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The elderly have reduced humoral immunity, as manifested by
increased susceptibility to infections and impaired vaccine re-
sponses. To investigate the effects of aging on B-cell receptor
(BCR) repertoire evolution during an immunological challenge, we
used a phylogenetic distance metric to analyze Ig heavy-chain
transcript sequences in both young and elderly individuals before
and after influenza vaccination. We determined that BCR reper-
toires become increasingly specialized over a span of decades, but
less plastic. In 50% of the elderly individuals, a large space in the
repertoire was occupied by a small number of recall lineages that did
not decline during vaccine response and contained hypermutated IgD+

B cells. Relative to their younger counterparts, older subjects demon-
strated a contracted naive repertoire and diminished intralineage di-
versification, signifying a reduced substrate for mounting novel
responses and decreased fine-tuning of BCR specificities by somatic
hypermutation. Furthermore, a larger proportion of the repertoire
exhibited premature stop codons in some elderly subjects, indicating
that aging may negatively affect the ability of B cells to discriminate
between functional and nonfunctional receptors. Finally, we observed
a decreased incidence of radical mutations compared with conservative
mutations in elderly subjects’ vaccine responses, which suggests that
accumulating original antigenic sin may be limiting the accessible space
for paratope evolution. Our findings shed light on the complex inter-
play of environmental and gerontological factors affecting immune
senescence, and provide direct molecular characterization of the effects
of senescence on the immune repertoire.
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The deterioration of immune function with age, a process re-
ferred to as immunosenescence, is well recognized. Notable

changes contributing to immunosenescence include, among others,
decreased proliferation of lymphocytes, reduced T-cell re-
ceptor repertoire, and defects in antibody production (1, 2).
This phenomenon contributes to an age-related increase in
susceptibility to viral and bacterial infections and decreased
response to vaccination (3–5). Indeed, individuals over the age
of 65 y are less than half as protected by standard influenza
vaccines as younger individuals (6), and pneumonia and in-
fluenza represent the fourth most common cause of death
among aging individuals (4).
Antibody-mediated immunity is the result of an evolutionary

arms race between the pathogens to which an individual is ex-
posed and antibody-producing B cells. A tremendous diversity of
potential antibody affinities is generated by the mechanisms of
V(D)J recombination, random junctional insertions/deletions, and
somatic hypermutation (7). Preferential proliferation of activated
B cells upon encounter with a cognate antigen then exerts a se-
lective pressure for B-cell receptors (BCRs) with a high binding
affinity to the antigen (7). The clonal history of B cells circulating
in the blood can be traced using next-generation sequencing of the

hypervariable complementarity-determining region 3 (CDR3) in
Ig heavy-chain (IGH) transcripts (8, 9).
Elderly individuals’ B-cell repertoires have been reported to

exhibit restricted clonal diversity, oligoclonal character, increased
baseline mutation levels, and persistent clonal expansions in pre-
vious studies of IGH sequence diversity (8, 10). However, previous
work was limited by small numbers of elderly individuals analyzed
(8), did not analyze in detail the composition of the oligoclonal
lineages (8), or did not study the effect of applying an immune
stimulus such as a vaccine (10). Furthermore, previous B-cell
repertoire studies have focused only on isolated aspects of B-cell
mutation counts, V/D/J-gene use levels, lineage sizes, and con-
vergent CDR3 sequences (8, 10–13) without analyzing the char-
acter of mutations and without using the full phylogenetic
information inherent in the IGH repertoire to quantify dissimi-
larities between immune systems.
Here, we identify signatures of immune aging by carrying out a

phylogenetic analysis of IGH transcripts in the peripheral blood
of healthy young and elderly volunteers before and after in-
fluenza vaccination. First, we study the increasing specialization
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of the antibody repertoire by developing a phylogenetic distance
metric for the repertoire based on unique fraction (UniFrac)
(14). Next, we analyze the prevalence of B-cell oligoclonality and
the composition of the relevant lineages in the elderly. Finally,
we examine the effect of age on vaccine response and its un-
derlying factors, including the diversity of the substrate for novel
responses, the somatic hypermutation process, and the clonal
selection process.
Our study comprised 10 healthy young subjects and 10 healthy

elderly subjects, with blood sampled at baseline, day 7, and day 28
relative to vaccination with the 2011 seasonal trivalent inactivated
influenza vaccine (Fig. 1A and Table S1). Because immunose-
nescence has been reported to be more pronounced in men (15),
only male subjects were chosen. Because chronic infection with
the widespread cytomegalovirus (CMV) is known to be a con-
founding factor in the study of immune aging (10), we stratified
the analysis by CMV serostatus assessed by IgG ELISA.

