
that senescent cells are uniformly deleterious
throughout atherogenesis. Very early fatty streaks
contain abundant senescent foam cell macro-
phages, which create an environment conducive
to further lesion growth by up-regulating inflam-
matory cytokines and monocyte chemotactic
factors. Removal of p16Ink4a+ foamy macrophages
from fatty streaks led to marked lesion regres-
sion. In contrast, advanced plaques contain three
morphologically distinct senescent cell types that
not only drive lesion maturation through inflam-
mation and monocyte chemotaxis but also pro-
mote extracellular matrix degradation. Clearing
senescent cells from advanced lesions inhibits
both plaque growth and maladaptive plaque re-
modeling processes associated with plaque rup-
ture, including fibrous cap thinning and elastic
fiber degeneration. Furthermore, senescent cells
in lesions show heightened expression of key
SASP factors and effectors of inflammation,
monocyte chemotaxis, and proteolysis, including
Il1a, Mcp1, Mmp12, and Mmp13. These data sug-
gest that senescent cells can directly influence
core proatherogenic processes through spe-
cific secreted factors. By comparison, the ex-
pression of other factors such as Mmp3, Tnfa,
and Vcam1 is reduced with senolysis, but these
factors are not enriched in p16Ink4a+ cells, which
implies that senescent cells also can influence the
proatherogenic milieu indirectly. Collectively, our
results show that senescent cells drive athero-
sclerosis at all stages through paracrine activity
and raise the possibility that druglike molecules
that remove senescent cells from patients with-
out toxic side effects could contribute to ther-
apeutic management of the disease.
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Chimpanzee genomic diversity
reveals ancient admixture
with bonobos
Marc de Manuel,1* Martin Kuhlwilm,1* Peter Frandsen,2,3* Vitor C. Sousa,4,5
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Our closest living relatives, chimpanzees and bonobos, have a complex demographic
history. We analyzed the high-coverage whole genomes of 75 wild-born chimpanzees
and bonobos from 10 countries in Africa. We found that chimpanzee population
substructure makes genetic information a good predictor of geographic origin at country
and regional scales. Multiple lines of evidence suggest that gene flow occurred from
bonobos into the ancestors of central and eastern chimpanzees between 200,000 and
550,000 years ago, probably with subsequent spread into Nigeria-Cameroon chimpanzees.
Together with another, possibly more recent contact (after 200,000 years ago), bonobos
contributed less than 1% to the central chimpanzee genomes. Admixture
thus appears to have been widespread during hominid evolution.

C
ompared with our knowledge of the ori-
gins and population history of humans,
much less is known about the extant spe-
cies closest to humans, chimpanzees (Pan
troglodytes) and bonobos (Pan paniscus).

Unraveling the demographic histories of our closest
living relatives provides an opportunity for com-
parisons with our own history and thus for study-
ing processes that might have played a recurring
role in hominid evolution. Because of a paucity of
fossil records (1), our understanding of the demo-
graphic history of the Pan genus has primarily
relied on population genetic data frommitochon-
drial genomes (2, 3), nuclear fragments (4, 5), and
microsatellites (6, 7). More recently, the analysis
of whole-genome sequences from chimpanzees
and bonobos has hinted at a complex evolution-
ary history for the four taxonomically recognized
chimpanzee subspecies (8). However, although

chimpanzees and bonobos hybridize in captivity
(9), the extent of interbreeding among chimpan-
zee subspecies and between chimpanzees and
bonobos in the wild remains unclear.
We analyzed 75 complete genomes from the

Pan genus, of which 40 were sequenced for this
project to a mean sequence coverage of 25-fold.
Our samples span 10 African countries, from the
westernmost to the easternmost regions of the
chimpanzee range (Fig. 1A). We discovered 32%
more variable sites than previously identified (8, 10),
highlighting the value of our sampling scheme.
Different lines of evidence suggest larger histor-
ical effective population sizes in central chim-
panzees, including haplotype diversity in each
subspecies (fig. S5), Y chromosome diversity (fig.
S3), fixation index (FST)–based phylogenies (fig.
S16), and genome-wide linkage disequilibrium
(fig S6). An analysis of the long-term demographic
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history with the Pairwise Sequentially Markovian
Coalescent model (11) (fig. S17) and a composite-
likelihood modeling approach performed to fit
the observed joint site frequency spectrum (SFS)
(12) indicate a high long-term population size in
central chimpanzees (10). The apportionment of
genetic diversity among Pan populations reveals
that central chimpanzees retain the highest diver-
sity in the chimpanzee lineage, whereas the
western, Nigeria-Cameroon, and eastern subspe-
cies harbor signals of population bottlenecks.
We explored chimpanzee population structure

