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Infectious diseases are among the strongest selective pressures driving human
evolution'2. This includes the single greatest mortality event in recorded history, the
first outbreak of the second pandemic of plague, commonly called the Black Death,
which was caused by the bacterium Yersinia pestis’. This pandemic devastated
Afro-Eurasia, killing up to 30-50% of the population*. To identify loci that may have
been under selection during the Black Death, we characterized genetic variation
around immune-related genes from 206 ancient DNA extracts, stemming from two
different European populations before, during and after the Black Death. Immune loci
are strongly enriched for highly differentiated sites relative to a set of non-immune
loci, suggesting positive selection. We identify 245 variants that are highly
differentiated within the London dataset, four of which were replicated inan
independent cohort from Denmark, and represent the strongest candidates for
positive selection. The selected allele for one of these variants, rs2549794, is
associated with the production of a full-length (versus truncated) ERAP2 transcript,
variationin cytokine response to Y. pestis and increased ability to control intracellular
Y. pestisin macrophages. Finally, we show that protective variants overlap with alleles
thatare today associated with increased susceptibility to autoimmune diseases,
providing empirical evidence for the role played by past pandemics in shaping
present-day susceptibility to disease.

Infectious diseases have presented one of the strongest selective pres-
suresinthe evolution of humans and other animals'2. Not surprisingly,
many candidates for population-specific positive selectionin humans
involve immune response genes, consistent with the hypothesis that
exposure to new and/or re-emerging pathogens has driven adapta-
tion*®. However, itis challenging to connect signatures of natural selec-
tion with their causative pathogens unless the underlying loci are still
associated with susceptibility to the same pathogenin modern popula-
tions”, Clarifying the dynamics that have shaped the humanimmune

systemis key to understanding how historical diseases contributed to
disease susceptibility today.

We sought to identify signatures of natural selection in Europeans
imposed by Yersinia pestis, the bacterium responsible for bubonic
plague?. The first recorded plague pandemic began with the Plague
of Justinianin AD 541 (refs. *°). Nearly 800 years later, the Black Death
(1346-1350) marked the beginning of the second pandemic of plague,
which spread throughout Europe, the Middle East and Northern Africa,
reducing the population by up to 30-50%*". With no recent exposure to
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Fig.1|East Smithfield mass burialand samplelocations, along withdate
ranges and final sample numbers used for the present study. a, East Smithfield
Black Death mass burial site from1348-1349 (reproduced with permission of the
Museum of London Archaeology, copyright MOLA). b, Site locations and
archaeologicalsite codes (in parentheses) for samples from London (inset, after
ref.*8, Museum of London Archaeology) and from across Denmark. ¢, Top,

plague, Europeans living through the Black Death probably represented
immunologically naive populations with little to no prior adaptation
to Y. pestis. The high mortality rate suggests that genetic variants that
conferred protection against Y. pestisinfection might have been under
strong selection during this time. Indeed, the nearly decadal plague
outbreaks over the subsequent four hundred years of the second pan-
demicin Europe often (but not always) were associated with reduced
mortality rates™?, which could have been due to pathogen evolution
or changing cultural practices, but potentially also linked to human
genetic adaptation to Y. pestis.

Positive selection onimmune genes

Genomic targets of selection imposed by Y. pestis during the Black
Death, if present, have remained elusive™ . To better identify such
loci, we characterized genetic variation from ancient DNA extracts
derived fromindividuals who died shortly before, during or soon after
the Black Deathin London and across Denmark. This unique sampling
design differentiates, to the greatest extent possible, signatures due to
Y. pestis from those associated with other infectious diseases or other
selective processes (although we cannot exclude these entirely). From
London, individuals were sampled from three cemeteries close to one
another, tightly dated by radiocarbon, stratigraphy and historical
records to before, during and after the Black Death (Fig. 1, Supplemen-
tary Table1and Supplementary Methods). From Denmark, individuals
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populationsize estimates for London for around six centuries (dataare from
refs.>49%0) (Supplementary Table1). Bottom, site locations with associated date
ranges. Coloured boxesindicate date range for samples, numbersinboxes
indicate samples meetingall criteriaforinclusionin final analyses (see main text
and Supplementary Information). Number in green star stems from East
Smithfield and the dashed line refers to the time of the Black Death.