Results
Divergent Evolution of Immune Systems Quantified Using UniFrac. In
ecology, various phylogenetic methods have been developed to
assess differences between microbial communities (14, 16–19).
Among these methods, the UniFrac distance measure stands out
because it is a true metric in the mathematical sense, allowing
multiple communities to be compared meaningfully at the same
time (14). UniFrac quantifies differences between environments,
from the point of view of bacterial adaptation, by measuring the
total branch length of a tree of 16S rRNA gene sequences that is
unique to each environment (14). The reasoning is that random
genetic changes generate a diversity of bacterial taxa, and the
extent to which environments share branches of a phylogeny can
be regarded as a measure for the degree of similarity between
the selection pressures imposed by these environments. By
analogy, differences in immune adaptation to antigen challenge
can be quantified by calculating the branch length unique to each
individual on a tree of IGH sequences. Indeed, V(D)J re-
combination and somatic hypermutation have the potential to
generate a diverse set of B cells, and the population actually
found in a participant tells us which lineages were selected for
proliferation through activation by a cognate antigen. Thus, it is

natural to apply UniFrac to antibody repertoire sequence data.
The original method based on a single gene (the 16S rRNA
gene) can be extended (20) to account for the use of multiple
genes (here, the various VDJ rearrangements).
In our implementation of UniFrac, each group of sequences

having the same V-gene, J-gene, and CDR3 length is combined into
a phylogenetic tree rooted at a pseudo-germline sequence con-
structed by masking any allelic or junctional differences between
participants. Because all groups originate from rearrangement of
the full heavy-chain locus, we consider all of the pseudo-germline
sequences to be at the same level, the root level, in the overall
phylogeny of repertoires. We then compute a weighted UniFrac
distance on the overall phylogenetic tree encompassing all groups as
described in SI Materials and Methods. Applying UniFrac to a
separate cohort of young individuals sampled at eight time points
over the course of 2 wk indicated that changes in a participant’s
repertoire composition over a span of 2 wk were resolvable but
substantially smaller than differences between individuals (Fig. S1).
Applying UniFrac to our main cohort indicated that aging in-

creased the phylogenetic distinctness of the affected immune rep-
ertoires, reflecting how different individuals’ immune repertoires
diverge with time (Fig. 1 B and C; nonnormalized unique branch
lengths of the phylogenetic tree are also shown in Fig. S2). Indeed,
let us consider the sum of two participants’ ages to represent the
time span over which their antibody repertoires, assumed to be
comparable at birth, have diverged evolutionarily as a result of id-
iosyncratic pathogen exposure. Then, we find that UniFrac distance
between participants is positively correlated with divergence time
[Pearson product-momentum correlation coefficient (PPMCC) =
0.40 with P = 7.4 × 10−9; P = 0.038, Mantel test), particularly in the
CMV− group (PPMCC = 0.50 with P = 4.2 × 10−4) and less so in
the CMV+ group (PPMCC = 0.37 with P = 0.012). The age-related
increase in UniFrac was less pronounced in the CMV+ group than
in the CMV− group because the CMV+ group exhibited elevated
UniFrac values even among young participants (comparable to el-
derly participants in the CMV− group; Fig. 1C). These observations
demonstrate, on a phylogenetic level, the continual specialization
undergone by the B-cell repertoire over a lifetime, accelerated by
chronic infection. This finding is consistent with reports of persistent
clonal expansions in the elderly over the long term (at visits sepa-
rated by a year) (10).
Therefore, we investigated whether short-term repertoire plasticity

