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Population genetic studies have clearly indicated that immunity
and host defense are among the functions most frequently
subject to natural selection, and increased our understanding
of the biological relevance of the corresponding genes and their
contribution to variable immune traits and diseases. Herein, we
will focus on some recently studied forms of human adaptation
to infectious agents, including hybridization with now-extinct
hominins, such as Neanderthals and Denisovans, and
admixture between modern human populations. These studies,
which are partly enabled by the technological advances in the
sequencing of DNA from ancient remains, provide new insight
into the sources of immune response variation in contemporary
humans, such as the recently reported link between
Neanderthal heritage and susceptibility to severe COVID-19
disease. Furthermore, ancient DNA analyses, in both humans
and pathogens, allow to measure the action of natural selection
on immune genes across time and to reconstruct the impact of
past epidemics on the evolution of human immunity.
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Introduction

The relationship between humans and microbes is dou-
ble-edged; they can complement each other to maintain
homeostasis, like in the case of microbiota, or risk fatal
conflict, like when microbes cause infectious disease.
Microbes have accompanied humans since their origins
in Africa ~200 000-300 000 years ago and through their
subsequent dispersals around the world over the last
~60 000 years [1]. During their spread, humans have also
encountered a highly diverse set of new climatic,

L)
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updates

nutritional, and pathogenic conditions, to which they
had to adapt [2]. Given the strong mortality burden
imposed by pathogens, it is not surprising that human
genes involved in immune functions have evolved under
the strongest selection pressures, whether purifying, pos-
itive or balancing [3°,4]. By exploring how natural selec-
tion has shaped the variability of immune genes, popula-
tion genetic studies have informed their biological
relevance—essentiality, redundancy or adaptability—
and provided a valuable complement to clinical, epide-
miological and immunological approaches [5]. Further-
more, there is increasing evidence to suggest that natural
selection has contributed to the observed population
differences in immune responses and susceptibility to
infectious, inflammatory and autoimmune diseases [6,7].

In this review, we will not focus on the insights provided by
population genetic studies of the immune system, as they
have been extensively reviewed elsewhere [1,3°4-9].
Instead, we will discuss how hybridization with archaic
hominins and modern admixture between populations
(Figure 1) can facilitate human adaptation to pathogens
and how such events have affected present-day individual
and population differences in immune responses. Finally,
we will highlight how the use of ancient DNA, from
humans and pathogens, can inform the dynamics of past
epidemics and pinpoint genes and functions of key impor-
tance in immunity to infection.

The legacy of archaic hominins on human
immunity

When modern humans left Africa to settle the rest of the
world, they encountered ‘archaic’ hominins such as Nean-
derthals in Eurasia and Denisovans in the Asia-Pacific
region [10]. The sequencing of the genomes of archaic
hominins, including high-coverage genomes from three
Neanderthals [11-13] and one Denisovan [14], as well as
several low-coverage Neanderthal genomes [15], has
generated unprecedented knowledge on the extent of
admixture between modern and archaic humans. We
have learned that most of the Neanderthal ancestry
present in the genomes of modern humans results from
a single admixture event that occurred after the out-of-
Africa exodus, while there is increasing evidence to
suggest that modern humans admixed with Denisovans
several times in different regions [16,17,18°°]. This has
resulted in ~2% Neanderthal ancestry in the genomes of
all non-Africans, <1% Denisovan ancestry in East and
South East Asians, and up to 5% Denisovan ancestry in
some Pacific groups [18°°,19-21].
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Graphical representation of the beneficial nature of ancient or modern admixture. On the left panel, the contribution of genetic material from
archaic humans, such as Neanderthals or Denisovans, to non-Africans is represented. Neanderthals contributed genetic material to both
Europeans and Asians, while the contribution of Denisovan ancestry is restricted to the Asia-Pacific region. In most cases, the introgression of
archaic material was selected against in the genomes of modern humans, yet, in some cases, such archaic segments were beneficial for modern
human adaptation a process known as ‘adaptive introgression’. On the right panel, admixture, or gene flow, between two modern human
populations is represented. Population 2 (the donor) has sent gene flow to Population 1 (the recipient); in some cases, the genetic material of the
donor population can be beneficial for the recipient population, and such material can increase in frequency in the latter population by positive
Darwinian selection, a phenomenon known as ‘adaptive admixture’ or ‘adaptive gene flow’.

Recent studies have shown that hybridization with
closely related species can be a source of advantageous
variants facilitating the acquisition of beneficial traits (i.e.
adaptive introgression) [22]. Although the introgression of
archaic material was generally selected against in humans
[23], high levels of Neanderthal or Denisovan ancestry at
specific loci can be indicative of adaptive introgression
[10]. Over the past few years, several studies have shown
that archaic introgression has affected human immune
functions, supporting the notion that ancient admixture
facilitated genetic adaptation of modern humans to the
new pathogens they encountered around the world. An
influential study showed that innate immunity genes are
enriched in Neanderthal ancestry, highlighting the ben-
eficial nature of Neanderthal introgression [24]. Since
then, other reports have detected high levels of Nean-
derthal or Denisovan ancestry at some specific genes,
including the antiviral OAS genes, the TLRI1-6-10 gene
cluster or the inflammation-related 7NFAIP3 gene
[24-29]. More recently, a genomic study of Pacific popu-
lations, who present the highest levels of archaic ancestry
worldwide [19-21], has shown that while Neanderthals
facilitated human adaptation related to phenotypes as
diverse as immunity, neuronal development, metabolism

and dermatological/pigmentation phenotypes, the bene-
ficial nature of Denisovan introgression is primarily
restricted to immune functions [18°°].

The introgression of archaic material in humans has been
also found to affect molecular phenotypes, such as gene
expression [30,31]. For example, two studies found that
mutations associated with gene expression variation
(expression quantitative trait loci, or eQTLs) in mono-
cytes and macrophages are enriched in Neanderthal
ancestry in Europeans, particularly eQTLs associated
with antiviral responses [32,33]. Supporting further the
notion that Neanderthals facilitated genetic adaptation of
carly Eurasians to viral challenges, genes encoding viral-
interacting proteins (VIPs) are also enriched in Neander-
thal ancestry in modern humans, especially those encod-
ing proteins interacting with RNA viruses [34]. A recent
study has explored how Neanderthal ancestry has
affected other layers of gene regulation, including pro-
moters, enhancers and miRNA-mediated regulation, and
found that Neanderthal ancestry has mostly affected
enhancers that are active in adipose-related tissues and
various types of primary T cells [35]. Collectively, these
studies highlight the importance of archaic introgression
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as a vehicle for modern human adaptation, by partly
modulating human immunity against newly encountered
pathogens.