were sampled from five localities, geographically spread across the
country, which were dated via archaeological means (such as burial
arm positions), stratigraphy and historical records. We grouped all
individuals into those that lived pre-Black Death (London: around
AD 1000-1250, Denmark: around AD 850 to around AD 1350) and
post-Black Death (London: AD 1350-1539, Denmark: around AD 1350 to
around AD1800). Within London, we alsoincluded individuals buriedin
the plague cemetery, East Smithfield, allof whom died during a two-year
window of the Black Death between 1348 and 1349 (ref.'®). Analysis of the
mitogenomicdiversity from these individualsidentifies solely European
mitogenomic haplotypes, avoiding a possible confound between natural
selection and population replacement from non-European sources”.
Intotal we screened 516 samples (n =318 from London; n =198 from
across Denmark) for the presence of human DNA using a modified
polymerase chainreaction (PCR) assay for the single copy nuclear c-myc
gene”® and identified 360 with sufficient endogenous DNA content
for downstream enrichment and sequencing of additional nuclear
loci (Supplementary Methods). As many of our samples were poorly
preserved and had low endogenous DNA content, we used hybridiza-
tion capture to enrich for and sequence 356 immune-related genes,
496 genome-wide association study (GWAS) loci previously associ-
ated withimmune disorders and 250 putatively neutral regions (1.5 kb
each), as defined by Gronau and colleagues' (Supplementary Table 2;
Supplementary Methods). The targeted immune genes were manually
curated on the basis of their role inimmune-related processes, and
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include innate immune receptors, key immune transcription factors,
cytokines and chemokines, and other effector molecules (Supplemen-
tary Table 3). To ensure that deamination and other forms of ancient
DNA damage did not lead to spurious genotype calls, we trimmed
4 base pairs (bp) fromthe start and end of each sequencing read (Sup-
plementary Fig. 1) and excluded all singleton variants (n =106,757).
Our final dataset contained 33,110 biallelic variants within the targeted
regions (2,669 near GWAS loci, 19,972 inimmune genes and 10,469 in
putatively neutral regions), with amean coverage of 4.6 x reads per site
per individual (see Supplementary Table 1 for per-individual cover-
age). We further filtered our results by excluding samples with miss-
ing genotype calls at more than 50% of those sites (retaining n =206
individuals, Fig. 1c) and excluding variants with genotype calls for less
than 10 individuals per time period and population. Using genotype
likelihoods, we then calculated the minor allele frequency (MAF) per
population at each time point. Finally, we retained only sites with a
mean MAF (averaged across London and Denmark) greater than 5%
(n=22,868sites), as our power to detect selection for variants below
5% is very low (Supplementary Fig. 2).

To detect alleles that may have conferred protection from, or sus-
ceptibility to, Y. pestis, we searched within candidate regions (immune
genes and GWAS loci) for variants that exhibit unexpectedly large
changesinallele frequency between pre-and post-Black Death samples.
Specifically, weidentified alleles for which the degree of differentiation
(Fsr) was larger than expected by chance, when compared to variants
inthe putatively neutral genetic regions sampled from the same popu-
lations. We used the larger sample set from London as our discovery
cohort. Burials in London were also more precisely dated and better
geographically controlled than those from Denmark, improving our
relative ability to detect selection in the cohort from London (Supple-
mentary Methods). We found an enrichment of highly differentiated
variants for all frequency bins with MAF greater than10%, relative toa
nullexpectation established using our neutralloci (Fig. 2a). Across these
variants, differentiation atimmune loci exceeded the 99th percentile
of neutral variants at 2.4x the rate expected by chance (binomial test
P=7.89 x107). For variants withan MAF greater than 30%, this enrich-
ment was even more pronounced (3.9x the rate expected by chance;
binomial test P=1.16 x 10™), probably due to increased power (Sup-
plementary Fig.2). Simulations show that differencesin recombination
rate and background selection between neutral and candidate loci are
insufficient to explain the observed enrichments (Extended DataFig.1).
To further validate the signatures of selection we observed among
immune locifrom our Londonsample, we performed the same analyses
using the allele frequencies estimated from our Danish cohort. These
samples were also enriched for highly differentiated sites relative to
the expectation from neutral loci (1.6 the rate expected by chance,
binomial test P=9.21 x 107*; Fig. 2b), further supporting evidence for
plague-induced selection onimmune genes.