in response to a well-defined immunogenic challenge might be neg-
atively affected with increasing age. We found indeed that UniFrac
distances between prevaccine and postvaccine samples were smaller
in the elderly than in the young participants [P = 3.9 × 10−3 for
UniFrac (day 0, day 7), P = 7.3 × 10−4 for UniFrac (day 0, day 28);
Fig. 1D]. Decreased distances from prevaccine to postvaccine rep-
ertoires may suggest impairment of affinity maturation in response to
the vaccine. It should be noted that the distance between prevaccine
and postvaccine samples can result from a convolution of two sepa-
rate effects: temporal changes in the repertoire and sampling of se-
quences that were present at both time points but only captured at
one of them (given the limited size of blood samples and sequencing
coverage). To address the challenge of limited capture, we estimated
the true diversity of new IGH sequences created from pre-
vaccine to postvaccine repertoires using nonparametric statistics
on the molecular abundance profiles (21, 22) and found that the
newly created diversity was decreased in the elderly (Fig. S3A),
which qualitatively corroborates our UniFrac findings. Aside
from impaired affinity maturation, another explanation for re-
duced day 0–day 28 distances might be the longer flu vaccination
history of the elderly, but day 0–day 28 distances were not found
to be inversely correlated with prevaccination serum antibody
titers (Fig. S3B).

Characterization of Oligoclonal B-Cell Expansions in Aging. A subset
of elderly individuals has been reported to have an oligoclonal

BA
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D

Fig. 1. Comparison of repertoire distances between individuals. (A) Study
design. PBMCs, peripheral blood mononuclear cells. (B) UniFrac distances
between study participants at baseline. Participant labels begin with a two-
letter code indicating age group and CMV status. (C) Comparison of be-
tween-participant UniFrac values at baseline by age range and CMV status.
(D) Within-participant longitudinal UniFrac values.
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repertoire structure not found in young subjects, where one or several
B-cell lineages are expanded to abnormal proportions (8, 23). This
finding is confirmed by our data (Fig. 2A). Here, we defined a lineage
or clone as a set of sequences derived from the same putative VDJ
rearrangement event, identified by requiring sequences to have the
same V-gene, the same J-gene, the same CDR3 length, and 90%
similarity in the CDR3 in single-linkage clustering. Oligoclonality was
then defined as the presence of at least one lineage constituting more
than 5% of the repertoire by molecular abundance at all three time
points. Five of 10 elderly subjects displayed oligoclonality, whereas no
young subjects did (Fig. 2A). Interestingly, the abnormally expanded
“superlineages” continued to make up a similar fraction of the total
repertoire at days 7 and 28 after vaccination as they did before vac-
cination at day 0, indicating that the size of any vaccine response [e.g.,
release of recalled IgG plasmablasts around day 7 (11, 24, 25)] was
minor compared with the weight of the superlineages. Note that no
CDR3 sequences were shared between superlineages, which provides
confidence that superlineages did not arise from contamination.
We asked what characterized the composition of the super-

lineages. The dominant (i.e., most abundant) lineage in non-
oligoclonal participants contained either a majority of IgM
sequences or a majority of IgA sequences (Fig. 2B). In contrast,

the dominant lineage in oligoclonal participants tended to con-
sist almost exclusively of IgM except for one case dominated by
IgG (Fig. 2B). The elevated mutation loads of the superlineages
compared with the rest of the repertoire were consistent with a
memory character (Fig. 2C). Note that superlineages in oligo-
clonal participants tended to have higher mutation loads than
dominant lineages from similarly aged nonoligoclonal partici-
pants (Fig. 2C). The degree of expansion, elevated mutation
loads, and persistence in the face of vaccine challenge all suggest
that the superlineages have existed in the affected participants
for a long time, a notion consistent with previous reports of
clonal expansions persisting over the course of at least an entire
year in the elderly (10).
Surprisingly, we detected IgD sequences within the super-