to determine the extent to which genetic infor-

mation can predict geographic origin. This is
important because determining the geographical
origin of confiscated individuals can help to
localize hotspots of illegal trafficking (13). Prin-
cipal component analysis (PCA) and population
clustering analyses both reveal local stratifica-
tion in central and eastern chimpanzees (Fig. 1,
B and C) (10). Although we could not include
enough geolocalized samples to assess fine-scale
population structure in Nigeria-Cameroon and
western chimpanzees, we expect that similar
stratification would be found with broader sam-
pling. To test the accuracy of our predictions, we

produced low-coverage whole-genome sequences
for six additional individuals whose geographical
origins were known (table S1) and sequenced
chromosome 21 from four Global Positioning Sys-
tem (GPS)–labeled fecal samples, all from central
and eastern chimpanzees (10). The genetic pre-
dictions are accurate to the levels of country and
region within a country (Fig. 1, B and C). In the
future, the origins of confiscated chimpanzees
will probably be discernible with sufficient data
from reference populations, with implications for
the in situ and ex situmanagement of this species.
Given that multiple events of gene flow be-

tween modern and archaic humans have been
described (14–17), we explored similar evidence
of admixture within the Pan genus. In our SFS-
based demographic model, we found support
for gene flow among chimpanzee subspecies
embedded in an improved picture of the com-
plex population history (10, 12). Previously, gene
flow between chimpanzees and bonobos was not
supported in analyses of low-coverage genomes
(18). However, we found that central, eastern,
and Nigeria-Cameroon chimpanzees share sig-
nificantly more derived alleles with bonobos than
western chimpanzees do (Fig. 2A and fig. S26).
Although an excess of derived allele sharing has
been reported previously, it was attributed to
greater genetic drift in the western subspecies
(6, 19) or described as inconclusive owing to in-
sufficient sampling (20), but using high-coverage
data from more individuals allows us to investi-
gate the possibility of migration. Because the
chance of derived alleles being introduced through
gene flow from bonobos into chimpanzees in-
creases with the frequency in the donor pop-
ulation, alleles that occur at high frequencies are
expected to exhibit greater sharing (15, 17). In-
deed, derived alleles that occur at high frequen-
cies in bonobos are disproportionally shared with
central chimpanzees relative to western chim-
panzees (Fig. 2B and fig. S28). Because we used
sites with high sequence coverage, we can exclude
contamination as a potential source of unequal
allele sharing. Furthermore, gene flow should
introduce bonobo alleles into chimpanzee pop-
ulations at low frequencies. We found that these
shared derived alleles do segregate at low and
moderate frequencies in the nonwestern chim-
panzee populations (Fig. 2C and fig. S30). This
observation suggests ancient low-level gene flow
from bonobos, with a minority of introgressed
alleles drifting to moderate frequencies after
segregating in the chimpanzee populations—a
scenario that is supported by the demographic
model, particularly with respect to gene flow into
the ancestor of central and eastern chimpanzees
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Fig. 1. Chimpanzee geography and genetic substructure. (A) Geographic distribution of Pan pop-
ulations. Reported coordinates for chimpanzee individuals are shown as circles colored by broad region of
origin.Grouping is based on prior information about geographical origin (table S1),with lines connecting to
clustered locations within the current range of subspecies. No further coordinates were available for
Equatorial Guinea andNigeria-Cameroon. DRC, Democratic Republic of the Congo. (B andC) PCA plots of
chromosome 21 single-nucleotide polymorphism data for (B) central and (C) eastern chimpanzees. PCA
coordinates were modified by Procrustes transformation. Samples of unknown origin are colored in gray.