To identify specific loci that represent the strongest candidates of
selection, we applied a series of stringent criteria that leveraged the
time periods and populationsin this unique dataset. First, we identified
245 common variants (MAF greater than 10%) that were highly differ-
entiated (F¢; greater than 95th percentile defined using neutral sites)
when comparing pre- versus post-Black Death samplesin London alone
(Supplementary Table 4). Next, we reasoned that variants conferring
increased susceptibility to, or protection from, Y. pestis should show
opposing frequency patterns before, during and after the Black Death.
Specifically, variants associated with susceptibility should increasein
frequency among people who died during the Black Death and should
decrease in frequency among individuals sampled post-Black Death
(thatis, the survivors and/or descendants of the survivors). Conversely,
protective variants should show aninverse pattern. Using this reason-
ing, we narrowed down our list of putatively selected loci from 245 to 35
(Supplementary Table 4). Finally, we asked if these loci were also highly
differentiated before and after the Black Death in our Danish replication
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cohort (that is, among the top 10% most highly differentiated sites,
and in the same direction as seen in London). Four loci met these cri-
teria, representing the strongest candidates for selection (Fig. 2c-g).
We calculated the selection coefficient (s) for each of these variants
using a Hidden Markov Model (HMM) framework (based on ref. %,
Supplementary Methods). Statistical support for non-neutral evolu-
tion (s#0) among our four candidate lociis strong when compared to
that of neutral loci (P < 0.001 for each locus; Supplementary Table 5).
Despite the large confidence intervals—an inherent limitation when
trying to estimate sover afew generations—the absolute values for the
pointestimate of srange from 0.26 to 0.4, which are among the strong-
est selective coefficients yet reported in humans, to our knowledge
(Extended Data Fig. 2 and Supplementary Table 5).

Functional dissection of candidate loci

None of our top candidate variants overlaps with (nor is in strong link-
age disequilibriumwith) coding variants, although one, near the ERAP2
gene, is strongly linked to a variant that affects splicing?*. Their selec-
tive advantage may stem from an impact on gene expression levels,
particularly inimmune cell types that participate in the host response
to Y. pestisinfection. Macrophagesin particular arerecruited to sites of
infection, where they interact with bacteria and contribute to plague
resistance?*?*, Macrophages phagocytize Y. pestis, but some bacteria
survive and spread to the lymph node, where they replicate uncontrol-
lably*?. To test whether the four candidate loci we identified, or genes
near them, are involved in the transcriptional response to Y. pestis,
we incubated monocyte-derived macrophages from 33 individuals
with heat-killed Y. pestis and compared their expression profiles to
unstimulated control samples using RNA sequencing (Supplementary
Methods). As expected, macrophages responded robustly to Y. pestis,
such that principal component 1 of the gene expression data, which
separates baseline versus Y. pestis stimulated conditions, explains 56%
of the total variance (Extended Data Fig. 3).

Seven genes within 100 kb of our four candidate loci were expressed
in this dataset: locus 1 (rs2549794): ERAPI1, ERAP2, LNPEP; locus 3
(rs11571319): CTLA4,1COS; and locus 4 (rs17473484): TICAM2, TMED? .
NFATCI, the only gene within 100 kb of locus 2 (rs1052025), was not
expressed in this dataset. With the sole exception of LNPEP, all of these
genes were differentially expressed in response to Y. pestis stimula-
tion (Fig. 3a), supporting their putative role in the host response. Mac-
rophages from an additional panel of eight individuals infected with
live and fully virulent Y. pestis showed similar directional changes in
gene expression to those observed in response to heat-killed bacteria.
This was true genome-wide (r= 0.88, P <1x107°, Extended DataFig. 4a)
and for genes near our four candidate loci (ERAPI is an exception; it was
upregulatedinresponsetolive bacteriabut downregulatedin response
to heat-killed bacteria, Extended Data Fig. 4b). Toinvestigate whether
changes in gene expression were specific to Y. pestis or shared with
other infectious agents, we analysed gene expression data from mac-
rophages infected with live Listeria monocytogenes (a Gram-positive
bacterium) and Salmonella typhimurium (a Gram-negative bacterium,
like Y. pestis)¥, as well as monocytes activated with bacterial and viral
ligands targeting the Toll-like receptor (TLR) pathways (TLR1/2, TLR4
and TLR7/8) and live influenza virus®®. These data show that all genes
near our candidate loci (with the exception of CTLA4) respond to other
pathogenic agents but that the direction of change in expression differs
depending on the stimulus. For example, ERAP2 is downregulated in
response toall live bacteria or bacterial stimuli, including Y. pestis, but
isupregulated in response to viral ones (Extended Data Fig. 5).