lineages: Naive B cells express both IgD and IgM, whereas an-
tigen-experienced B cells typically lose expression of IgD. IgD
sequences in the superlineages of oligoclonal participants were,
on average, more highly mutated than IgD sequences in the most
abundant lineages of nonoligoclonal elderly or young partici-
pants (P = 0.014; Fig. 2D). The highly mutated IgD sequences
may stem either from atypical IgD+IgM+ memory cells express-
ing both IgM and IgD via alternative splicing (26–29) or from
rare IgM−IgD+ B cells having entirely class-switched to IgD via
genetic recombination (26, 30). We noted that an appreciable
percentage of VDJ sequences with the IgD isotype was absent
from the IgM isotype in oligoclonal participants’ superlineages
(Fig. 2E), larger than the corresponding percentage in non-
oligoclonal elderly or young participants (P = 0.040). This ob-
servation suggests that superlineages may be characterized by an
increased prevalence of IgM−IgD+ B cells. Little is known about
the function of IgD, but antibodies from IgD-switched B cells
have been reported to be highly autoreactive (30). It has been
hypothesized that IgD influences signaling so as to reduce neg-
ative selection of B cells that express it (31). Such an effect might
play a role in ensuring preservation of a “diversely reactive res-
ervoir” (32) for future needs even as the cells with the highest
affinity to a specific antigen undergo proliferation during an in-
fection. We speculate that the IgD+ memory B cells detected
here may play a role in sustaining the proliferation of these
superlineages, and that hypermutating IgD+ cells may merit
renewed attention in the context of aging.

Effect of Aging on Repertoire Structure. IGH repertoire diversity,
corrected for uncaptured sequences using the Chao1 estimator
(21), was seen to decrease with age (Fig. 3A), consistent with
previous studies (8, 23). A recently proposed estimator for the
unseen fraction of sequences (33) gave similar results (Fig. S4).
Repertoire homeostasis was disturbed, as evidenced by increased
proportions of isotype-switched sequences (IgA and IgG; Fig. 3A)
and decreased proportions of naive sequences (unmutated IgD+;
Fig. 3B). Note that, at baseline, the largest naive proportion was
observed in young CMV− participants, whereas young CMV+

participants were more similar to the elderly groups (Fig. 3B). This
finding is reminiscent of results regarding relative numbers of
memory T cells compared with naive T cells that have suggested
CMV infection induces premature immune aging (34, 35).
To understand how the capacity for vaccine response might be

affected by the age-related loss of IGH diversity, we sought to
identify which subsets of B cells were responsible. Loss of di-
versity in the naive compartment may result in an insufficient
substrate for immune responses to novel antigens, whereas loss
of diversity in the antigen-experienced compartment may signify
deficiency in function and refinement of B-cell memory. In-
terestingly, we found that both compartments were affected by
restrictions in diversity: The effect appeared to be driven by age
in the antigen-experienced compartment, and by both age and
CMV status in the naive compartment (Fig. 3B). Consistent with
the differential effects of age and CMV on the naive and the
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Fig. 2. Dissection of oligoclonality. (A) Lineage composition of repertoires
by abundance of RNA molecules. The 20 most abundant lineages across all
visits are distinguished by color and vertical order; transcripts belonging to
the less abundant lineages are represented in gray. Participants displaying
oligoclonality are labeled “oligocl.”. (B) Isotype proportions (weighted by
distinct sequences rather than molecular abundance) in the most abundant
lineage at baseline. (C) Mutation loads in isotype-unswitched versus
switched compartments of the most abundant lineage and of the rest of the
repertoire. (D) Average mutation loads in IgD sequences. (E) Percentage of
VDJ sequences in the IgD compartment that were not observed in the IgM
compartment.

de Bourcy et al. PNAS | January 31, 2017 | vol. 114 | no. 5 | 1107

IM
M
U
N
O
LO

G
Y
A
N
D

IN
FL
A
M
M
A
TI
O
N

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1617959114/-/DCSupplemental/pnas.201617959SI.pdf?targetid=nameddest=SF4


antigen-experienced compartments, the fraction of IgM diversity
shared with IgD (corresponding to a naive IgM+IgD+ phenotype)
tended to be higher in CMV− than CMV+ participants regardless
of age (Fig. 3C; P = 0.023).
Repertoire diversity is determined by two separate factors: the

