used to generate lineage tree
structures. Pre-malaria memory B cells that served as parent nodes to acute malaria
sequences, as exemplified (Supplementary Fig. 15), were considered “pre-malaria
memory B cells with acute progeny” (Fig. 6c–f).

Code availability. References or links for all software tools used are listed in the
relevant “Methods” sections. All other relevant data are available from the authors.

Data availability. Sequencing data that support the findings of this study have
been deposited in dbGaP with the accession code phs001209.v1.p1.

Received: 25 April 2017 Accepted: 15 July 2017

References
1. Georgiou, G. et al. The promise and challenge of high-throughput sequencing

of the antibody repertoire. Nat. Biotechnol. 32, 158–168 (2014).
2. Robins, H. Immunosequencing: applications of immune repertoire deep

sequencing. Curr. Opin. Immunol. 25, 646–652 (2013).
3. Weinstein, J. A., Jiang, N., White, R. A. 3rd, Fisher, D. S. & Quake, S. R. High-

throughput sequencing of the zebrafish antibody repertoire. Science 324,
807–810 (2009).

4. Tipton, C. M. et al. Diversity, cellular origin and autoreactivity of antibody-
secreting cell population expansions in acute systemic lupus erythematosus.
Nat. Immunol. 16, 755–765 (2015).

5. Jiang, N. et al. Determinism and stochasticity during maturation
of the zebrafish antibody repertoire. Proc. Natl Acad. Sci. USA 108, 5348–5353
(2011).

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-00645-x

12 NATURE COMMUNICATIONS | 8:  531 |DOI: 10.1038/s41467-017-00645-x |www.nature.com/naturecommunications

http://www.cs.wright.edu/~keke.chen/software/colt.zip
www.nature.com/naturecommunications


6. Jiang, N. et al. Lineage structure of the human antibody repertoire in response
to influenza vaccination. Sci. Transl. Med. 5, 171ra119 (2013).

7. Bolotin, D. A. et al. Next generation sequencing for TCR repertoire profiling:
platform-specific features and correction algorithms. Eur. J. Immunol. 42,
3073–3083 (2012).

8. Michaeli, M., Noga, H., Tabibian-Keissar, H., Barshack, I. & Mehr, R.
Automated cleaning and pre-processing of immunoglobulin gene sequences
from high-throughput sequencing. Front. Immunol. 3, 386 (2012).

9. Zhu, J. et al. Mining the antibodyome for HIV-1-neutralizing antibodies with
next-generation sequencing and phylogenetic pairing of heavy/light chains.
Proc. Natl Acad. Sci. USA 110, 6470–6475 (2013).

10. Vollmers, C., Sit, R. V., Weinstein, J. A., Dekker, C. L. & Quake, S. R. Genetic
measurement of memory B-cell recall using antibody repertoire sequencing.
Proc. Natl Acad. Sci. USA 110, 13463–13468 (2013).

11. Shugay, M. et al. Towards error-free profiling of immune repertoires. Nat.
Methods 11, 653–655 (2014).

12. Vander Heiden, J. A. et al. pRESTO: a toolkit for processing high-throughput
sequencing raw reads of lymphocyte receptor repertoires. Bioinformatics 30,
1930–1932 (2014).

13. Khan, T. A. et al. Accurate and predictive antibody repertoire profiling by
molecular amplification fingerprinting. Sci. Adv. 2, e1501371 (2016).

14. Rechavi, E. et al. Timely and spatially regulated maturation of B and T cell
repertoire during human fetal development. Sci. Transl. Med. 7, 276ra225
(2015).

15. Prabakaran, P. et al. Expressed antibody repertoires in human cord blood cells:
454 sequencing and IMGT/HighV-QUEST analysis of germline gene usage,
junctional diversity, and somatic mutations. Immunogenetics 64, 337–350
(2012).

16. Wu, Y. C., Kipling, D. & Dunn-Walters, D. K. Age-related changes in human
peripheral blood IGH repertoire following vaccination. Front. Immunol. 3, 193
(2012).

17. PrabhuDas, M. et al. Challenges in infant immunity: implications for responses
to infection and vaccines. Nat. Immunol. 12, 189–194 (2011).

18. Portugal, S. et al. Malaria-associated atypical memory B cells exhibit
markedly reduced B cell receptor signaling and effector function. eLife 4,
e07218 (2015).