Having established that genes near our candidate loci show a tran-
scriptional responseto Y. pestisin macrophages, we next asked whether
genetic variation at each of the four candidate loci is associated with
gene expression levels at nearby genes (Fig. 3b,c). We identified an asso-
ciation betweenrs17473484 genotype and T/ICAM2 expressionin which
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Fig.2|Positiveselectionatimmuneloci. a,b, Enrichment of highly
differentiated sitesin functional regionsrelative to neutral regions when
comparingthe pre-Black Death (BD) population to the post-BD populationin
London (a) and Denmark (b). ¢, Fs; between London before and after the Black
Death, limited to the 535 sites that show qualitative patterns consistent with
natural selection (namely allele frequency changes in the same directionin
both London and Denmark after the Black Death, and the opposite direction
forindividuals who died during the Black Death (Supplementary Table 4)).
Manhattan plot showing loci with patternsindicative of positive selection.
Point size and colour intensity (which alternates by chromosome) represents

the protective alleleis associated with higher expression of the genein
the unstimulated condition (Fig. 3b; P= 2.5 x 107°) but not after Y. pestis
stimulation (P=0.24). This effect is intriguing as TICAM2 encodes an
adaptor protein for TLR4.Invivo, TLR4 detects Y. pestis via the recogni-
tion of lipopolysaccharides (LPS) on the bacterial outer membrane®.
Y. pestis attempts to circumvent this detection by deacylating surface
LPS, thereby reducing the binding affinity for TLR4 (ref.°). TICAM2
ushers LPS-bound TLR4into endosomes and activates typelinterferon
responses®. Itis therefore possible thatincreased TICAM2 expression
confers protection against Y. pestis by increasing sensitivity to LPS and
promoting an effective immune response.

The strongest association we identified was between rs2549794 and
ERAP2 expression, in which the protective allele (C) is associated with
afivefold increase in expression of ERAP2 relative to the putatively
deleterious T allele (Fig. 3¢), inboth unstimulated (P=4.4 x 10™°) and
Y. pestis-challenged (P=8.7 x107) cells. We observed similarly strong
associationsinmacrophages and monocytesinfected with other patho-
gens (Salmonella, Listeria, influenza) or stimulated with TLR-activating
ligands (all P<1x107% Extended DataFig. 6). This pattern also general-
izesto Y. pestis-infected peripheral blood mononuclear cells (PBMCs)
more broadly, suggesting that rs2549794 is associated with ERAP2
expression levels regardless of the infectious/inflammatory stimulus
or cell type. In detail, we generated single-cell RNA-sequencing data
from PBMCs fromtenindividuals (five homozygous for the selectively

the -log,, Pvalue comparing populationsin Londonbefore and after the
plague, points colouredin orange represent the four positions and their
associated genes, which are highly differentiated in Denmark as well.

d-g, Patterns of allelic change over time for the four strongest candidates

for positive selection. Error barsrepresent the standard deviationbased on
bootstrappingindividuals from that populationand each time point 10,000
times. Allele frequencies for London areshowninred and for Denmark are
showninblue.Modernallele frequencies are derived from 1000 Genomes data
for Great Britainin London®.

favoured rs2549794 C allele and five homozygous for the alternate
T allele), both at baseline and after infection with live, fully virulent
Y. pestis. Across all immune cell types profiled—B cells, CD4" T cells,
CD8' T cells, naturalkiller cellsand monocytes (Extended Data Fig. 7)—
weidentified 5,570 genes for which infection with Y. pestis significantly
alters gene expression levels (314 to 4,234 genes per cell type, 10%
false discovery rate; Supplementary Table 6). Most genes near our
candidate loci are differentially expressed in response to Y. pestis
infection, but both the magnitude and direction of such effects is cell
type-specific (Extended Data Fig. 8). For example, ERAP2is upregulated
upon stimulation in all PBMC cell types (Fig. 3d,e), but is downregu-
lated in monocyte-derived macrophages. These differences could be
due to differences in the transcription factors and enhancers active
in each cell type, differences in our infection models (PBMCs versus
monocyte-derived macrophages), or both. Notably, in all cell types
and under all conditions, the selectively favoured rs2549794 C allele
isassociated withincreased ERAP2 expression compared to the alter-
native T allele.