number of distinct B-cell lineages present and the number of
different somatic mutations existing within each lineage. The
number of lineages is known to be reduced in the elderly (8),
raising the question of whether that factor alone is responsible for
loss of diversity or whether a decrease in within-lineage mutational
diversification plays a role as well. Although there have been in-
dividual reports of persistently expanded B-cell lineages with low
mutational diversity in some elderly subjects (10), a systematic
repertoire-wide characterization of within-lineage diversity has
been lacking. Here, we compared the average entropy per nu-
cleotide for lineages of equal sizes and found that elderly

participants tended to display lower intralineage sequence entropy
than young adults, and that the effect becomes more pronounced
as lineages become more expanded (Fig. 3D). This observation
indicates that elderly lineages cover a smaller portion of sequence
space, perhaps as a result of a longer history of mutation fixation.

Effect of Age and CMV Status on Vaccine Response. It has been
reported that in young individuals, but not in elderly individuals,
CMV infection enhances the serological response to influenza
vaccination and leads to increased CD8+ effector memory T-cell
frequencies, increased sensitivity of CD8+ T cells to cytokine
stimuli, and increased levels of circulating IFN-γ (36). Here, we
are able to probe the effects of CMV infection and age on the
influenza vaccine response at the level of the B-cell heavy-chain
repertoire. Of B-cell lineages that were detected at both day
0 and day 7, likely to be long-lived memory lineages, we asked
what fraction had increased their transcript abundance from day
0 to day 7. Lineages responding in this way may correspond to B
cells undergoing activation with further affinity maturation and/or
differentiation into plasmablasts. Although elderly participants
tend to have fewer lineages overall than young participants both
prevaccination and postvaccination (8), we found that the frac-
tion of persistent lineages responding to the vaccine was similar
for both age groups (Fig. 3E). On the other hand, CMV+ indi-
viduals showed a markedly elevated fraction of responding
lineages (P = 0.003). This finding suggests that CMV infection
may enhance the activation process of memory B cells in both
young and elderly participants. Age-related deficiencies of other
immune components or a lessened ability to diversify the existing
memory pool into high-affinity antibodies in aging may explain
why an enhanced serum antibody response to influenza vaccine
has been detected only in young, but not in elderly, CMV+ in-
dividuals (36).
Next, we sought to address mutational diversification of lineages

persisting through vaccine challenge. To this end, we defined a
lineage “radius” as the maximum edit distance between any two
CDR3 sequences in the lineage. By comparing the radii from
pooled day 0 and day 28 sequences with the radii from day 0 se-
quences alone, we attempt to elucidate the degree of mutational
excursion a lineage has undergone (Fig. S5). We observed that
lineages tended to show increases in radius less often in the elderly
than in the young (Fig. 3F), providing another indication that el-
derly participants’ repertoire contraction is associated with reduced
intralineage mutational diversification.