19. Zinocker, S. et al. The V gene repertoires of classical and atypical memory B
cells in malaria-susceptible West African children. IEEE Trans. Vis. Comput.
Graphics 194, 929–939 (2015).

20. Shiao, Y. H. A new reverse transcription-polymerase chain reaction method for
accurate quantification. BMC Biotechnol. 3, 22 (2003).

21. Zajac, P., Islam, S., Hochgerner, H., Lonnerberg, P. & Linnarsson, S. Base
preferences in non-templated nucleotide incorporation by MMLV-derived
reverse transcriptases. PLoS ONE 8, e85270 (2013).

22. Wu, Y. C. et al. High-throughput immunoglobulin repertoire analysis
distinguishes between human IgM memory and switched memory B-cell
populations. Blood 116, 1070–1078 (2010).

23. DeKosky, B. J. et al. High-throughput sequencing of the paired human
immunoglobulin heavy and light chain repertoire. Nat. Biotechnol. 31, 166–169
(2013).

24. Loman, N. J. et al. Performance comparison of benchtop high-throughput
sequencing platforms. Nat. Biotechnol. 30, 434–439 (2012).

25. Di Noia, J. M. & Neuberger, M. S. Molecular mechanisms of antibody somatic
hypermutation. Annu. Rev. Biochem. 76, 1–22 (2007).

26. Tran, T. M. et al. An intensive longitudinal cohort study of Malian children and
adults reveals no evidence of acquired immunity to Plasmodium falciparum
infection. Clin. Infect. Dis. 57, 40–47 (2013).

27. Boyd, S. D. et al. Measurement and clinical monitoring of human lymphocyte
clonality by massively parallel VDJ pyrosequencing. Sci. Transl. Med. 1, 12ra23
(2009).

28. Glanville, J. et al. Precise determination of the diversity of a combinatorial
antibody library gives insight into the human immunoglobulin repertoire. Proc.
Natl Acad. Sci. USA 106, 20216–20221 (2009).

29. Schroeder, H. W. Jr., Zhang, L. & Philips, J. B. 3rd Slow, programmed
maturation of the immunoglobulin HCDR3 repertoire during the third
trimester of fetal life. Blood 98, 2745–2751 (2001).

30. Jacob, J., Kelsoe, G., Rajewsky, K. & Weiss, U. Intraclonal generation of
antibody mutants in germinal centres. Nature 354, 389–392 (1991).

31. Ridings, J., Dinan, L., Williams, R., Roberton, D. & Zola, H. Somatic mutation
of immunoglobulin V(H)6 genes in human infants. Clin. Exp. Immunol. 114,
33–39 (1998).

32. Ridings, J. et al. Somatic hypermutation of immunoglobulin genes in human
neonates. Clin. Exp. Immunol. 108, 366–374 (1997).

33. IJ, H. et al. Evaluation of the antigen-experienced B-cell receptor repertoire in
healthy children and adults. Front. Immunol. 7, 410 (2016).

34. Biswas, S., Saxena, Q. B., Roy, A. & Kabilan, L. Naturally occurring
plasmodium-specific IgA antibody in humans from a malaria endemic area.
J. Biosci. 20, 453–460 (1995).

35. Gadala-Maria, D., Yaari, G., Uduman, M. & Kleinstein, S. H. Automated
analysis of high-throughput B-cell sequencing data reveals a high frequency of
novel immunoglobulin V gene segment alleles. Proc. Natl Acad. Sci. USA 112,
E862–870 (2015).

36. Chang, B. & Casali, P. The CDR1 sequences of a major proportion of human
germline Ig VH genes are inherently susceptible to amino acid replacement.
Immunol. Today 15, 367–373 (1994).

37. Yaari, G., Uduman, M. & Kleinstein, S. H. Quantifying selection in high-
throughput Immunoglobulin sequencing data sets. Nucleic Acids Res. 40, e134
(2012).

38. O’Brien, P. M. et al. Immunoglobulin genes expressed by B-lymphocytes
infiltrating cervical carcinomas show evidence of antigen-driven selection.
Cancer Immunol. Immunother. 50, 523–532 (2001).

39. Machida, K. et al. Hepatitis C virus induces a mutator phenotype: enhanced
mutations of immunoglobulin and protooncogenes. Proc. Natl Acad. Sci. USA
101, 4262–4267 (2004).

40. Schroder, A. E., Greiner, A., Seyfert, C. & Berek, C. Differentiation of B cells in
the nonlymphoid tissue of the synovial membrane of patients with rheumatoid
arthritis. Proc. Natl Acad. Sci. USA 93, 221–225 (1996).