The ERAP2 locus is characterized by two haplotypes (A and B)
that are common around the world?. Haplotype A encodes the
canonical (full-length) ERAP2 protein consisting of 960 amino acids;
Haplotype B is characterized by the presence of the G allele of
rs2248374, a splice-site-altering variant that leads to the production
ofaspliceisoform withanelongated exon10 containing two premature
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Fig.3|Positively selectedlociare associated with changesin gene
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of genes within100 kb of candidate variantsinresponse to incubation of
primary macrophages for four hours with heat-killed Y. pestis. Dark grey dots
correspond to the fold-change observed for each of the 33 individuals tested;
red dots and barsrepresent the mean +standard deviation. With the exception
of LNPEP, all associations are significant (10% false discovery rate). b,c, Effect of
rs1747384 genotype upon TICAM2 expression (b) and rs2549794 genotype
upon ERAP2 expression (c), split by macrophages stimulated for four hours
with heat-killed Y. pestis and unstimulated macrophages. Red dots and bars
represent the mean +standard deviation.d, Comparison of ERAP2 expression
amongnon-infected and infected cells with live Y. pestis for five hours, profiled

stop codons. This ERAP2 isoform undergoes nonsense-mediated
decay (NMD), resulting in undetectable ERAP2 protein levels®. Even
when produced, the shorter protein encoded by Haplotype B has lim-
ited aminopeptidase activity®?. The selectively favoured rs2549794
Calleleisinstronglinkage with allele A of rs2248374 (R*>0.8,D' =1.0)
of Haplotype A, which encodes the full-length ERAP2 protein, whereas
the deleterious rs2549794 T allele is in linkage with the rs2248374
Gallele of Haplotype B, whichencodes the truncated version of ERAP2.
Using real-time PCR specific to the mRNA encoded by Haplotype B, we
found that, in macrophages, the decreased ERAP2 expression in indi-
viduals harbouring the deleterious rs2248374 G allele is coupled with
ahigher expression of the truncated isoform known to undergo NMD
(Fig.3f, P=2.66 x107°). PCR amplification of exon 10 further confirmed
that individuals homozygous for the protective rs2248374 A allele
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using scRNA-sequencing datainindividuals with homozygous rs2549794
genotypes. Colour intensity reflects the level of ERAP2 expression,
standardized for unstimulated or infected cells. Major PBMC cell types are
labelled and can be found clearly coloured in Extended DataFig. 7, CD4" and
CD8' T cellswere analysed separately. NK, natural killer. e, Effects of rs2549794
genotype upon ERAP2expression, splitby infected and non-infected
conditions, foreach celltype.f, lllustration of the two haplotype-specific
ERAP2spliced forms for Haplotype A and Haplotype Bwith start (green) and
stop (brown) codons. Below we show the effect of rs2248374 genotype upon
totalMRNA expression of ERAP2 (left) and the specific expression of the
isoform (Haplotype B) encoding the truncated version of ERAP2 (right).

For all panels: ***P<0.001; **P < 0.01;*P< 0.05.

only express Haplotype A, whereas individuals homozygous for the
1s2248374 G allele almost exclusively express the truncated Haplotype B
(Extended Data Fig. 9).