Effect of Age on Somatic Mutation Character.Additional information
about the process of affinity maturation may be gained by ana-
lyzing how each mutation affects antibody amino acid sequences.
Certain mutations may introduce premature stop codons into the
heavy-chain sequence, in which case the corresponding transcripts
are not expected to be translated to proteins. We found that the
fraction of such unproductive sequences was low, but enriched in
certain elderly subjects (Fig. 4A). Assuming B cells with un-
productive sequences no longer bind antigen, and thus no longer
proliferate, we can use overall V-segment mutation counts as a
molecular clock to estimate at which point in the affinity matu-
ration process the nonsense mutation appeared. As might be
expected, sequences with premature stop codons, on average,
displayed higher overall mutation loads than productive sequences
(Fig. 4B), suggesting that the nonsense mutations arose late in
B-cell lineages undergoing a large amount of proliferation with
somatic hypermutation. Interestingly, according to the molecular
clock, stop codons seemed to arise somewhat earlier in the
hypermutation process for elderly participants than for young
participants (Fig. 4B), which might explain why affected sequences
make up a larger fraction of the repertoire. Note that the effect
cannot be attributed to lower mutation loads across the entire
repertoire, because productive sequences’ mutation loads were
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Fig. 3. Repertoire structure as relevant to vaccine response. (A) Chao1 (21)
estimates of repertoire diversity by isotype compartment and isotype pro-
portions of observed sequences. (B) Relative and absolute sizes of naive and
antigen-experienced compartments, in terms of numbers of distinct se-
quences estimated using Chao1. Here, isotype and mutation levels were used
as proxies to separate compartments: “Naive” counts were based only on
unmutated IgD sequences, and “antigen-experienced” counts were based
only on IgA and IgG sequences. (C) Percentage of VDJ sequences in the IgM
compartment that were also observed in the IgD compartment. (D) Analysis
of within-lineage sequence entropy. The mean entropy per nucleotide was
calculated for the sequences in each lineage and then averaged over all
lineages with equal numbers of distinct sequences. Curves were smoothed
using a moving-average filter of width 5 values. (E) Polyclonal vaccine re-
sponse at day 7: Of lineages present at both day 0 and day 7, the percentage
that increased in abundance from day 0 to day 7 (excluding superlineages) is
shown. (F) Distribution of baseline-to-endpoint lineage radius increases.
Here, only lineages present at both day 0 and day 28 were considered, and
lineage radii from pooled day 0 and day 28 sequences were compared with
radii from day 0 sequences.
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similar or, on the contrary, slightly elevated in the elderly [it is
known that elderly individuals’ memory cells tend to be more
highly mutated (8, 10)]. The distribution of the observed pre-
mature stop codons across IGH regions also differed between
young and elderly individuals: In the elderly, stop codons occurred
more often outside the CDR3 (Fig. 4C; P = 0.029). Stop codons
were most concentrated in the CDR3 for young CMV− subjects;
CMV seropositivity appeared to have a similar effect as age in
shifting prevalence outside the CDR3.
Next, we focus on nonsynonymous mutations that alter the

amino acid sequence without producing stop codons. The phys-
icochemical properties of the new residue may be very similar to
the old residue, making the mutation conservative, or they may
be very distinct, potentially leading to a large change in the
binding affinities of the antibody. We adopt the international
ImMunoGeneTics information system (IMGT) classification of
amino acid mutations based on changes in hydropathy, volume,
and chemical characteristics (37), and consider mutations si-
multaneously changing class in at least two of the three aspects to
be radical. Investigating the vaccine response by analyzing IgA
and IgG sequences at day 7, we observed that young participants
tended to display higher proportions of radical mutations than
elderly individuals (Fig. 4D; P = 0.023). A plausible explanation
is that young adults’ repertoires explore a wide portion of affinity
space in a coarse-grained manner by substituting very dissimilar
amino acids, whereas elderly people predominantly fine-tune
their memory repertoire by substituting similar amino acids.

Discussion
Immune senescence is thought to be a major cause of morbidity and
mortality in the elderly. We have studied the effect of aging on the
adaptive immune system by carrying out a phylogenetic analysis of the
IGH repertoire. Our findings paint a picture in which antibody rep-
ertoires become increasingly specialized over a span of decades,
presumably because of accumulating exposures to immune stimuli,
while becoming less and less plastic, coming to be dominated in some
cases by a few enormously expanded recall lineages undisturbed by
the immunogenic challenge of a flu vaccine. Perhaps related to a
phenomenon of overspecialization, both naive and antigen-

experienced repertoires are found to exhibit age-related restriction of
diversity. We detected various factors capable of causing difficulties in
mounting new immune responses for elderly individuals. On the
one hand, the naive repertoire was shrunk in comparison to the
total repertoire, signifying a reduced substrate for mounting novel
responses unaffected by original antigenic sin. On the other hand,
within-lineage mutational diversification was reduced, perhaps
due to a longer history of mutation fixation, impaired somatic
hypermutation processes, and/or impaired clonal selection pro-
cesses. Evidence for an altered process of somatic hypermutation
is the appearance of premature stop codons at lower overall
mutation loads in different IGH regions and at an increased fre-
quency. Evidence for altered selection processes is a decreased
incidence of radical mutations compared with conservative mu-
tations, another indication that accumulating original antigenic sin
may be limiting the accessible space of binding affinities.
Some of the changes observed in old age were also observed in