Circles, high-coverage genomes; squares, low-coverage genomes; triangles, chromosome 21 captured
from fecal samples. These GPS-labeled samples cluster within the range of regional genetic variation
reported in whole-genome sampling.
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Fig. 2. Genome-wide statistics support gene
flow between chimpanzees and bonobos.
(A) Population-wise D statistic of the form D(X,Y;
bonobos, human). Error bars correspond to two
standard errors. Nonwestern chimpanzees share
more derived alleles with bonobos than western
chimpanzees do. (B) Western and central chim-
panzee allele sharing with bonobos, binned by
derived allele frequency in bonobos (Dj); bonobo
alleles are more often shared with central chim-
panzees across bonobo allele frequencies. Top,
real data; middle, simulations without gene flow;
bottom, simulations of a model with gene flow
into nonwestern chimpanzees. Lines of best fit
are in gray. (C) Western and central chimpanzee
allele sharing with bonobos, stratified by both
bonobo and chimpanzee derived allele frequen-
cy, calculated at a given frequency in bonobos
and at least one of the chimpanzee subspecies
(the color gradient represents the extent of shar-
ing). (D) Divergence between chimpanzee sub-
species versus minimum divergence to bonobos
at sites with bonobo derived allele frequencies of
≥90% in windows of 50 kbp. Error bars repre-
sent 95% confidence intervals from 500 bootstrap
replicates. Segments in the genomes of central
chimpanzees with low divergence to bonobos show
high divergence to western chimpanzees. Top,
real data; middle, simulated data without gene
flow; bottom, simulated data with gene flow.
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Fig. 3. Conceptual model of a complex population history.
SFS-basedmodeling indicates several contacts between chimpan-
zees and bonobos after their divergence. Split times (thousands of
years ago, kya) andmigration rates correspond to 95%confidence
intervals obtained with the demographic model with western,
central, and eastern chimpanzees (10). Gene flow is quantified as
the scaledmigration rate (2Nm). Red arrows, gene flow frombonobos
into chimpanzees. The ancestral population of central and eastern
chimpanzees received the highest amount of bonobo alleles,
whereas central chimpanzees received additional, more recent
gene flow (<200,000 years ago). Blue arrows, highest inferred
migrations within chimpanzee subspecies (intense gene flow be-
tween central and eastern chimpanzees). a (dotted line), putative
ancient gene flow between the ancestors of all chimpanzees and
bonobos. b, more recent gene flow from chimpanzees into bonobos.
Shaded area, range of estimates across all chimpanzee popu-
lations. g, admixture between Nigeria-Cameroon and central and
eastern chimpanzees; indirect gene flow from bonobos into Nigeria-
Cameroon chimpanzees might have occurred through these con-
tacts. d, divergence time between western and Nigeria-Cameroon
chimpanzees, estimated by using MSMC2 (10).
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(Fig. 3). An alternative explanation for such
shared ancestry through incomplete lineage sort-
ing would predict such alleles to drift toward fix-
ation after their separation (10).
If bonobos contributed alleles to chimpanzees,

these should be recognizable as introgressed seg-
ments in chimpanzees (i.e., regions with unusual-
ly low divergence to bonobos and unusually high
heterozygosity). Following an approach used to
identify gene flow from modern humans into
Neandertals (17), we calculated the divergence
from bonobos to the chimpanzee alleles that re-
sult in the minimum divergence to derived al-
leles occurring at high frequencies (≥90%) in
sequence windows of 50 kilo–base pairs (kbp)
(10), and we compared it with the maximum
divergence between chimpanzee subspecies. Ge-
nomic regions in the nonwestern chimpanzees
that are least divergent to bonobos are more di-
vergent to western chimpanzees than vice versa
(Fig. 2D and fig. S36). These windows also show
an increase in heterozygosity (fig. S37).
We identified discrete putatively introgressed

regions in the individual genomes harboring he-
terozygous bonobo-like and chimpanzee hap-
lotypes (17). We detected almost an order of
magnitude more of such haplotypes in central
chimpanzees than inwestern chimpanzees,mak-
ing up a total of ~2.4% across the genomes of
10 individuals, whereas the amount is smaller
in eastern and Nigeria-Cameroon chimpanzees
(Fig. 4A and table S6). Furthermore, central chim-
panzees carry an excess of haplotypes that do not
overlap with any of the other subspecies (P <
0.01, G-test). These regions also show a signifi-
cant depletion in background selection (21) (P <
0.01,Wilcoxon rank test), suggesting that bonobo
alleles might have been disadvantageous in a
chimpanzee genetic background (10). This obser-
vation, together with the X chromosome not car-
ryingmore derived alleles shared between bonobos

and nonwestern chimpanzees (fig. S31), resembles
patterns inmodern and archaic human genomes
(16, 22, 23).
Further support for a scenario of gene flow

between chimpanzees and bonobos is provided
by a model-based inference from TreeMix (24)
(fig. S24) and the SFS-based demographic mod-
els described above (10), which have significantly
higher likelihoods when they include multiple
gene flow events between species (figs. S50 and
S52). The best-fitting models indicate a complex
admixture history, including low-level gene flow
from bonobos to central chimpanzees and the
ancestors of central and eastern chimpanzees,
as well as from chimpanzees into bonobos (Fig. 3
and figs. S51 and S54).
We used simulations to test whether these

differential allele-sharing patterns would be ex-
pected in the absence or presence of gene flow
under the demographic history inferred from our
models (10). Only a scenario including gene flow
reproduced stratified D statistics that were dif-
ferent from zero (fig. S33), and even substantial
genetic drift in the western subspecies could
not explain the asymmetries in derived alleles
shared with bonobos (figs. S34 and S35). Addi-
tionally, onlymodelswith gene flow frombonobos
into the ancestors of central and eastern chim-
panzees, and to a lesser extent into Nigeria-
Cameroon chimpanzees, reproduced the observed
patterns in sequence windows (Fig. 2D and figs.
S38 to S43) and heterozygous regions (fig. S45).
In sum, the unequal allele and haplotype sharing
is unlikely to result from alternative demograph-
ic models without gene flow from bonobos into
chimpanzee populations. Although alternative
models—e.g., with different gene flow events or
differences in population size—may explain
some features of the data, none of those tested
in this study could reproduce all features of the
data (10).

Lastly, if gene flow occurred between the Pan
species after their separation 1.5 to 2.1 million
years ago (Fig. 3), haplotypes younger than this
should be shared among them. Using ARGweaver
(25), we estimated the age of haplotypes for which
one chimpanzee subspecies coalesces within the
subtree of bonobos more recently than with
another chimpanzee subspecies (10). A fraction
of these haplotypes may result from incomplete
lineage sorting, but it has been shown that gene
flow introduces an excess of young haplotypes
into the receiving population (17). We found that
central chimpanzees carry 4.4-foldmore bonobo-
like haplotypes than western chimpanzees do and
that these are longer (P < 0.01, Wilcoxon rank
test), whereas eastern andNigeria-Cameroon chim-
panzees carry smaller amounts (table S10). These
haplotypes are inferred to coalesce 200,000 to
550,000 years ago, consistent with gene flow
from bonobos into the ancestors of central and
eastern chimpanzees less than 650,000 years
ago (Figs. 3 and 4B). The smaller amount of such
haplotypes in Nigeria-Cameroon and western
chimpanzees might result from subsequent gene
flowbetween chimpanzee populations. Addition-
ally, central chimpanzees carry a slightly larger
proportion of younger haplotypes (from 100,000
to 200,000 years ago), supporting another, more
recent phase of secondary contact between chim-
panzees and bonobos. These estimates agreewith
the phases of gene flow before and after the split
of central and eastern chimpanzees (<180,000
years ago) inferred from our demographic model
(Fig. 3) andwith the excess of bonobo-like alleles
and haplotypes in central chimpanzees. We es-
timate the overall contribution to individual
genomes at less than 1% (10).
Through the analysis of multiple high-coverage

genomes, we were able to reconstruct a complex
history of admixture within the Pan genus. It ap-
pears that there was gene flow from an ancestral
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Fig. 4. Introgressed segments and inferred age of introgressed haplotypes. (A) Numbers of putatively introgressed heterozygous segments per population
(top of each bar) and percentage of the chimpanzee genome that they constitute (bars). Dark bars represent segments uniquely found in each population; gray bars
represent simulated data without gene flow. (B) Age distribution of bonobo-like haplotypes in chimpanzee populations, as estimated by ARGweaver. Chimpanzee
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bonobo populationmostly into nonwestern chim-
panzees several hundred thousand years ago. Al-
though we cannot distinguish whether the gene
flow occurred at low levels over a long time or in
discrete pulses, it seems likely that at least two
phases of secondary contact between the two
species took place. This study reveals that our
closest living relatives experienced a history of
admixture similar to that within theHomo clade.
Thus, gene flowmight have beenwidespread dur-
ing the evolution of the great apes and hominins.
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IMMUNOMETABOLISM

Aerobic glycolysis promotes T helper 1
cell differentiation through an
epigenetic mechanism
Min Peng,1* Na Yin,1* Sagar Chhangawala,2,3 Ke Xu,1,4

Christina S. Leslie,2 Ming O. Li1†

Aerobic glycolysis (the Warburg effect) is a metabolic hallmark of activated T cells
and has been implicated in augmenting effector T cell responses, including expression
of the proinflammatory cytokine interferon-g (IFN-g), via 3′ untranslated region
(3′UTR)–mediated mechanisms. Here, we show that lactate dehydrogenase A (LDHA)
is induced in activated T cells to support aerobic glycolysis but promotes IFN-g
expression independently of its 3′UTR. Instead, LDHA maintains high concentrations of
acetyl–coenzyme A to enhance histone acetylation and transcription of Ifng. Ablation
of LDHA in T cells protects mice from immunopathology triggered by excessive IFN-g
expression or deficiency of regulatory T cells. These findings reveal an epigenetic
mechanism by which aerobic glycolysis promotes effector T cell differentiation and
suggest that LDHA may be targeted therapeutically in autoinflammatory diseases.

T
cell activation and differentiation are as-
sociated with metabolic rewiring (1–4). A
metabolic hallmark of activated T cells is
aerobic glycolysis (5), the conversion of glu-
cose to lactate in the presence of oxygen,

but its physiopathological functions remain in-
completely understood (6–8). As themajor carbon
source, glucose plays important roles in T cell
development, proliferation, and function (9–15).
However, the specific contribution of aerobic gly-
colysis to T cell responses has not been well de-
fined. Using galactose as a sugar source, aerobic
glycolysis was proposed to support interferon-g
(IFN-g) expression through3′UTR-mediatedmech-
anisms (12). Although galactose is metabolized at
a slower rate than glucose via the Leloir pathway,

both sugars are converted to lactate (16), rendering
the galactose system unable to model aerobic gly-
colysis deficiency in a definitive manner.
By converting pyruvate to lactate with regenera-

tion of nicotinamide adenine dinucleotide (NAD+)
(17), lactate dehydrogenase (LDH) defines the bio-
chemical reaction of aerobic glycolysis. LDHA and
LDHB form five tetrameric LDH isoenzymes (A4B0,
A3B1, A2B2, A1B3, and A0B4) with distinct kinetic
properties (17). In a zymography assay, activated
CD4+ T cells manifested LDH activity predomi-
nantly in the form of A4B0, similar to that of mus-
cle tissues (fig. S1A). Consistently, LDHA, but not
LDHB,was induced upon T cell activation (fig. S1B),
likely due to hypoxia-inducible factor 1a (HIF-1a)–
and c-Myc–induced transcription of Ldha (10, 11).
To study the definitive function of aerobic gly-

colysis, we deleted LDHA specifically in T cells
(CD4CreLdhafl/fl, designated as knockout, KO)
(fig. S1B) (18). Compared to activated wild-type
(WT) CD4+ T cells, KO T cells barely produced lac-
tate (Fig. 1A). Furthermore, glucose consumption
in KOT cells was reduced to ~30% ofWT amounts
(Fig. 1B), in line with a critical role for LDHA in sus-
taining aerobic glycolysis through regeneration of
NAD+ consumed at the glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) step of glycolysis (17).
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