ERAP1and ERAP2 are aminopeptidases that work synergistically to
trim peptides for presentation to CD8" T cells by major histocompatibil-
ity complex (MHC) class Imolecules®. Given their central role in antigen
presentation, itisnotsurprising that polymorphisms near these genes,
includingrs2549794, have beenassociated with susceptibility toavariety
of infectious agents®****. ERAP2 deficiency leads to a significant remod-
elling of the repertoire of antigens that are presented by MHC to CD8"
T cells***, including MHC ligands that have high homology to peptide
sequences derived from Yersinia species®. Having ERAP2-mediated
aminopeptidase activity plausibly helps to promote the presentation of
amorediverse array of Yersinia-derived antigens to CD8" T cells, which
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e, Boxplots showing the percentage of bacteriakilled (y axis) by macrophages

inturnhasanimportantrolein protection against infection®®*, Indeed,
mice depleted of CD8" T cells all die within one-week post-infection
with amilder Yersinia spp., Y. pseudotuberculosis, whereas all wild-type
mice survive®. Unfortunately, rodent models only possess a single
ERAP aminopeptidase that ishomologous to ERAPI, limiting our abil-
ity to directly test the function of ERAP2 on antigen presentation and
responseto Y. pestisinvivo.

In addition to its canonical role in antigen presentation and CD8' T
cell activation, ERAP2is also involved in viral clearance and cytokine
responses*®, We therefore sought to test whether ERAP2 genotype is
associated withvariationin the cytokine responseto Y. pestisinfection.
Todoso,weinfected afurther set of monocyte-derived macrophages
from25individuals (9 homozygous for the selectively favoured ERAP2
haplotype, 9 heterozygous and 7 homozygous for the deleterious
haplotype) withlive, virulent Y. pestisand measured the protein levels
of ten cytokines involved in various aspects of the immune response,
at baseline and at 24 h postinfection. No differences in cytokine lev-
els existed at baseline (all P> 0.05; Supplementary Table 7), but four
cytokines showed asignificant association with ERAP2genotype upon
stimulation. Specifically, the levels of granulocyte colony-stimulating
factor (P=0.0155), interleukin (IL)-1 (P=0.00262) and IL-10
(P=0.00248) significantly decreased with the number of protective
C alleles, whereas we observed the opposite pattern for levels of the
chemokine CCL3 (P=0.0216), which is involved in the recruitment
of neutrophils upon infection (Fig. 4a-d; Supplementary Table 7).
Although the exact mechanism linking ERAP2 function to variationin
cytokine responsesin response to Y. pestis remains to be determined,
we speculate that it might be due to the role played by ERAP2 in the
differentiation and/or activation of myeloid cellsand in the activation
of the caspasel/NLRP3 inflammasome pathway*°. Finally, we assayed
the ability of macrophages to controlinternalized Y. pestisreplication
asafunction of ERAP2genotype. We observed an additive association
between ERAP2genotype and the ability to limit Y. pestisinfection, such
thatindividuals withmore copies of the selectively favoured allele were
better abletorestrictintracellular replication (Spearman’srho = 0.42,

D Heterozygous

rs249794 genotype

. Homozygous protective variant

infected for 24 has afunction of ERAP2genotype (xaxis). The percentage
ofbacteriakilled was calculated as the CFU,;, - CFU,,,/CFU,;, where CFU is
colony-forming unit. The Pvalue results from alinear model examining the
association between ERAP2single nucleotide polymorphism genotypes (SNP)
(coded asthe number of protective rs2549794 alleles found in each individual:
0,1or2)andthe percentage of bacteriakilled.

P=0.0155; Fig. 4e). This experiment directly implicates ERAP2 in the
responseto Y. pestisinfection, but through pathways other than ERAP2's
canonicalroleinantigen presentation. Together, these results support
theideathatchangesin ERAP2allele frequencies during the Black Death
were probably due to Y. pestis-induced natural selection.

Discussion

Our results provide strong empirical evidence that the Black Death
was animportant selective force that shaped genetic diversity around
some immuneloci. Although our candidate selected lociare generally
involvedintheresponse to pathogens, and notjust Y. pestis, our unique
sampling design minimized the degree to which other historical events
(such as tuberculosis® or famine**) could have affected the inference
of selection. To support our ancient genomic data, we confirmed that
the strongest candidates for positive selection are directly involved
intheimmune responseto Y. pestis using functional datafromin vitro
infection experiments.

We identified four loci that were strongly differentiated before and
after the Black Deathin London andreplicated in our Danish cohort as
the strongest candidates of selection. However, given our small sample
sizesand the low sequencing depth fromsome samples, our replication
power islimited. Thus, some of the other 245 highly differentiated loci
inLondon were also probably impacted by natural selection, although
they did not survive our conservative filtering criteria. Increased sam-
ple sizes coupled with additional functional data will help to further
dissect the evolutionary role played by these variants in the immune
response to Y. pestis.