chronic CMV infection (albeit to a lesser degree), supporting
previous proposals that CMV causes premature immune aging,
but other changes were unique to either aging or CMV infection.
Although both CMV seropositivity and old age appeared to re-
strict the proportion of the naive sequences, only old age re-
stricted the size of the antigen-experienced compartment.
Furthermore, oligoclonality was only seen in old age, and was
seen regardless of CMV status. On the other hand, only CMV
increased the fraction of persistent lineages responding to flu
vaccination. These results reinforce the importance of account-
ing for the potential presence of chronic infection when studying
the effects of aging on the immune system, and suggest that such
infections may have global effects on the structure of the im-
mune system and even affect its response to unrelated chal-
lenges, such as vaccination.
Our study applied a phylogenetic distance metric (UniFrac) to

antibody repertoires, adding a new instrument to the toolbox of
computational immunologists. Antibody repertoire sequencing is a
powerful tool for studying the development of adaptive immune
responses. Studies such as ours typically generate on the order of 104

to 106 distinct high-fidelity antibody heavy-chain sequences per
participant per visit. A method of quantifying similarity between
these complex ensembles of sequences by exploiting the full
phylogenetic information contained in the data had previously
been lacking. UniFrac was found to be useful both as an explor-
atory visualization tool for whole repertoires and as a means of
asking pointed questions. When applying UniFrac, it is important
to consider technical issues, such as total read depth and sub-
sampling, to normalize read depth between samples (SI Materials
and Methods), but when such factors are controlled, one can ob-
tain reliable results. By studying temporal dynamics of antibody
repertoire evolution using UniFrac, we found that a person’s hu-
moral immune system evolves noticeably over a period of weeks
when challenged by an antigenic stimulus. Over a time span of
decades, we were able to resolve the increasing divergence
of different individuals’ immune systems, presumably because of
stochasticity amplified by selection due to accumulating exposures
to immune stimuli. One can envision larger cohort studies to test
whether outcomes for vaccines, infections, or immune-related
diseases could be predicted by comparing a person’s immune
repertoire with reference individuals using UniFrac.

Materials and Methods
All materials andmethods are discussed in detail in SI Materials andMethods.
The Stanford Institutional Review Board approved protocols, and partici-
pants gave informed consent. The BCR repertoire sequencing process was a
minor variation on a previously published protocol (11). Briefly, RT was
carried out on 500 ng of total RNA from peripheral blood mononuclear cells
using primers annealing to the IGH-constant region (Table S2); second-
strand synthesis was carried out using IGH variable-region primers (Table S3).
Constant-region and variable-region primers all contained eight random

B

C

D

A

Fig. 4. Nonsense and missense amino acid mutation analysis. (A) Percent-
age of IGH sequences that contained at least one premature stop codon,
while being in-frame. (B) Average number of V-region somatic mutations
among in-frame sequences with a premature stop codon. The P value is from
a two-sided Wilcoxon–Mann–Whitney test. (C) Percentage of observed
premature stop codons that occurred in the CDR3. (D) Percentage of amino
acid mutations in IgA and IgG sequences at day 7 that were considered
radical. Similarity between the germline residue and the mutated residue
was assessed by IMGT based on three aspects: hydropathy, volume, and
chemical characteristics; a mutation was called “radical” if the residue
changed class in at least two aspects.
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nucleotides to be used as molecule unique identifiers during analysis. Fol-
lowing Ampure purification (Beckman Coulter), double-stranded cDNA was
PCR-amplified with primers containing Illumina adapters as well as sample
multiplexing indexes. After sample pooling and gel purification, libraries
were sequenced on the NextSeq platform (Illumina) with 150-bp paired-end
reads. Reads were processed using the pRESTO suite (38), the IMGT/
HighV-QUEST tool (39), the Change-O suite (40), and our own analysis scripts
uploaded to https://github.com/cdebourcy/PNAS_immune_aging. More de-
tails on UniFrac computations are provided in SI Materials and Methods and
Figs. S6 and S7. Raw sequencing data from this study are publicly accessible
at National Center for Biotechnology Information BioProject (accession
no. PRJNA356133).
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