41. Weitkamp, J. H., Lafleur, B. J., Greenberg, H. B. & Crowe, J. E. Jr. Natural
evolution of a human virus-specific antibody gene repertoire by somatic
hypermutation requires both hotspot-directed and randomly-directed
processes. Hum. Immunol. 66, 666–676 (2005).

42. Haynes, B. F., Kelsoe, G., Harrison, S. C. & Kepler, T. B. B-cell-lineage
immunogen design in vaccine development with HIV-1 as a case study.
Nat. Biotechnol. 30, 423–433 (2012).

43. Doria-Rose, N. A. et al. Developmental pathway for potent V1V2-directed
HIV-neutralizing antibodies. Nature 509, 55–62 (2014).

44. Horns, F. et al. Lineage tracing of human B cells revials the in vivo landscape of
human antibody class switching. eLife 5, e16578 (2016).

45. Dogan, I. et al. Multiple layers of B cell memory with different effector
functions. Nat. Immunol. 10, 1292–1299 (2009).

46. Pape, K. A., Taylor, J. J., Maul, R. W., Gearhart, P. J. & Jenkins, M. K. Different
B cell populations mediate early and late memory during an endogenous
immune response. Science 331, 1203–1207 (2011).

47. Kaji, T. et al. Distinct cellular pathways select germline-encoded and
somatically mutated antibodies into immunological memory. J. Exp. Med. 209,
2079–2097 (2012).

48. Weisel, F. J., Zuccarino-Catania, G. V., Chikina, M. & Shlomchik, M. J.
A temporal switch in the germinal center determines differential output of
memory B and plasma cells. Immunity 44, 116–130 (2016).

49. Krishnamurty, A. T. et al. Somatically hypermutated plasmodium-specific igm
(+) memory b cells are rapid, plastic, early responders upon malaria
rechallenge. Immunity 45, 402–414 (2016).

50. Ellebedy, A. H. et al. Defining antigen-specific plasmablast and memory B cell
subsets in human blood after viral infection or vaccination. Nat. Immunol. 17,
1226–1234 (2016).

51. Taylor, J. J., Jenkins, M. K. & Pape, K. A. Heterogeneity in the
differentiation and function of memory B cells. Trends Immunol. 33, 590–597
(2012).

52. Chen, K., Gogu, V., Wu, D. & Jiang, N. COLT: Constrained Lineage Tree
Generation from Sequence Data. In Proceedings of IEEE International
Conference on Bioinformatics and Biomedicine (2016).

53. UNICEF. The State of the World’s Children 2015: Reimagine the Future:
Innovation for Every Child. United Nations Children’s Fund, New York, 2015
(United Nations Plaza, 2015).

54. WHO. World Malaria Report 2015. Global Malaria Programme (World Health
Organization, 2015).

55. White, M. T. et al. A combined analysis of immunogenicity, antibody kinetics
and vaccine efficacy from phase 2 trials of the RTS,S malaria vaccine. BMC
Med. 12, 117 (2014).

56. Guinovart, C. et al. The role of age and exposure to Plasmodium falciparum in
the rate of acquisition of naturally acquired immunity: a randomized controlled
trial. PLoS ONE 7, e32362 (2012).

57. Weiss, G. E. et al. A positive correlation between atypical memory B cells and
Plasmodium falciparum transmission intensity in cross-sectional studies in
Peru and Mali. PLoS ONE 6, e15983 (2011).

58. Weiss, G. E. et al. The Plasmodium falciparum-specific human memory B cell
compartment expands gradually with repeated malaria infections. PLoS Pathog.
6, e1000912 (2010).

59. Shi, W. et al. Transcriptional profiling of mouse B cell terminal differentiation
defines a signature for antibody-secreting plasma cells. Nat. Immunol. 16,
663–673 (2015).

60. Yu, W. et al. Clonal deletion prunes but does not eliminate self-specific
alphabeta CD8(+) T lymphocytes. Immunity 42, 929–941 (2015).

61. Zhang, S. Q. et al. Direct measurement of T cell receptor affinity
and sequence from naive antiviral T cells. Sci. Transl. Med. 8, 341ra377
(2016).