Neanderthal heritage and the recent COVID-
19 pandemic

Recent works have explored the links between admixture
with archaic hominins and human immunity against
SARS-CoV-2 infection [36°°,37]. Several genomic regions
have been associated with increased susceptibility of
developing severe forms of COVID-19, including a region
in chromosome 3 that spans 50 kb and contains six genes
[38]. The risk haplotype, which increases by 60% the odds
of being hospitalized because of COVID-19, is of Nean-
derthal origin and is present in 16% of individuals from
Europe, 50% of people from India and up to 63% of
individuals from Bangladesh (Figure 2) [36°°]. Interest-
ingly, an independent study has shown that, after
accounting for the effect of sex, age, deprivation and
region, individuals of Bangladeshi origin living in the
UK have twice more chances to die from COVID-19
than the general population, supporting the deleterious
nature of the genetic risk factor [39]. Yet, the high
frequency of the risk haplotype among some contempo-
rary populations suggests a different, even opposite adap-
tive value for it in past populations, when challenged by
other pathogens.

Of note, the Neanderthal risk haplotype on chromosome
3 is absent among East and South-East Asian populations,
an observation that well fits the extraordinarily low mor-
tality observed in this region with respect to the number
of cases. Although other factors may explain such low
mortality rates, including socio-cultural and lifestyle fac-
tors, and a different management of the pandemic, a
recent study argues that East Asians present some form
of biological adaptation to coronaviruses. By analyzing
selection signals in 420 genes encoding proteins that
interact with coronaviruses in 26 worldwide populations,
researchers have shown that the signals of positive selec-
tion, dating back to 20 000 years ago, are only present in
populations of East-Asian ancestry [40]. This suggests
that an ancient coronavirus-like epidemic occurred in the
ancestors of East Asians, the genetic legacy of which
might confer, at least to some extent, higher levels of
protection against severe COVID-19 among contempo-
rary populations living in this region.

Finally, another report shows that the legacy of Nean-
derthals has not only been detrimental for modern
humans in the context of the COVID-19 pandemic. A
Neanderthal haplotype on chromosome 12, overlapping
the antiviral OASZ, OAS2, and OAS3 and present at
frequencies of ~30% in all non-African groups (Figure 2),
has been found to reduce the odds to develop severe
COVID-19 by 22% [37]. This observation, together with
previously reported signals of positive selection targeting

the Neanderthal OAS haplotype in humans [27], lend
support to the notion that Neanderthal introgression has
been mostly beneficial for human adaptation to viral
challenges [33,34].

Modern human admixture as a source of
beneficial immune variation

Population genetic studies have distinguished two impor-
tant periods in human evolution: the Late Pleistocene,
when populations of hunter-gatherers dispersed over the
globe, encountered archaic hominins and diversified, and
the Holocene, a more recent period when large-scale
population dispersals, facilitated by technological and/
or demographic changes, resulted in admixture between
differentiated populations. Ancient DNA studies have
shown, for example, that admixture has occurred from
~7500 years ago onward in Western Europe, between
autochthonous hunter-gatherers and farmers originating
from Anatolia [41,42]. Likewise, following their dispersals
from western Central Africa ~5000-3000 years ago,
Bantu-speaking populations admixed with hunter-gath-
erer and pastoralist groups from the rainforest, the East
African highlands and the Kalahari Desert [43,44]. In the
Pacific, population dispersals starting from Taiwan,
known as the Austronesian expansion, resulted in exten-
sive admixture with populations from Indonesia, the
Philippines and Near Oceania within the last ~3000 years
[18°°,45,46]. Together, these studies indicate that recent
admixture has been pervasive and has repeatedly shaped
the genetic diversity of modern humans [47].

Similarly to adaptive archaic introgression, theoretical and
empirical evidence suggests that modern admixture
has also facilitated human genetic adaptation [48-50]
(Figure 1). Although the role of this process, known as
‘adaptive admixture’ (or adaptive gene flow), in human
evolution is yet to be fully determined, there is a growing
number of cases of adaptive traits that have been acquired
via intraspecies admixture, including resistance to patho-
gens. The most striking example is the Duffy-null FY*0O
allele, which is thought to confer protection against
Plasmodium vivax malaria (Figure 3). Indeed FY*O car-
riers do not express the Duffy antigen/chemokine recep-
tor, which is required for the invasion of human erythro-
cytes by vivax merozoites [51,52]. FY*O occurred ~42
000 years ago in sub-Saharan Africa, where it has reached
near fixation, possibly because v/vax malaria was once
endemic in the region [53]. Interestingly, FY*O has been
shown to be under strong, recent positive selection in
African-descent admixed populations from various
regions where v7vax malaria is nowadays endemic, includ-
ing Madagascar [54,55], Cabo Verde [56°], Sudan [57] and
Pakistan [58]. In the context of malaria, a recent study has
shown that the hemoglobin B¥ sickle mutation, a well-
known resistance factor against falciparum malaria,
occurred ~22 000 years ago in the ancestors of present-
day Bantu-speaking farmers from Central Africa, and was
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Figure 2
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The link between Neanderthal introgression in humans and severity to COVID-19 disease. (a) Geographic distribution of the alleles of Neanderthal
origin in modern human population that confer risk (rs35044562) or protection (rs1156361) against severe COVID-19. Bar plots indicate allele
frequencies for each Neanderthal variant. Frequency data are drawn from the 1000 Genomes Project [86]. Figures on the bottom show linkage
disequilibrium between the index (b) risk (rs35044562) or (c) protective (rs1156361) Neanderthal variants with other genetic variants from the
1000 Genomes Project. Colored circles indicate the core Neanderthal haplotypes (2 > 0.98 and r? > 0.80, respectively).

acquired by rainforest hunter-gatherers through adaptive
admixture over the last 6000 years [59°]. These findings
collectively reinforce the view that Plasmodium parasites
have imposed a strong burden on human populations for
more than 20 000 years [53,59°].

One of the earliest accounts of adaptive admixture in
humans was described for the human leukocyte antigen
(HLA) loci, which show an excess of African ancestry in

admixed Puerto Ricans [60]. Although it has been advo-
cated that different methodological artifacts can confound
the analyses [61], the signal has been consistently
detected in populations from Mexico, Colombia, Costa
Rica and Argentina [62-64]. Given the role of HLA in
resistance to infections [65,66], it has been suggested that
HILA alleles of African-descent have been selected to
protect Native Americans from diseases introduced dur-
ing the European colonization, such as smallpox, measles,

www.sciencedirect.com
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Figure 3
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Adaptive admixture at the Duffy-null FY*O allele in modern humans. Gray, light and dark orange areas indicate P. vivax-free regions and regions of
unstable and stable P. vivax transmission, respectively (adapted from Ref. [87]). The dashed areas indicate regions where the Duffy-null FY*O allele
is higher than 90%. In case 1, the region is free from P. vivax and most resident populations are resistant to vivax malaria. In case 2, P. vivax
transmission is stable, and most resident populations are susceptible to vivax malaria. In case 3, populations have recently acquired P. vivax
resistance through admixture with sub-Saharan Africans, and resistance is rapidly increasing in frequency under strong positive selection.

and typhus. However, it is unclear which pathogen(s) was
(were) responsible for the demographic collapse of Native
Americans, a question that ancient DNA studies may
soon resolve [67]. Adaptive admixture at HLA genes
has also been described in Central Africa [44] and Near
Oceania [68], highlighting HLA as a hotspot of recent
selection. Overall, these findings suggest that, in addition
to adaptive introgression, intraspecies admixture has
facilitated genetic adaptation to the ever-changing world
of pathogens that threatens our species.

Understanding recent immune evolution using
ancient DNA data

Our understanding of the evolution of immune response
genes has long been limited to statistical inferences from
patterns of genetic variation in contemporary populations,

including those harboring genetic material from archaic
hominins. However, ancient DNA techniques have facil-
itated studies of human adaptation to pathogen exposure;
by analyzing the genomes of populations from different
epochs, one can directly measure the effects of natural
selection (Figure 4). In doing so, recent studies have
increased our understanding of the last 10 000 years of
human evolution, a time transect that benefits from more
than 5000 available ancient human genomes, covering
mainly Europe but also other regions of the world.

A pioneering study, based on 230 Eurasian samples
across the Holocene period, revealed 12 loci under
strong positive selection, including three that are
directly linked to immune functions: the 7LRI0-
TLRI-TLR6 gene cluster, genes regulating autophagy

Current Opinion in Immunology 2021, 72:116-125
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A general sketch for the rational of studying past epidemics using aDNA data. Human remains of individuals that have been exposed to ancient
pathogens at different epochs, sharing some degree of genetic homogeneity (genetic continuity), are collected for DNA extraction. Human DNA
but also microbe DNA can be obtained from the collected bones. Genomics of ancient individuals are then compared, on the basis of prior
hypothesis, using statistical tools. Genome-wide assessment of selection at the variant level (Manhattan plot), intensity for the selection coefficient
of a significantly selected variant (blue distribution), age of the mutation and onset of selection for the selected variant (demographic model) and a
phylogeny for the involved pathogen can all be investigated with the extracted aDNA data. Figure was created with BioRender.com.

and the HLA region [69]. Another study sought to
explore how the arrival of Europeans to the Americas
may have altered the exposure of Native Americans to
new pathogen cues. Based on exome sequences from a
population of First Nations of the northwest coast of
Canada, dating from before and after the first contact
with Europeans, the authors observed a recent decrease
in frequency of formerly beneficial HLA-DQAI alleles in
the indigenous population, which they attribute to the
environmental changes triggered by the European
arrival [70]. However, which precise HLA alleles or
haplotypes have played a major role in human biological
adaptation remains an open question [71]. In this con-
text, the reconstruction of HLA class I and II alleles for a
large number of Europeans belonging to the Wartberg
culture (5500—4800 years ago) indicates that immune
response was probably more adapted to viral than bacte-
rial infections during the Neolithic [72°].

Interestingly, no biological or archeological evidence for
diseases of epidemic proportions have been noted earlier
than the Bronze Age in Europe [73]. The notion that the
Bronze Age has been an important period of biological
adaptation to pathogens, and particularly to bacteria, has
been recently reinforced by a study that focused on
human genetic susceptibility to Mycobacterium tuberculosis
(M. tuberculosis) [74°°]. Using a database composed of
more than 1000 ancient European genomes, dating from
the Mesolithic to the Middle Ages, we have analyzed the
frequency trajectory of the only mutation so far identified
as underlying, in homozygosity, a common monogenic
form of human tuberculosis (‘T'B), the 7YK2 P1104A
variant, which is present in 2-4% of contemporary indi-
viduals of European ancestry [75,76]. The study has
shown that the TB-risk mutation appeared in western
Eurasians ~30 000 years ago, but has evolved under
strong purifying selection only for the last 2000 years
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[74°°]. These analyses indicate that TB has imposed a
heavy burden on European health over the last two
millennia, a date that coincides with the emergence of
some specific M. tuberculosis strains in the region [77-79].

Reconstructing past epidemics through
ancient pathogen genomics

To understand how past epidemics have forged the
evolution of the immune system, one can also leverage
the field of ancient pathogen genomics, which has proven
to be informative for identifying causative agents of past
pandemics and reconstructing the history of human expo-
sure to pathogens [80,81]. The most remarkable example
relates to Yersinia pestis (Y. pestis), the causative agent of
plague. By reconstructing the genome of Y. pestis pre-
served in Neolithic farmers of ancient Sweden, found to
be basal to all modern and ancient known strains, a recent
study envisioned the possibility of a prehistoric plague
pandemic predating all other known human pandemics
[82°°]. Yet, flea adaptation, known to enhance plague
dispersal, was not acquired by Y. pestis until the end of
the Neolithic, suggesting the rise of plague epidemics
during the Bronze Age [83].

The field of ancient pathogen genomics can also inform
the history of infectious agents that remain highly rele-
vant to public health today, as is the case of M.
tuberculosis. Whereas modern genetic data had suggested
an African origin and out-of-Africa dispersal 70 000 years
ago for the causative agent of T'B [84], studies based on a
1000-year-old mycobacterial genome from Peru had re-
estimated its emergence to a maximum of 6000 years ago
[85]. Other works, based on high-quality ancient myco-
bacteria of the 18th and 17th centuries, have also sup-
ported a recent origin of TB, and the appearance of one of
the most prevalent lineages of M. tuberculosis less than
2500 years ago [78,79]. Altogether, the integration of both
ancient human and pathogen genomes into disease
modelling, combined with appropriate immune func-
tional validation, will help delineate the most significant
host—pathogen interactions during human evolution.

Conclusions

Understanding how immune gene variation has con-
tributed to our species’ survival and success through
archaic or modern admixture has been a topic of active
research over the past few years. The sequencing of the
genomes of archaic hominins and their contribution to
modern non-African ancestry [10] has allowed to
unravel some key immune players that facilitated the
adaptation of early non-Africans to the newly encoun-
tered environments. Likewise, admixture between
modern human groups during the Holocene has
enabled genetic adaptation to pre-existing pathogens,
supporting the poisonfantidote model whereby a popula-
tion transmits a new disease to another population (the
poison) but also the means to fight it (the antidote) [34].

Possible cases include that of rainforest hunter-
gatherers from Central Africa who recently acquired
the sickle-cell mutation from neighboring farmers to
prevent malaria [59°], and that of Latin Americans who
have most likely acquired beneficial HLA alleles
through admixture with Africans, following the Euro-
pean colonization and the respective introduction of
new pathogens [60,62—-64]. Despite these new findings,
the study of how humans from different regions of the
world have historically adapted to the diverse set of
pathogens they have encountered remains in its
infancy. Yet, the study of human genetic diversity is
at the basis of understanding the observed population
differences in immune responses, which is essential for
the development of therapeutic treatments at a world-
wide scale. Exploring, for example, immune gene
diversity in Pacific populations, with the highest
amount of combined archaic ancestry, and in African
populations, with the lowest, might reveal key genetic
components underlying population disparities in sus-
ceptibility to infectious, inflammatory, and autoim-
mune disorders.

Ancient DNA studies are also expected to shed light on
the role of yet unknown immune-related loci, especially
on those having undergone purifying selection, that is,
the selective removal of deleterious alleles from the
population. The use of modern DNA datasets to study
negatively selected variants has been a daunting task
because, in light of their deleterious nature, such variants
are underrepresented, if not extinct, in contemporary
populations. In this context, ancient genomic studies
based on allele frequency fluctuations over time, as that
on the TB-risk 7YK2 P1104A allele [74°°], can be used to
delineate human genetic variants that have been
selected due to microbial pressure. Studies of ancient
populations dating from before, during and after massive
death episodes, such as past epidemics, might reveal
strong signatures of selection owing to specific infectious
agents. For example, ancient DNA data should help
reconstructing the impact of Black Death in European
populations as well as the burden caused by the Euro-
pean arrival (and their pathogens) in Native American
populations at the immune level. Furthermore, the
reconstruction of how humans have adapted to major
pandemics in the past will help understanding the
genetic factors involved in our current predisposition
to infectious disease. In this context, additional studies
with denser ancient DNA datasets across time and space,
combined with modern genomes from additional popu-
lations and innovative methodological tools to detect
more complex patterns of selection, will improve our
understanding of the determinants of human immune
evolution and its current diversity.

Conflict of interest statement
Nothing declared.

Current Opinion in Immunology 2021, 72:116-125

www.sciencedirect.com



New insights into human immunity from ancient genomics Kerner, Patin and Quintana-Murci 123

Acknowledgements

The laboratory of Human Evolutionary Genetics is supported by the
Institut Pasteur, the College de France, the Centre Nationale de la
Recherche Scientifique (CNRS), the Agence Nationale de la Recherche
(ANR) grants LIFECHANGE (ANR-17- CE12-0018-02), MORTUI (ANR-
19-CE35-0005) CNSVIRGEN (ANR-19-CE15-0009-02) and COVID-19-
POPCELL (ANR-21-C0O14-003-01), the French Government’s
Investissement d’Avenir program, Laboratoires d’Excellence ‘Integrative
Biology of Emerging Infectious Diseases’ (ANR-10- LABX-62-IBEID) and
‘Milieu Intérieur’ (ANR-10-LABX-69-01), the Fondation pour la Recherche
Médicale (Equipe FRM DEQ20180339214), the Fondation Allianz-Institut
de France, and the Fondation de France (n°00106080).

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

e of special interest
ee Of outstanding interest

1. Karlsson EK, Kwiatkowski DP, Sabeti PC: Natural selection and
infectious disease in human populations. Nat Rev Genet 2014,
15:379-393.

2. Fan S, Hansen ME, Lo Y, Tishkoff SA: Going global by adapting
local: a review of recent human adaptation. Science 2016,
354:54-59.

3. Quintana-Murci L: Human immunology through the lens of
evolutlonary genetics. Cell 2019, 177:184-199

Th|s review broadly covers the last decades of population genetics

studies related to how natural seleciton, in its different forms and inten-

sities, has affected the evolution of immune genes in humans.

4. Barreiro LB, Quintana-Murci L: Evolutionary and population (epi)
genetics of immunity to infection. Hum Genet 2020, 139:723-
732.

5. Quintana-Murci L, Alcais A, Abel L, Casanova JL: Immunology in
natura: clinical, epidemiological and evolutionary genetics of
infectious diseases. Nat Immunol 2007, 8:1165-1171.

6. Brinkworth JF, Barreiro LB: The contribution of natural selection
to present-day susceptibility to chronic inflammatory and
autoimmune disease. Curr Opin Immunol 2014, 31:66-78.

7. Sanz J, Randolph HE, Barreiro LB: Genetic and evolutionary
determinants of human population variation in immune
responses. Curr Opin Genet Dev 2018, 53:28-35.

8. Quintana-Murci L, Clark AG: Population genetic tools for
dissecting innate immunity in humans. Nat Rev Immunol 2013,
13:280-293.

9. Quach H, Quintana-Murci L: Living in an adaptive world:
genomic dissection of the genus Homo and its immune
response. J Exp Med 2017, 214:877-894.

10. Dannemann M, Racimo F: Something old, something borrowed:
admixture and adaptation in human evolution. Curr Opin Genet
Dev 2018, 53:1-8.

11. Mafessoni F, Grote S, de Filippo C, Slon V, Kolobova KA, Viola B,
Markin SV, Chintalapati M, Peyregne S, Skov L et al.: A high-
coverage Neandertal genome from Chagyrskaya Cave. Proc
Natl Acad Sci U S A 2020, 117:15132-15136.

12. Prufer K, de Filippo C, Grote S, Mafessoni F, Korlevic P,
Hajdinjak M, Vernot B, Skov L, Hsieh P, Peyregne S et al.: A high-
coverage Neandertal genome from Vindija Cave in Croatia.
Science 2017, 358:655-658.

13. Prufer K, Racimo F, Patterson N, Jay F, Sankararaman S,
Sawyer S, Heinze A, Renaud G, Sudmant PH, de Filippo C et al.:
The complete genome sequence of a Neanderthal from the
Altai Mountains. Nature 2014, 505:43-49.

14. Meyer M, Kircher M, Gansauge MT, Li H, Racimo F, Mallick S,
Schraiber JG, Jay F, Prufer K, de Filippo C et al.: A high-coverage
genome sequence from an archaic Denisovan individual.
Science 2012, 338:222-226.

15. Hajdinjak M, Fu Q, Hubner A, Petr M, Mafessoni F, Grote S,
Skoglund P, Narasimham V, Rougier H, Crevecoeur | et al.:
Reconstructing the genetic history of late Neanderthals.
Nature 2018, 555:652-656.

16. Jacobs GS, Hudjashov G, Saag L, Kusuma P, Darusallam CC,
Lawson DJ, Mondal M, Pagani L, Ricaut FX, Stoneking M et al.:
Multiple deeply divergent Denisovan ancestries in Papuans.
Cell 2019, 177:1010-1021.e32.

17. Browning SR, Browning BL, Zhou Y, Tucci S, Akey JM: Analysis of
human sequence data reveals two pulses of archaic
Denisovan admixture. Cell 2018, 173:53-61.e9.

18. Choin J, Mendoza-Revilla J, Arauna LR, Cuadros-Espinoza S,

ee (Cassar O, Larena M, Ko AM-S, Harmant C, Laurent R, Verdu P
et al.: Genomic insights into population history and biological
adaptation in Oceania. Nature 2021, 592:583-589

This study showed that the contribution of Denisovan material to popula-

tions from the Asia-Pacific region increased human adaptation related

primarily to the regulation of innate and adaptive immunity.

19. Qin P, Stoneking M: Denisovan ancestry in East Eurasian and
Native American populations. Mol Biol Evol 2015, 32:2665-2674.

20. Vernot B, Tucci S, Kelso J, Schraiber JG, Wolf AB, Gittelman RM,
Dannemann M, Grote S, McCoy RC, Norton H et al.: Excavating
Neandertal and Denisovan DNA from the genomes of
Melanesian individuals. Science 2016, 352:235-239.

21. Sankararaman S, Mallick S, Patterson N, Reich D: The combined
landscape of Denisovan and Neanderthal ancestry in present-
day humans. Curr Biol 2016, 26:1241-1247.

22. Taylor SA, Larson EL: Insights from genomes into the
evolutionary importance and prevalence of hybridization in
nature. Nat Ecol Evol 2019, 3:170-177.

23. Petr M, Paabo S, Kelso J, Vernot B: Limits of long-term selection
against Neandertal introgression. Proc Nat/ Acad Sci U S A
2019, 16:1639-1644.

24. Deschamps M, Laval G, Fagny M, Itan Y, Abel L, Casanova JL,
Patin E, Quintana-Murci L: Genomic signatures of selective
pressures and introgression from archaic hominins at human
innate immunity genes. Am J Hum Genet 2016, 98:5-21.

25. Gittelman RM, Schraiber JG, Vernot B, Mikacenic C, Wurfel MM,
Akey JM: Archaic hominin admixture facilitated adaptation to
out-of-Africa environments. Curr Biol 2016, 26:3375-3382.

26. Racimo F, Marnetto D, Huerta-Sanchez E: Signatures of archaic
adaptive introgression in present-day human populations. Mo/
Biol Evol 2017, 34:296-317.

27. Sams AJ, Dumaine A, Nedelec Y, Yotova V, Alfieri C, Tanner JE,
Messer PW, Barreiro LB: Adaptively introgressed Neandertal
haplotype at the OAS locus functionally impacts innate
immune responses in humans. Genome Biol 2016, 17:246.

28. Dannemann M, Andres AM, Kelso J: Introgression of
Neandertal- and Denisovan-like haplotypes contributes to
adaptive variation in human toll-like receptors. Am J Hum
Genet 2016, 98:22-383.

29. Zammit NW, Siggs OM, Gray PE, Horikawa K, Langley DB,
Walters SN, Daley SR, Loetsch C, Warren J, Yap JY et al.:
Denisovan, modern human and mouse TNFAIP3 alleles tune
A20 phosphorylation and immunity. Nat Immunol 2019,
20:1299-1310.

30. Dannemann M, Kelso J: The contribution of Neanderthals to
phenotypic variation in modern humans. Am J Hum Genet 2017,
101:578-589.

31. McCoy RC, Wakefield J, Akey JM: Impacts of Neanderthal-
introgressed sequences on the landscape of human gene
expression. Cell 2017, 168:916-927.e2.

32. Nédelec Y, Sanz J, Baharian G, Szpiech ZA, Pacis A, Dumaine A,
Grenier JC, Freiman A, Sams AJ, Hebert S et al.: Genetic ancestry
and natural selection drive population differences in immune
responses to pathogens. Cell 2016, 167:657-669.e21.

33. Quach H, Rotival M, Pothlichet J, Loh YE, Dannemann M,
Zidane N, Laval G, Patin E, Harmant C, Lopez M et al.: Genetic

www.sciencedirect.com

Current Opinion in Immunology 2021, 72:116-125


http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0005
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0005
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0005
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0010
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0010
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0010
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0015
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0015
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0020
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0020
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0020
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0025
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0025
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0025
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0030
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0030
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0030
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0035
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0035
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0035
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0040
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0040
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0040
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0045
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0045
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0045
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0050
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0050
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0050
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0055
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0055
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0055
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0055
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0060
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0060
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0060
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0060
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0065
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0065
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0065
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0065
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0070
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0070
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0070
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0070
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0075
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0075
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0075
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0075
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0080
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0080
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0080
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0080
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0085
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0085
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0085
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0090
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0090
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0090
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0090
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0095
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0095
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0100
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0100
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0100
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0100
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0105
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0105
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0105
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0110
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0110
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0110
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0115
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0115
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0115
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0120
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0120
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0120
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0120
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0125
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0125
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0125
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0130
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0130
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0130
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0135
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0135
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0135
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0135
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0140
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0140
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0140
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0140
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0145
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0145
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0145
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0145
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0145
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0150
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0150
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0150
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0155
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0155
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0155
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0160
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0160
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0160
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0160
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0165
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0165

124 Host pathogen

34.

35.

36.

adaptation and Neandertal admixture shaped the immune
system of human populations. Cell 2016, 167:643-656.e17.

Enard D, Petrov DA: Evidence that RNA viruses drove adaptive
introgression between Neanderthals and modern humans.
Cell 2018, 175:360-371.e13.

Silvert M, Quintana-Murci L, Rotival M: Impact and evolutionary
determinants of Neanderthal introgression on transcriptional
and post-transcriptional regulation. Am J Hum Genet 2019,
104:1241-1250.

Zeberg H, Paabo S: The major genetic risk factor for severe
COVID-19 is inherited from Neanderthals. Nature 2020,
587:610-612

This study identified a link between a chromosome 3 haplotype of
Neanderthal origin and increased severity of COVID-19; the risk haplo-
type presents marked frequency differences between contemporary
human populations.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

47.

48.

49.

Zeberg H, Paabo S: A genomic region associated with
protection against severe COVID-19 is inherited from
Neandertals. Proc Natl Acad Sci U S A 2021, 118.

Severe Covid GG, Ellinghaus D, Degenhardt F, Bujanda L, Buti M,
Albillos A, Invernizzi P, Fernandez J, Prati D, Baselli G et al.:
Genomewide association study of severe Covid-19 with
respiratory failure. N Engl J Med 2020, 383:1522-1534.

England PH: COVID-19: Review of Disparities in Risks and
Outcomes. 2020 https://www.gov.uk/government/publications/
covid-19-review-of-disparities-in-risks-and-outcomes.

Souilmi Y, Lauterbur ME, Tobler R, Huber CD, Johar AS, Enard D:
An ancient viral epidemic involving host coronavirus
interacting genes more than 20,000 years ago in East Asia.
bioRxiv 2021 http://dx.doi.org/10.1101/2020.11.16.385401.

Lazaridis |, Patterson N, Mittnik A, Renaud G, Mallick S,
Kirsanow K, Sudmant PH, Schraiber JG, Castellano S, Lipson M
et al.: Ancient human genomes suggest three ancestral
populations for present-day Europeans. Nature 2014, 513:409-
413.

Lipson M, Szecsenyi-Nagy A, Mallick S, Posa A, Stegmar B,
Keerl V, Rohland N, Stewardson K, Ferry M, Michel M et al.:
Parallel palaeogenomic transects reveal complex genetic
history of early European farmers. Nature 2017, 551:368-372.

Busby GB, Band G, Si Le Q, Jallow M, Bougama E, Mangano VD,
Amenga-Etego LN, Enimil A, Apinjoh T, Ndila CM et al.: Admixture
into and within sub-Saharan Africa. eLife 2016, 5.

Patin E, Lopez M, Grollemund R, Verdu P, Harmant C, Quach H,
Laval G, Perry GH, Barreiro LB, Froment A et al.: Dispersals and
genetic adaptation of Bantu-speaking populations in Africa
and North America. Science 2017, 356:543-546.

Lipson M, Loh PR, Patterson N, Moorjani P, Ko YC, Stoneking M,
Berger B, Reich D: Reconstructing Austronesian population
history in Island Southeast Asia. Nat Commun 2014, 5:4689.

Pugach I, Duggan AT, Merriwether DA, Friedlaender FR,
Friedlaender JS, Stoneking M: The gateway from near into
remote Oceania: new insights from genome-wide data. Mo/
Biol Evol 2018, 35:871-886.

Hellenthal G, Busby GBJ, Band G, Wilson JF: Duggan AT,
Merriwether DA, Friedlaender FR, Friedlaender JS, Stoneking M:
The gateway from near into remote Oceania: new insights
from genome-wide data. Mol Biol Evol 2018, 35:871-886.

Hellenthal G, Busby GBJ, Band G, Wilson JF, Capelli C, Falush D,
Myers S: A genetic atlas of human admixture history. Science
2014, 343:747-751.

Jeong C, Alkorta-Aranburu G, Basnyat B, Neupane M,
Witonsky DB, Pritchard JK, Beall CM, Di Rienzo A: Admixture
facilitates genetic adaptations to high altitude in Tibet. Nat
Commun 2014, 5:3281.

Pagani L, Kivisild T, Tarekegn A, Ekong R, Plaster C, Gallego
Romero |, Ayub Q, Mehdi SQ, Thomas MG, Luiselli D et al.:
Ethiopian genetic diversity reveals linguistic stratification and
complex influences on the Ethiopian gene pool. Am J Hum
Genet 2012, 91:83-96.

50.

51.

52.

53.

54.

55.

56.

Slatkin M: Gene flow and the geographic structure of natural
populations. Science 1987, 236:787-792.

Miller LH, Mason SJ, Clyde DF, McGinniss MH: The resistance
factor to Plasmodium vivax in blacks. The Duffy-blood-group
genotype, FyFy. N Engl J Med 1976, 295:302-304.

Tournamille C, Colin Y, Cartron JP, Le Van Kim C: Disruption of a
GATA motif in the Duffy gene promoter abolishes erythroid
gene expression in Duffy-negative individuals. Nat Genet 1995,
10:224-228.

McManus KF, Taravella AM, Henn BM, Bustamante CD, Sikora M,
Cornejo OE: Population genetic analysis of the DARC locus
(Duffy) reveals adaptation from standing variation associated
with malaria resistance in humans. PLoS Genet 2017, 13:
e1006560.

Hodgson JA, Pickrell JK, Pearson LN, Quillen EE, Prista A,
Rocha J, Soodyall H, Shriver MD, Perry GH: Natural selection for
the Duffy-null allele in the recently admixed people of
Madagascar. Proc Biol Sci 2014, 281:20140930.

Pierron D, Heiske M, Razafindrazaka H, Pereda-Loth V, Sanchez J,
Alva O, Arachiche A, Boland A, Olaso R, Deleuze JF et al.: Strong
selection during the last millennium for African ancestry in the
admixed population of Madagascar. Nat Commun 2018, 9:932.

Hamid |, Korunes KL, Beleza S, Goldberg A: Rapid adaptation to
malaria facilitated by admixture in the human population of
Cabo Verde. eLife 2021, 10

This study shows that strong adaptive admixture at a single locus, the
gene encoding the Duffy blood group, has likely increased genome-wide
African ancestry in admixed Cabo Verdeans.

57.

58.

59.

Triska P, Soares P, Patin E, Fernandes V, Cerny V, Pereira L:
Extensive admixture and selective pressure across the Sahel
Belt. Genome Biol Evol 2015, 7:3484-3495.

Laso-Jadart R, Harmant C, Quach H, Zidane N, Tyler-Smith C,
Mehdi Q, Ayub Q, Quintana-Murci L, Patin E: The genetic legacy
of the indian ocean slave trade: recent admixture and post-
admixture selection in the Makranis of Pakistan. Am J Hum
Genet 2017, 101:977-984.

Laval G, Peyregne S, Zidane N, Harmant C, Renaud F, Patin E,
Prugnolle F, Quintana-Murci L: Recent adaptive acquisition by
African rainforest hunter-gatherers of the late Pleistocene
sickle-cell mutation suggests past differences in malaria
exposure. Am J Hum Genet 2019, 104:553-561

This study used state-of-the-art methods to infer the evolutionary history
of the malaria-protective sickle-cell mutation, a text-book example of
balancing selection, and illustrated how population genetics can help
reconstructing historical exposure to pathogens.

60.

61.

62.

63.

64.

65.

66.

Tang H, Choudhry S, Mei R, Morgan M, Rodriguez-Cintron W,
Burchard EG, Risch NJ: Recent genetic selection in the
ancestral admixture of Puerto Ricans. Am J Hum Genet 2007,
81:626-633.

Price AL, Weale ME, Patterson N, Myers SR, Need AC,

Shianna KV, Ge D, Rotter JI, Torres E, Taylor KD et al.: Long-range
LD can confound genome scans in admixed populations. Am J
Hum Genet 2008, 83:132-135 Author reply 135-139.

Deng L, Ruiz-Linares A, Xu S, Wang S: Ancestry variation and
footprints of natural selection along the genome in Latin
American populations. Sci Rep 2016, 6:21766.

Zhou Q, Zhao L, Guan Y: Strong selection at MHC in Mexicans
since admixture. PLoS Genet 2016, 12:e1005847.

Norris ET, Rishishwar L, Chande AT, Conley AB, Ye K, Valderrama-
Aguirre A, Jordan IK: Admixture-enabled selection for rapid
adaptive evolution in the Americas. Genome Biol 2020, 21:29.

Tian C, Hromatka BS, Kiefer AK, Eriksson N, Noble SM, Tung JY,
Hinds DA: Genome-wide association and HLA region fine-
mapping studies identify susceptibility loci for multiple
common infections. Nat Commun 2017, 8:599.

Sveinbjornsson G, Gudbjartsson DF, Halldorsson BV,
Kristinsson KG, Gottfredsson M, Barrett JC, Gudmundsson LJ,
Blondal K, Gylfason A, Gudjonsson SA et al.: HLA class Il
sequence variants influence tuberculosis risk in populations
of European ancestry. Nat Genet 2016, 48:318-322.

Current Opinion in Immunology 2021, 72:116-125

www.sciencedirect.com


http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0165
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0165
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0170
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0170
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0170
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0175
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0175
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0175
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0175
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0180
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0180
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0180
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0185
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0185
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0185
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0190
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0190
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0190
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0190
https://www.gov.uk/government/publications/covid-19-review-of-disparities-in-risks-and-outcomes
https://www.gov.uk/government/publications/covid-19-review-of-disparities-in-risks-and-outcomes
http://dx.doi.org/10.1101/2020.11.16.385401
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0205
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0205
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0205
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0205
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0205
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0210
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0210
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0210
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0210
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0215
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0215
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0215
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0220
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0220
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0220
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0220
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0225
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0225
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0225
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0230
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0230
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0230
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0230
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0235
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0235
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0235
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0235
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0235
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0235
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0235
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0240
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0240
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0240
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0240
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0245
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0245
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0245
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0245
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0245
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0250
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0250
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0255
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0255
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0255
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0260
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0260
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0260
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0260
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0265
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0265
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0265
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0265
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0265
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0270
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0270
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0270
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0270
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0275
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0275
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0275
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0275
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0280
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0280
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0280
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0285
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0285
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0285
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0290
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0290
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0290
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0290
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0290
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0295
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0295
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0295
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0295
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0295
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0300
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0300
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0300
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0300
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0305
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0305
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0305
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0305
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0310
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0310
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0310
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0315
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0315
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0320
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0320
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0320
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0325
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0325
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0325
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0325
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0330
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0330
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0330
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0330
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0330

New insights into human immunity from ancient genomics Kerner, Patin and Quintana-Murci 125

67. Vagene AJ, Herbig A, Campana MG, Robles Garcia NM,
Warinner C, Sabin S, Spyrou MA, Andrades Valtuena A, Huson D,
Tuross N et al.: Salmonella enterica genomes from victims of a
major sixteenth-century epidemic in Mexico. Nat Ecol Evol
2018, 2:520-528.

68. Isshiki M, Naka |, Watanabe Y, Nishida N, Kimura R, Furusawa T,
Natsuhara K, Yamauchi T, Nakazawa M, Ishida T et al.: Admixture
and natural selection shaped genomes of an Austronesian-
speaking population in the Solomon Islands. Sci Rep 2020,
10:6872.

69. Mathieson |, Lazaridis |, Rohland N, Mallick S, Patterson N,
Roodenberg SA, Harney E, Stewardson K, Fernandes D, Novak M
et al.: Genome-wide patterns of selection in 230 ancient
Eurasians. Nature 2015, 528:499-503.

70. Lindo J, Huerta-Sanchez E, Nakagome S, Rasmussen M,
Petzelt B, Mitchell J, Cybulski JS, Willerslev E, DeGiorgio M,
Malhi RS: A time transect of exomes from a Native American
population before and after European contact. Nat Commun
2016, 7:13175.

71. Barquera R, Krause J: An ancient view on host pathogen
interaction across time and space. Curr Opin Immunol 2020,
65:65-69.

72. Immel A, Pierini F, Rinne C, Meadows J, Barquera R, Szolek A,

. Susat J, Bohme L, Dose J, Bonczarowska J et al.: Genome-wide
study of a Neolithic Wartberg grave community reveals
distinct HLA variation and hunter-gatherer ancestry. Commun
Biol 2021, 4:113

This study analyzes 42 individuals of the Wartberg culture (5500-4800

years ago) of western Europe carrying relatively high hunter-gatherer

ancestry in Neolithic Europe and shows that their immune response,
based on HLA alleles, was primarly geared towards defending viral
infections.

73. Fuchs K, Rinne C, Drummer C, Immel A, Krause-Kyora B, Nebel A:
Infectious diseases and Neolithic transformations: evaluating
biological and archaeological proxies in the German loess
zone between 5500 and 2500 BCE. Holocene 2019, 29:1545-
1557.

74. Kerner G, Laval G, Patin E, Boisson-Dupuis S, Abel L,

ee Casanova JL, Quintana-Murci L: Human ancient DNA analyses
reveal the high burden of tuberculosis in Europeans over the
last 2,000 years. Am J Hum Genet 2021, 108:517-524

Ancient DNA data from 1013 Europeans reveals 2000 years of strong

negative selection on the TYK2 P1104A variant, which, in homozygosisty,

underlies common forms of human TB, highlitghting the burden of TB in

Europeans over the las two millennia. The study provides proof-of-

concept that studying allele frequency fluctuations over time at the allele

level is an efficient means to reconstruct past epidemics.

75. Boisson-Dupuis S, Ramirez-Alejo N, Li Z, Patin E, Rao G, Kerner G,
Lim CK, Krementsov DN, Hernandez N, Ma CS et al.:
Tuberculosis and impaired IL-23-dependent IFN-gamma
immunity in humans homozygous for a common TYK2
missense variant. Sci Immunol 2018, 3.

76. Kerner G, Ramirez-Alejo N, Seeleuthner Y, Yang R, Ogishi M,
Cobat A, Patin E, Quintana-Murci L, Boisson-Dupuis S,

Casanova JL et al.: Homozygosity for TYK2 P1104A underlies
tuberculosis in about 1% of patients in a cohort of European
ancestry. Proc Natl Acad Sci U S A 2019, 116:10430-10434.

77. O’Neill MB, Shockey A, Zarley A, Aylward W, Eldholm V, Kitchen A,
Pepperell CS: Lineage specific histories of Mycobacterium
tuberculosis dispersal in Africa and Eurasia. Mol Ecol 2019,
28:3241-3256.

78. Sabin S, Herbig A, Vagene AJ, Ahlstrém T, Bozovic G, Arcini C,
Kihnert D, Bos KI: A seventeenth-century Mycobacterium
tuberculosis genome supports a Neolithic emergence of the
Mycobacterium tuberculosis complex. Genome Biol 2020,
21:201.

79. Kay GL, Sergeant MJ, Zhou Z, Chan JZ, Millard A, Quick J,
Szikossy |, Pap I, Spigelman M, Loman NJ et al.: Eighteenth-
century genomes show that mixed infections were common at
time of peak tuberculosis in Europe. Nat Commun 2015, 6:6717.

80. Andrades Valtuefia A, Mittnik A, Key FM, Haak W, Allmé&e R,
Belinskij A, Daubaras M, Feldman M, Jankauskas R, Jankovi¢ |
etal.: The stone age plague and its persistence in Eurasia. Curr
Biol 2017, 27:3683-3691.€8.

81. Duchéne S, Ho SYW, Carmichael AG, Holmes EC, Poinar H: The
recovery, interpretation and use of ancient pathogen
genomes. Curr Biol 2020, 30:R1215-R1231.

82. Rascovan N, Sjogren KG, Kristiansen K, Nielsen R, Willerslev E,

ee Desnues C, Rasmussen S: Emergence and spread of basal
lineages of Yersinia pestis during the Neolithic decline. Cell
2019, 176:295-305.e10

The study describes the oldest genomes of Y. pestis found to date, in a

5000-years-old Swedish farmer settlement, and suggests it to be the

causative agent of the oldest human pandemic.

83. Spyrou MA, Tukhbatova RI, Wang CC, Valtuefia AA, Lankapalli AK,
Kondrashin VV, Tsybin VA, Khokhlov A, Kiihnert D, Herbig A et al.:
Analysis of 3800-year-old Yersinia pestis genomes suggests
Bronze Age origin for bubonic plague. Nat Commun 2018,
9:2234.

84. Comas |, Coscolla M, Luo T, Borrell S, Holt KE, Kato-Maeda M,
Parkhill J, Malla B, Berg S, Thwaites G et al.: Out-of-Africa
migration and Neolithic coexpansion of Mycobacterium
tuberculosis with modern humans. Nat Genet 2013, 45:1176-
1182.

85. Bos KiI, Harkins KM, Herbig A, Coscolla M, Weber N, Comas |,
Forrest SA, Bryant JM, Harris SR, Schuenemann VJ et al.: Pre-
Columbian mycobacterial genomes reveal seals as a source of
New World human tuberculosis. Nature 2014, 514:494-497.

86. Auton A, Brooks LD, Durbin RM, Garrison EP, Kang HM,
Korbel JO, Marchini JL, McCarthy S, McVean GA, Abecasis GR: A
global reference for human genetic variation. Nature 2015,
526:68-74.

87. Gething PW, Elyazar IR, Moyes CL, Smith DL, Battle KE,
Guerra CA, Patil AP, Tatem AJ, Howes RE, Myers MF et al.: A long
neglected world malaria map: Plasmodium vivax endemicity in
2010. PLoS Negl Trop Dis 2012, 6:e1814.

www.sciencedirect.com

Current Opinion in Immunology 2021, 72:116-125


http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0335
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0335
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0335
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0335
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0335
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0340
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0340
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0340
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0340
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0340
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0345
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0345
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0345
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0345
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0350
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0350
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0350
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0350
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0350
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0355
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0355
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0355
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0360
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0360
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0360
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0360
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0360
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0365
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0365
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0365
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0365
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0365
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0370
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0370
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0370
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0370
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0375
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0375
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0375
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0375
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0375
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0380
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0380
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0380
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0380
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0380
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0385
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0385
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0385
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0385
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0390
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0390
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0390
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0390
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0390
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0395
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0395
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0395
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0395
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0400
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0400
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0400
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0400
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0405
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0405
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0405
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0410
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0410
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0410
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0410
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0415
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0415
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0415
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0415
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0415
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0420
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0420
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0420
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0420
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0420
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0425
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0425
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0425
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0425
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0430
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0430
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0430
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0430
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0435
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0435
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0435
http://refhub.elsevier.com/S0952-7915(21)00045-5/sbref0435

	New insights into human immunity from ancient genomics
	Introduction
	The legacy of archaic hominins on human immunity
	Neanderthal heritage and the recent COVID-19 pandemic
	Modern human admixture as a source of beneficial immune variation
	Understanding recent immune evolution using ancient DNA data
	Reconstructing past epidemics through ancient pathogen genomics
	Conclusions
	Conflict of interest statement
	References and recommended reading
	Acknowledgements