ERAP2 showed the most compelling evidence for selection, both
fromagenetic and functional perspective, with an estimated selection
coefficient of 0.4 (95% confidence interval 0.19,0.62, Extended Data
Figs.2and10). This estimate suggests that individuals homozygous for
the protective allele were about 40% more likely to survive the Black
Death than those homozygous for the deleterious variant. This allele
isassociated withbothincreased expression of ERAP2and production
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of the canonical full-length ERAP2 protein®*, We suggest that this pro-
teinincreases the presentation of Yersinia-derived antigensto CD8" T
cells, stimulating a protective immune response against Y. pestis®>*.
Furthermore, we show that macrophages from individuals possess-
ing the selected ERAP2 allele engage in a unique cytokine response to
Y. pestisinfection and are better able to limit Y. pestisreplicationin vitro.

Ingeneral, individuals with more copies of the selectively advanta-
geous haplotype displayed aweaker cytokine response to infection but
abetter ability to limit bacterial growth. For example, levels of IL-1j3,
akey proinflammatory cytokine often associated with pyroptotic cell
death*, were threefold lower inindividuals homozygous for the advan-
tageous ERAP2genotype when compared to individuals homozygous
for the putatively deleterious one. Therefore, subjects with the advan-
tageous haplotype are both more efficient at controlling internalized
bacteriaand atresisting Y. pestis-induced cell death than subjects with
the deleterious haplotype—abilities that may help to reduce bystander
tissue damage during infection. However, as our experiments were
doneinvitrowe were unable to directly evaluate the impact of ERAP2
genotype on tissue damage, immune cell recruitment and survival.

More broadly, our results highlight the contribution of natural
selection to present-day susceptibility towards chronic inflamma-
tory and autoimmune disease. We show that ERAP2is transcriptionally
responsive to stimulation with alarge array of pathogens, supporting
itskeyroleintheregulation ofimmune responses. Therefore, selection
imposed by Y. pestis on ERAP2 probably affects the immune response
to other pathogens or disease traits. Consistent with this hypothesis,
the selectively advantageous FRAP2 variantis also aknownrisk factor
for Crohn’sdisease*, and ERAP2variation has also been associated with
other infectious diseases®**. Thus, selection for pathogen defencein
the presence of pathogens such as Y. pestis may be counterbalanced
against the costs ofimmune disorders, resulting in along-term signa-
ture of balancing selection? Likewise, another of our top candidate
loci (rs11571319 near CTLA4) is associated with an increased risk of
rheumatoid arthritis*® and systemic lupus erythematosus*, such that
retaining the putatively advantageous allele during the Black Death
confersincreased risk for autoimmune disease in present-day popula-
tions. To date, most of the evidence for an association between autoim-
mune risk alleles and adaptation to past infectious diseases remains
indirect, primarily because the aetiological agents driving selection
remain hidden. Our ancient genomic and functional analyses suggest
that Y. pestis has been one such agent, representing empirical evi-
dence connectingthe selective force of past pandemics to present-day
susceptibility to disease.
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Extended DataFig. 5| Transcriptional changes of genes nearby candidate (TLR1/2, TLR4,and TLR7/8) and live influenza virus. The data for Y. pestis are the
lociinresponse tobacterial and viral stimuli. Data are derived from fold change responses observed in response to heat-killed bacteria. A negative
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Extended DataFig.7| UMAP project of single cell data. UMAP projection of single-cell RNA sequencing data of non-infected cells and cells infected with live
Y. pestisfor five hours, after integrating samples. Majorimmune cell types cluster separately and cells are colored by the cell type to which they were assigned.
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Extended DataFig.10|Schematics for estimating selection coefficients.
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Hybridization capture data from the ancient individuals have been deposited in the NCBI Sequence Read Archive (SRA) under BioProject PRINA798381. Expression
data have been deposited to GEO under accession number GSE194118 (for macrophages) and the NCBI SRA under accession number PRINA871128 (for PBMCs).
Cytokine and CFU data are available in Table S8 and S9, respectively.
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We also used previously published data from the following sources: DeCODE project recombination rates (https://doi.org/10.1038/ng917); human genome B values
(https://doi.org/10.1371/journal.pgen.1000471); Ensembl annotations for hg19 (https://grch37.ensembl.org/Homo_sapiens/Info/Index); yersinia pestis reference
genome from NCBI(https://www.ncbhi.nlm.nih.gov/genome/?term=yersinia%20pestis); genetic variation from the 1000 Genomes Project (http://
ftp.1000genomes.ebi.ac.uk/vol1/ftp/release/20130502/).
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Sample size Sample sizes for ancient genomics were based on the number of individuals who could be sampled and for whom remains were enriched for
sufficient endogenous DNA to sequence. Power to detect selection was confirmed via simulation. Sample sizes for expression data were
selected based upon previous analyses in Dr. Barreiro's lab demonstrating sufficient power to detect infection effects and some genetic
effects in similarly designed studies.

Data exclusions  Ancient genomic data were excluded when they failed to meet DNA quality or coverage standards. No expression data were excluded. One
sample was excluded from the CFU data analyses because the cell cultures were noticeably contaminated.

Replication All attempts at replication were successful, including strong concordance in expression results between heat-killed and live yersinia pestis.
Analysis of ancient DNA cannot be replicated due to sample availability; however sampling at two separate locations serves as pseudo-

replication and increases confidence in the strongest signatures of selection.

Randomization  Ancient genomes represent a natural experiment and were therefore not capable of being randomized. For expression analyses, cells from
each individual were split into two batches, one of which was exposed to yersinia pestis and the other mock-infection control.

Blinding not applicable as all outcome measures were objectively measured.

Reporting for specific materials, systems and methods
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system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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|:| ChlIP-seq

|:| Flow cytometry

|:| MRI-based neuroimaging

Antibodies

Eukaryotic cell lines
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Antibodies

Antibodies used Mouse Anti-Human CD14 (BD Biosciences)

Validation The purity of the isolated monocytes was verified using an antibody against CD14 (BD Biosciences) and only samples showing > 90%
purity were used to differentiate into macrophages.

Palaeontology and Archaeology

Specimen provenance The specifics of each sample location and date are provided in Table S1 of the current manuscript. Briefly, samples come from the
UK, London specifically from three burial sites, East Smithfield and St. Mary Graces, St. Nicholas Shambles, St. Mary Spital. For those
stemming from Denmark and a wider geographic spread, they come fromo Nordby, Ribe, Viborg, Haagerup and Horsens.

Specimen deposition Samples from London have been provided to us by Museum of London Center for Human Bioarchaeology. Samples from Denmark
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Specimen deposition stem from the Horsens Museum, the Viborg Museum, the Moesgaard Museum, Museum Lolland-Faster, @havsmuseet, Faaborg, and
ADBOU.

Dating methods The London cemeteries are dated based on a combination of primary sources, Bayesian radiocarbon dating, and archaeological
remains (primarily coins). We did the same for our Danish samples, as best we could from associated dates, which are less precise
due to the lack of records associated with many of the cemeteries and the imprecision of the dating method based on arm position
at burial used to date medieval burials in this region. We therefore group Danish samples into either an Early (~850-1350) or Late
(1350-1800) period corresponding to before or after the Black Death period.

|Z Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight No ethical approval was required given that none of the samples could be linked to living descendants. Usage of the samples was
approved by the Museum of London's Collection Committee.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Human research participants

Policy information about studies involving human research participants

Population characteristics Human derived cell for infection experiments were obtained from healthy male donors aged 18 to 55 years old of European
and African American descent. Each donor’s blood was tested for Hepatitis B, Hepatitis C, Human Immunodeficiency Virus
(HIV), and West Nile Virus, and only samples negative for all of the tested pathogens were used and we controlled for genetic
ancestry (previously inferred from whole genome sequencing) in all analyses.

Recruitment Depending on the experiments, samples were collected by the Indiana Blood Center (Indianapolis, IN, USA) or the
"Etablissement Frangais du Sang" in Paris. Individuals consented their blood to be used for research purposes.

Ethics oversight This study has been approved by the Institutional Review Board at the University of Chicago (protocol #: IRB19-0432).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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