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-00645-x ARTICLE

NATURE COMMUNICATIONS |8:  531 |DOI: 10.1038/s41467-017-00645-x |www.nature.com/naturecommunications 13

www.nature.com/naturecommunications
www.nature.com/naturecommunications


62. Lefranc, M. P. et al. IMGT(R), the international ImMunoGeneTics information
system(R) 25 years on. Nucleic Acids Res. 43, D413–422 (2015).

63. Alamyar, E., Duroux, P., Lefranc, M. P. & Giudicelli, V. IMGT((R))
tools for the nucleotide analysis of immunoglobulin (IG) and T cell
receptor (TR) V-(D)-J repertoires, polymorphisms, and IG mutations:
IMGT/V-QUEST and IMGT/HighV-QUEST for NGS. Methods Mol. Biol. 882,
569–604 (2012).

Acknowledgements
The authors would like to thank WE ARE BLOOD, blood center, for providing the blood
samples for method validation; Dr. Scott Hunicke-Smith, Jessica Podnar, and
Dr. Michael Wilson at the Genomic Sequencing and Analysis Facility at UT Austin for
helping with the sequencing runs; Dr. Evan Cohen, for helping with the cell sorting;
Dr. Purnamrita Sarkar at the Department of Statistics and Data Sciences at UT Austin
for advices on statistical testing. Dr. Steven Kleinstein, Jason Vander Heiden, and
Dr. Gur Yaari for sending us an updated version of the BASELINe software and advices
on data analysis. This work was supported by NIH Grants R00AG040149 (N.J.),
S10OD020072 (N.J.), and R01GM106137 (P.R.) and by the Welch Foundation Grant
F1785 (N.J.). N.J. is a Cancer Prevention and Research Institute of Texas (CPRIT)
Scholar and a Damon Runyon-Rachleff Innovator. B.S.W. is a recipient of the Thrust
2000–George Sawyer Endowed Graduate Fellowship in Engineering. The cohort study in
Mali was supported by the Division of Intramural Research, National Institute of Allergy
and Infectious Diseases, National Institutes of Health.

Author contributions
B.S.W. performed all malaria related experiment and data analysis; C.H. performed
BASELINe and other sequencing data analysis; M.Q. developed the sequencing protocol
using sorted naive B cells; D.W. helped with sequence analysis; S.M.H. helped with
library construction; K.-Y.M. helped with sequencing; J.X. helped with lineage
visualization, E.W.L, P.D.C., and S.K.P. selected malaria patients, provided samples and
helped with experimental design; P.R. provided computation resources and helped with

analysis; K.C. helped with lineage structure algorithm optimization and lineage visuali-
zation; N.J. conceived the idea, designed the study, and directed data analysis;
B.S.W. and N.J. wrote the paper with contributions from all co-authors.

Additional information
Supplementary Information accompanies this paper at doi:10.1038/s41467-017-00645-x.

Competing interests: The authors declare that N.J. is a scientific advisor of ImmuDX,
LLC and a provisional patent application has been filed by the University of Texas at
Austin for the method described here.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2017

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-00645-x

14 NATURE COMMUNICATIONS | 8:  531 |DOI: 10.1038/s41467-017-00645-x |www.nature.com/naturecommunications

http://dx.doi.org/10.1038/s41467-017-00645-x
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Accurate immune repertoire sequencing reveals malaria infection driven antibody lineage diversification in young children
	Results
	Overview of the MIDCIRS method
	MIDCIRS yields high accuracy and coverage down to 1000 cells
	Infants and toddlers have similar VDJ usage and CDR3 lengths
	Both infants and toddlers have unexpectedly high SHM
	SHM load is distinct between infants and toddlers
	Higher memory B cell percentage results in higher SHM load
	SHMs are similarly selected in infants and toddlers
	Clonal lineages diversify upon acute febrile malaria
	SHM load increases upon an acute febrile malaria infection
	Memory B cells further diversify upon malaria rechallenge

	Discussion
	Methods
	Study design and cohort
	Cell sorting
	Bulk antibody sequencing library generation and sequencing
	Preliminary read processing
	MID sub-group generating
	Error rate calculation
	VDJ definition and mutation counts
	Novel allele detection
	Translation from nucleotide to amino acid sequences
	Selection pressure
	Replacement/silent mutation
	VDJ usage correlation
	Clustering sequences into clonal lineages
	Clonal lineage diversification
	Two time point-shared lineage analysis
	Lineage structure visualization
	Pre-malaria memory B cells with acute progeny lineage analysis
	Code availability
	Data availability

	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS




