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REPORT

Variation in ERAP2 has opposing effects
on severe respiratory infection
and autoimmune disease

Fergus Hamilton,.2* Alexander ]J. Mentzer,* Tom Parks,*> J Kenneth Baillie,7.® George Davey Smith,!
Peter Ghazal,® and Nicholas J. Timpson!.3

Summary

ERAP2 is an aminopeptidase involved in immunological antigen presentation. Genotype data in human samples from before and after
the Black Death, an epidemic due to Yersinia pestis, have marked changes in allele frequency of the single-nucleotide polymorphism
(SNP) 152549794, with the T allele suggested to be deleterious during this period, while ERAP2 is also implicated in autoimmune diseases.
This study explored the association between variation at ERAP2 and (1) infection, (2) autoimmune disease, and (3) parental longevity.
Genome-wide association studies (GWASs) of these outcomes were identified in contemporary cohorts (UK Biobank, FinnGen, and
GenOMICC). Effect estimates were extracted for rs2549794 and 152248374, a haplotype tagging SNP. Additionally, cis expression and
protein quantitative trait loci (QTLs) for ERAP2 were used in Mendelian randomization (MR) analyses. Consistent with decreased sur-
vival in the Black Death, the T allele of rs2549794 showed evidence of association with respiratory infection (odds ratio; OR for pneu-
monia 1.03; 95% CI 1.01-1.095). Effect estimates were larger for more severe phenotypes (OR for critical care admission with pneumonia
1.08; 95% CI 1.02-1.14). In contrast, opposing effects were identified for Crohn disease (OR 0.86; 95% CI 0.82-0.90). This allele was
shown to associate with decreased ERAP2 expression and protein levels, independent of haplotype. MR analyses suggest that ERAP2
expression may be mediating disease associations. Decreased ERAP2 expression is associated with severe respiratory infection with an
opposing association with autoimmune diseases. These data support the hypothesis of balancing selection at this locus driven by auto-
immune and infectious disease.

Introduction appears to contribute significantly to measured expression

levels.”"'?

The ER aminopeptidases ERAP1 (MIM: 606832) and ERAP2
(MIM: 609497) both code for aminopeptidases that are
critical in presentation of antigen by professional anti-
gen-presenting cells and are linked with the human leuko-
cyte antigen (HLA) response to infection.” Variation at
these genes has been associated with both infection and
autoimmune disease, with compelling associations re-
ported between variation at these genes and birdshot uve-
itis® (an eye disorder [MIM: 605808]), inflammatory bowel
disease (particularly Crohn disease [MIM: 266600]), Beh-
cet’s disease’ (MIM: 109650), and ankylosing spondylitis
(MIM 106300).% Other studies have suggested a role for
an association with ERAP2 and infection, although studies
have been small. Additionally, it is thought that these
genes are under balancing selection, with ERAP2 having
two, almost equally common haplotypes worldwide
(haplotype A and haplotype B).”"!' Haplotype A encodes
the full ERAP2 protein, whereas haplotype B has a prema-
ture stop codon leading to nonsense-mediated decay and
reduced levels of ERAP2 protein.'”> Around 50% of all
variation in ERAP2 whole blood expression is down to
haplotype, although other genetic variation near ERAP2

A recent analysis of human genomes from before, dur-
ing, and after the Black Death in Europe, an epidemic
caused by Yersinia pestis, identified a large change in allele
frequency over this period in a common SNP
(rs2549794-T) in ERAP2 with targeting sequencing of im-
mune genes.'” This SNP is in linkage disequilibrium (LD)
with the putative splicing variant (rs2248374-G) that leads
to transcription of the specific haplotype (haplotype B)
that is associated with production of a truncated ERAP2
protein which undergoes nonsense-mediated decay and
appears to affect antigen presentation.’

This new work has suggested that rs2549794 is associ-
ated with the immune response, with carriers of the puta-
tive protective C allele having a 5-fold higher ERAP2
expression in both unstimulated and Y. pestis-challenged
macrophages, altered gene expression patterns in multi-
ple other immune cells, and increased production of
the full-length ERAP2 protein in macrophages. Addition-
ally, the rs2549794-C allele has been associated with
increased odds of Crohn disease in other studies,
although it is unknown whether this is the causal
variant.'*
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Therefore, the study concludes that variation at ERAP2
(in particular, the C allele at rs2549794) is probably associ-
ated with protection from Y. pestis and suggests that the
balancing selection at this locus is likely driven by a bal-
ance between autoimmune disease (or other negative con-
sequences of this SNP) and protection from severe infec-
tion. This conclusion remains a hypothesis and there is
little data on whether variation at ERAP2 associates with
severe infection and other autoimmune diseases outside
Crohn’s in contemporary datasets.'>'® It also remains un-
known whether the associations at rs2549794 represent
simply associations related to LD to the known haplotype
structure, or whether there is additional relevant genetic
variation at this locus.

In this study, we aim to test this hypothesis by identi-
fying whether variation at ERAP2 is associated with serious
infection (sepsis and respiratory infection), autoimmune
disease, and age at parental death (as a proxy for potential
effects on longevity) using the two SNPs identified as
associated with disease phenotypes in recent literature
(rs2549794-C, identified recently, and rs2248374-G, which
tags the haplotype) and by using expression'”'® and
protein'’ quantitative trait loci for ERAP2 in Mendelian
randomization analyses.

Material and methods

Study design

For this study, we aimed to assess whether variation at ERAP2
was associated with severe infection, autoimmune disease, and
parental longevity, as a proxy for an effect on lifespan.

Infection outcomes

For our pneumonia and sepsis outcomes, we utilized our previ-
ously performed case-control GWAS of sepsis and pneumonia
from UK Biobank.? UK Biobank is a large (n ~ 500,000) cohort
of older (>50 years old) UK residents who were recruited between
2002 and 2009 and who have linked electronic health record and
mortality data. Details of the cohort are available elsewhere.”!

For this study we included data on both incidence outcomes
(presence of disease), mortality outcomes (death within 28 days
of disease), and critical-care-related outcomes (critical care admis-
sion with the disease).

Affected individuals were identified by the presence of ICD-10
coding in linked hospital data and deaths from nationally
linked mortality data.”’ Comparisons were performed against
all other participants in UK Biobank (e.g., death within 28 days
of pneumonia vs. all other participants in UK Biobank). All
analyses were performed in participants of European ancestry
(n ~ 350,000). Further details on case definition, analysis
approach, and GWAS methodology are with the original publica-
tion?! and elsewhere,?”> while GWASs are available at the MRC-
IEU GWAS database.'

Additionally, we identified matching GWASs for disease inci-
dence from the FinnGen Round 7.>* FinnGen is a similar large
population cohort in Finland, with linked genetic and health
outcome data. Case-control GWASs have been performed for
ICD-10-coded hospital admission, with details available at the
FinnGen website.”*

Finally, we identified COVID-19 outcomes from the
GenoMICC?® (Round 3) consortium. GenoMICC is available as
an open-source international study recruiting critically ill individ-
uals starting in 2015, with this analysis focusing on the compari-
son between hospitalized individuals with COVID-19 and the
general population (hospitalized COVID-19) and comparisons be-
tween severely unwell individuals with COVID-19 and the general
population (critical COVID-19).

Autoimmune disease outcomes

We focused on four common autoimmune diseases which
have existing GWAS summary statistics available: type 1 diabetes,
asthma, Crohn disease, and rheumatoid arthritis. For type 1 dia-
betes, we utilized summary statistics from a recent meta-analysis
of 12 European cohorts.”> For asthma, we utilized a recent
GWAS in UK Biobank using a broad definition of asthma.”® For
Crohn disease, we utilized a GWAS meta-analysis performed in a
European population from the International Inflammatory Bowel
Disease Genetics Consortium.'* Finally, for rheumatoid arthritis,
we utilized summary statistics from a recent meta-analysis of rtheu-
matoid arthritis.”

Parental longevity outcomes

Parental longevity was chosen as a proxy measurement to identify
potential effects of exposures on lifespan. For this analysis, we uti-
lized GWAS summary data from a recent GWAS by Pilling et al. in
UK Biobank.?! On recruitment to UK Biobank, participants were
asked what age both parents had died at, and these data were
used to generate age at death GWAS. Exclusion criteria
were applied to exclude extremely early death, with details in
the manuscript. To generate the combined across parents age at
death data, each age was converted into a Z score, and then this
was summed to generate a combined phenotype.

Individual SNP analysis

We had an iterative analytic approach. Firstly, we focused on the SNP
identified by Klunk et al.** (1s2549794) and identified an extracted
association estimate from the outcome GWAS. Secondly, as ERAP2
is characterized by two equally common haplotypes (A + B), we ex-
tracted effect estimates for the tagging SNP 152248374, where the G
allele is known to associate with haplotype B.>”

Conditional analysis and Mendelian randomization

As the effect estimates were larger at 152549794 than at the haplo-
type tagging SNP, we went on to perform a set of conditional
analyses and Mendelian randomization analyses to determine
whether this was related to gene expression at this locus. We iden-
tified summary statistics for expression and protein quantitative
trait loci (QTLs) cis to ERAP2. Expression QTLs were identified
from whole blood (from eQTLGen,”® n = 31,864) and eQTLs
from lung tissue from the GTEx consortium (n = 515)."” Protein
QTLs were identified from GWASs performed by the DECODE con-
sortium (n = 33,559). For whole blood and protein levels, all cis
SNPs were identified, while only significant (p < 5 x 10~%) SNPs
were available for lung tissue.

We then used GCTA (v.1.94) to identify the effect of 152549794
on gene expression, protein levels, and each outcome sequentially,
conditioning on haplotype (by using the tagging SNP rs2248374).
We used UK Biobank to provide genotypes with which to
construct the LD matrix.?’ This analysis generates conditional es-
timates and standard errors.
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Subsequently, we performed Mendelian randomization (MR).
MR uses SNPs as instrumental variables to explore the association
between an exposure (e.g., ERAP2 expression) and an outcome
(e.g., pneumonia).*” Mendelian randomization is a form of instru-
mental variable analysis, which under certain assumptions can
provide causal estimates of the effect of an exposure on an
outcome. These assumptions are that the genetic instruments
are associated with the risk factor of interest, were independent
of potential confounders, and could only affect the outcome
through the risk factor and not through alternative pathways
(that is, through pleiotropy).’® In this study, our instruments
were all cis acting QTLs.

For all of these exposures, SNPs robustly (p < 5 x 10~®) associ-
ated with the exposure (expression or protein levels) within 300
kb of ERAP2 were extracted. SNPs were pruned to ensure indepen-
dence (r? = 0.1). Effect alleles were harmonized with the outcome
datasets. MR was then performed for each SNP individually and re-
sults meta-analyzed via fixed effects inverse variance weighting
(IVW). Other meta-analytical methods are reported as sensitivity
analyses.

As a further sensitivity analysis, we performed a specific analysis
where 152248374, which tags the haplotype, was dropped from
the IVW meta-analysis. This has the effect of removing this large
effect from the analysis and essentially provides an MR estimate
independent of ERAP2 haplotype. To explore and identify hetero-
geneity in SNPs, and to determine whether rs2248374 was an
outlier, we used radial MR and generated IVW radial plots.*!

Additionally, to confirm independence of our SNPSs, we per-
formed stepwise model selection using GCTA to identity condi-
tionally independent SNPs and used these SNPs within MR.?’
The p value threshold to identify conditional independence was
0.0001. To further test for independence, we pruned the SNPs
further using a 12 threshold of <0.01 (for whole blood expression
only) and re-ran analyses.

Software

Analysis was performed using R v.4.0.4 (R Foundation for Statisti-
cal Computing, Vienna). Data wrangling was performed using the
tidyverse and plotting using ggplot2.>*> Two-sample Mendelian
randomization was performed using the TwoSampleMR package
in R." GCTA (v.1.94) was used to perform conditional analyses.

Guidelines
This study is reported in line with the STROBE-MR guidance
(Document $2).23

Ethics

This work uses mostly publicly available data. To generate condi-
tional estimates, we utilized individual genotype data from UK
Biobank (application number 56243). UK Biobank was approved
by the North West REC.

Results

We identified genome-wide association study (GWAS)
summary statistics for 7 respiratory infection outcomes,
5 sepsis outcomes, 4 autoimmune disease outcomes, and
3 (mother, father, both) parental longevity-related out-
comes. Table 1 lists details of each study, with descriptions
of the cohorts in the material and methods.

Associations at rs2549794

In our initial analysis we focused on rs2549794 as a poten-
tially causal SNP with some functional evidence of an ef-
fect on cellular phenotypes.*® This SNP has a minor allele
frequency of between 0.4 and 0.5 in modern European
ancestry cohorts (MAF 0.40 in 1000 Genomes, 0.41 in gno-
mAD). The T allele of 152549794 was found to be associated
with increased odds of respiratory infection (Figure 1) but
not sepsis. Effect sizes increased with severity of disease,
with the largest effects for death from critical care pneu-
monia (OR 1.11; 95% CI1 0.98-1.26, p = 0.094) and for crit-
ical care admission with pneumonia (OR 1.09; 95% CI
1.02-1.14, p = 0.008).

The effect size on likely bacterial respiratory infection
was larger than that on viral infection (COVID-19 in
GenoMICC),** although all effects were modest in size
(OR < 1.15). As expected, this allele was associated with pro-
tection from Crohn disease (OR 0.86; 95% CI 0.82-0.90,
p = 8.6 x 107?) and we identified a protective association
with type 1 diabetes (MIM: 222100) (OR 0.95; 95% CI
0.90-0.99, p = 0.02, all studies in Table 1). In this dataset,
we were unable to resolve any association with asthma
(MIM: 600807) or rheumatoid arthritis (MIM: 180300).
There was evidence of an association with parental
longevity, with each additional T allele being associated
with increased age at parental death (beta 0.01 on Z-scored
combined age of death of parents, 95% CI 0.004-0.017,
p = 0.002), with no difference between maternal and
paternal estimates. Table 2 shows results of this analysis.

Association with ERAP2 haplotype and gene expression
As 152549794 is in linkage disequilibrium with rs2248374
(LD between 0.6 and 0.8 in European populations), which
tags the haplotype and is a splicing variant, and ERAP2
haplotype has large effects on gene expression and dis-
ease,”!! we then went on to look at the effect of ERAP2
haplotype on these outcomes, using rs2248374-G as a
tagging SNP to represent haplotype B, which is associated
with reduced gene expression of ERAP2. These results are
reported in Figure 2 and Table S1. The effect estimates
were broadly similar to those at rs2549794, consistent
with the LD structure at this locus, although effect esti-
mates were generally larger in rs2549794 than using the
haplotype-tagging SNP.

To explore this change in estimate further, and because
previous work has suggested that variation (including the
haplotype effect) at ERAP2 acts via alternative splicing
leading to altered RNA and protein levels,>”'? we then
identified datasets with available expression (whole blood)
and protein quantitative trait loci cis to ERAP2, to enable us
to perform conditional analysis and Mendelian randomi-
zation. Summary statistics for expression associations
were accessed from the eQTLGen consortium while
protein associations were accessed from the DECODE
consortium.

Using GCTA,*® we then performed conditional analysis
to identify whether 152549794 had any additional effect

The American Journal of Human Genetics 170, 1-12, April 6, 2023 3



Please cite this article in press as: Hamilton et al., Variation in ERAP2 has opposing effects on severe respiratory infection and autoimmune
disease, The American Journal of Human Genetics (2023), https://doi.org/10.1016/j.ajhg.2023.02.008

Table 1. Studies included in this analysis
Affected Control

Outcome Author individuals subjects Cohort Case definition

Respiratory infection

Pneumonia Hamilton et al.>* 22,567 463,917 UK Biobank  ICD-10 coded pneumonia

Pneumonia (critical care) Hamilton et al.** 2,758 428,607 UK Biobank  ICD-10 coded pneumonia and critical care
admission

Pneumonia (death) Hamilton et al.** 3,185 430,820 UK Biobank  ICD-10 coded pneumonia and death within
28 days

Pneumonia (death in Hamilton et al.** 545 430,820 UK Biobank  ICD-10 coded pneumonia, critical care

critical care) admission, and death within 28 days

Pneumonia (FinnGen) FinnGen consortium®® 38,999 282,303 FinnGen ICD-10 coded pneumonia

Critical COVID GenOMICC consortium®® 13,327 1,745,220 meta-analysis very severe respiratory COVID-19

Hospitalized COVID GenOMICC consortium®® 43,308 2,918,102 meta-analysis hospitalized with COVID-19

Sepsis

Sepsis (death in critical care) Hamilton et al.** 347 431,018 UK Biobank  ICD-10 coded sepsis

Sepsis Hamilton et al.** 11,643 474,841 UK Biobank  ICD-10 coded sepsis and critical care admission

Sepsis (critical care) Hamilton et al.** 1,380 429,985 UK Biobank ICD-10 coded sepsis and death within 28 days

Sepsis (death) Hamilton et al.** 1,896 484,588 UK Biobank  ICD-10 coded sepsis, critical care admission,
and death within 28 days

Sepsis (FinnGen) FinnGen consortium®® 10,337 310,965 FinnGen ICD-10 coded sepsis

Autoimmune disease

Crohn disease Liu et al."* 5,956 14,927 meta-analysis histologically and endoscopically confirmed

Type 1 diabetes Forgetta et al.** 4,329 9,543 meta-analysis cohort specific

Asthma Valette et al.>* 56,167 352,255 UK Biobank  ICD coded and self-reported

Rheumatoid arthritis Ha et al.?® 14,361 43,923 meta-analysis cohort specific

Parental longevity

Age at death (father) Pilling et al.?’ 317,652 N/A UK Biobank  age at death of father

Age at death (mother) Pilling et al.>’ 246,941 N/A UK Biobank  age at death of mother

Age at death (both) Pilling et al.’ 389,166 N/A UK Biobank  summed Z score for age of death and mother

on gene expression/protein levels after conditioning on
ERAP2 haplotype, modeled by rs2248374. Despite the LD
between them (R? = 0.74, D’ = 1 in 1000 Genomes Eu-
rope), there was a clear effect on gene expression even after
conditioning on haplotype (Table 3), with each T allele still
associated with reduced gene expression and translation at
ERAP2.

We then used COJO separately on our outcome GWAS,
to generate estimates of the association at rs2549794 con-
ditional on haplotype (Figure S1).>” Associations remained
in the same direction as in our primary analysis, although
all estimates crossed the null, suggesting a partial but not
total attenuation of effect once taking account of the effect
of haplotype.

Given the stronger association at rs2549794 than the
haplotype-tagging SNP 152248374 and similar direction
(although weaker) conditional estimates—and with both
putatively harmful alleles associated with reduced gene
expression at ERAP2—we went on to perform Mendelian

randomization (MR) at ERAP2, aiming to estimate the ef-
fect of changes in gene expression and protein levels to
identify whether gene expression or translation were
driving our identified association.

Mendelian randomization

To perform MR, we identified independent (r* > 0.1, in the
European population of 1000 Genomes Project’®) cis SNPs
that were associated (p < 5 X 10~8) with (1) whole blood
gene expression, (2) protein levels, and (3) lung tissue
expression of ERAP2, where a list of associated cis SNPs
was available via GTEx but no full summary statistics
were available. SNPs were defined as cis if they were within
300 kb either side of the gene body. We identified 67 SNPs
associated with ERAP2 whole blood expression (from
eQTLGen,”® n = 31,864), 80 SNPs associated with ERAP2
protein levels(from DECODE,'” n = 33,559), and 6 SNPs
associated with ERAP2 lung tissue expression (from
GTEx,'” n = 551). Details of SNP identification and
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Figure 1. Associations between rs2549794 and outcomes in each GWAS dataset

Odds ratio for each outcome presented, with 95% confidence intervals, except for parental longevity, where the beta is presented with a
95% confidence interval. Outcomes: (A) respiratory infection, (B) sepsis, (C) autoimmune disease, (D) parental longevity.

pruning are in the material and methods, with a list of all
included SNPs in Table S2.

As we test 19 traits with some degree of overlap between
both exposures and the outcomes, we report p values in
the text, but also provide p values corrected via Bonferroni
(n = 19) in Tables S1-S9 where all results are reported.

We then went on to perform MR using each of these in-
struments independently, and we meta-analyzed each in-
dividual SNP association via inverse-variance weighted
(IVW) meta-analysis to generate a summary causal esti-
mate. In IVW meta-analysis, increased whole blood
ERAP2 expression was associated with protection from res-
piratory infection (Figure 3). This effect was most pro-
nounced for the most severe infection, with the largest ef-
fect estimates for patients who died or were critically
unwell with pneumonia: OR for death from critical care
pneumonia 0.91; 95% CI 0.87-0.97, p = 1.3 X 1073, OR
for death from pneumonia 0.95; 95% CI 0.92-0.97,
p = 1.4 x 1075 OR for pneumonia 0.99; 95% CI 0.98-
0.99,p=1.9 x 1073).

No effect was identified on sepsis-related outcomes, and
opposing effects were identified on type 1 diabetes (OR
1.05;95% CI 1.03-1.08, p = 4.9 x 10~%) and Crohn disease
(OR 1.10, 95% CI 1.07-1.11; p = 2.16 x 10~ '®). Increased

ERAP2 expression was associated with decreased age at
death in both men and women, with a combined estimate
of —0.008; 95% CI —0.005 to —0.012; p = 2.66 x 10~°).
Using lung-tissue-specific eQTLs, effect sizes were
similar, although the strength of the association was
weaker, reflecting in part the fewer number of SNPs
(6 SNPs vs. 67 SNPs) in these analyses (Figure S2), reducing
the precision of the meta-analysis. Analyses using protein
quantitative trait loci were again similar (Figure S3),
although associations with COVID were null and other
associations are weaker. All IVW MR QTL results for our
primary instrument are reported in Tables S3-S5, while
Table S6 reports alternative meta-analytic approaches
(weighted median and MR Egger). These results were
similar but more imprecise than our primary analysis.
Although estimates from MR with independent instru-
ments should not be biased by background genetic struc-
ture unless it is coincident with the exposure and/or the
outcome, we went on to perform a series of sensitivity an-
alyses given the known strong association between haplo-
type, expression, and protein levels at this locus. Firstly,
we utilized a more stringent cut off for independence
(R? < 0.01) for our whole blood expression analysis to
ensure that included SNPs were truly independent. This
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Table 2. Associations between rs2549794 T allele and outcomes in each GWAS dataset

Outcome OR/beta Lower 95% CI Upper 95% CI p value EAF
Respiratory infection (OR reported)

Pneumonia 1.025 1.005 1.045 0.014 0.565
Pneumonia (critical care) 1.078 1.020 1.139 0.008 0.567
Pneumonia (death) 1.066 1.013 1.121 0.014 0.565
Pneumonia (death in critical care) 1.111 0.982 1.258 0.094 0.567
Pneumonia (FinnGen) 1.015 1.000 1.031 0.048 0.621
Critical COVID (GenoMICC) 1.027 1.001 1.053 0.038 NR
Hospitalized COVID (GenoMICC) 1.018 1.000 1.036 0.053 NR
Sepsis (OR reported)

Sepsis (death in critical care) 0.963 0.824 1.125 0.631 0.567
Sepsis 0.992 0.966 1.019 0.567 0.565
Sepsis (critical care) 0.999 0.924 1.079 0.970 0.567
Sepsis (FinnGen) 1.022 0.993 1.053 0.144 0.622
Sepsis (death) 1.018 0.953 1.088 0.590 0.565
Autoimmune disease (OR reported)

Asthma 1.001 0.999 1.002 0.253 0.562
Type 1 diabetes 0.945 0.903 0.990 0.017 0.570
Rheumatoid arthritis 0.990 0.968 1.012 0.380 NA
Crohn disease 0.856 0.818 0.896 8.6 x 1077 0.588
Age at death (beta reported)

Age at death (father) 0.004 —0.002 0.009 0.170 0.567
Age at death (mother) 0.004 —0.002 0.009 0.190 0.567
Age at death (both) 0.010 0.004 0.0017 0.002 0.567

Odds ratio for each outcome presented, with 95% confidence intervals, except for parental longevity, where the raw beta is presented with a 95% confidence

interval. NR, not reported; EAF, effect allele frequency.

analysis is reported in Table S7 and shows similar effect es-
timates, with reduced precision consistent with the reduc-
tion in power with fewer available SNPs (12 SNPs vs. 67
SNPs). Secondly, we removed rs2248374 from our analysis
and re-ran inverse variance weighted MR which, given all
other SNPs are independent, essentially removes haplo-
type from the analysis. Again, effects were consistent
with the removal of rs2248374, accepting the expected
drop in precision (Figure S4, Table S8). The correlation be-
tween the effect estimates with and without rs2248374
was 0.99.

As another test to determine whether the haplotype-
tagging SNP was quantitatively different from other cis
expression or protein QTLs, we generated radial scatterplot
visualizations of effects using radial MR and used these to
identify outliers (both visually and mathematically). In
this analysis, the effect of each SNP on both the exposure
and outcome are plotted on a radial plot in order to observe
whether any individual SNP is an outlier. Two representa-
tive plots for whole blood expression and death from

pneumonia and for whole blood expression and Crohn
disease are shown in Figures S5A and S5B. This plot shows
that rs2248374, although having a large effect, is not het-
erogeneous compared to other SNPs in these analyses and
is not an outlier. In only 3/42 exposure-outcome associa-
tions was rs2248374 considered an outlier and in none of
those cases did removal of outliers fundamentally change
the IVW MR estimates. All outlier-adjusted results are in
Table S9.

Finally, we generated a second set of instruments for
expression and protein levels using conditional stepwise
selection in GCTA,°'* with a p value threshold of
0.0001. This analysis identifies SNPs that are conditionally
independently associated with the trait (gene expression
and protein levels) and is an additional methodology to
identify independent exposures to use in MR. This analysis
yielded similar highly similar estimates to our estimates
generated using our primary instrument, with in most
cases, statistically more confident estimates (Figures S6
and S7).
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Hospitalised COVID (GenoMICC) 4 ——
Pneumonia 4 ——
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Pneumonia (critical care) 4 ——
Pneumonia (death in critical care) 4 g
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0.95 1.00 1.05 1.10 1.15  1.20
OR per G allele (95% ClI)
C
Crohn's disease q ——————
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Rheumatoid Arthritis 4 —
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Figure 2. Association between rs2248374-G (representing haplotype B) and outcomes in each GWAS dataset
Outcomes: (A) respiratory infection, (B) sepsis, (C) autoimmune disease, (D) parental longevity.

Discussion

In this study, we show that variation at ERAP2 is associated
with susceptibility to respiratory infection in the present
day. In line with a recent study using ancient DNA,”'?
we show evidence suggesting that the C allele of
152549794 is protective against respiratory infection,
with evidence of increasing protection against severe dis-
ease. Although the effect size of the T allele on respiratory
infection is modest (OR 1.05-1.1), this plausibly represents
a large attenuation of the “wild-type” effect of this locus,
given modern treatments for respiratory infection (e.g., an-
timicrobials) and other public health measures that are
likely to blunt the genetic effects. In contrast, we identified
an opposing effect on Crohn disease and type 1 diabetes,
providing some support for the hypothesis of balancing se-
lection at this locus.”’~'* Using parental death data from UK
Biobank, we identified evidence of reduced parental life-
span with carriage of the C allele at rs2549794.

ERAP2 is characterized by two haplotypes (A + B), with
haplotype B leading to reduced expression of ERAP2 and
low amounts of truncated ERAP2 protein.>>® This reduced
amount and function of ERAP2 alters the diversity of anti-
gens presented by HLA, and is plausibly likely to reduce the
quality of immune response to certain pathogens.’*® As

152549794 is in a degree of LD with the haplotype in Euro-
pean populations, we went on to assess whether haplotype
alone was associated with the outcomes. Using a tagging
SNP for haplotype B (1s2248374-G), we show a similar
but reduced effect, with effect sizes marginally smaller. To
explore this further, we performed conditional analyses
and showed that the T allele of 152549794 was associated
with reduced expression and protein levels of ERAP2, inde-
pendently of background haplotype. As 1s2549794-T is in
LD with rs2248374-G, with both variants associated with
reduced gene expression, this suggests that gene expres-
sion may be mediating the associations we identify.
Therefore, we went on to perform Mendelian randomi-
zation analyses using multiple, independent expression
and protein quantitative trait loci at ERAP2. These results
showed clear evidence of reduced odds of severe respira-
tory infection with increasing levels of ERAP2 expression
or protein, but increased odds of Crohn disease and
type 1 diabetes. The evidence of association was strongest
with whole blood eQTL data, although we saw effects us-
ing all three of our instruments (whole blood eQTL, lung
eQTL, plasma pQTL). Importantly, although the haplo-
type-tagging SNP provided a large effect, removal of this
SNP from the analyses made little difference to estimates
and there was no evidence that this had a qualitatively

The American Journal of Human Genetics 110, 1-12, April 6, 2023 7



Please cite this article in press as: Hamilton et al., Variation in ERAP2 has opposing effects on severe respiratory infection and autoimmune
disease, The American Journal of Human Genetics (2023), https://doi.org/10.1016/j.ajhg.2023.02.008

Table 3. Effect of the T allele of rs2549794 on ERAP2 expression/protein levels

Quantitative trait loci Raw beta Raw SE Raw p value Conditional beta Conditional SE Conditional p value
Whole blood gene expression —-1.129 0.008 <1 x 107320 —0.169 0.00845344 1.50 x 10788

Protein levels -1.050 0.003 <1 x 1073 -0.431 0.03234080 1.42 x 10°%

different effect to other SNPs. These results suggested that
variation at ERAP2 outside the known haplotypic variation
is associated with both severe infection and auto immune
disease and suggest that gene expression (independent of
haplotype) is causal here.

We saw no strong evidence for association with data
based on sepsis-related clinical coding. This is interesting,
as most data point to the bubonic form of Y. pestis as the
predominant feature of the Black Death, although the
speed of travel of the epidemic has made some consider
whether pneumonic plague was a more plausible candi-
date.”® It is also important to recognize that sepsis repre-
sents a dysregulated response to infection®” and is highly
heterogeneous over even the last 50 years, perhaps ex-
plaining the lack of association.”” Although it has been
long suspected that ERAP2 has a role in protection from

A
Pneumonia (death in critical care)
Pneumonia (death) —_————
Pneumonia (critical care) 4 —_——
Critcal COVID (GenoMICC) A —
Pneumonia (FinnGen) - ——
Pneumonia A ——
Hospitalised COVID (GenoMICC) A ——
T T T T T T
086 088 090 092 094 096 098 1.00

OR per SD ERAP2 blood expression (95% Cl)

Cc
Asthma- —eo
Rheumatoid Arthritis 1 ——@——
Type 1 Diabetes 4 —_——————
Crohn's disease —C—
1000 1025 1050 1075 1400 112
OR per SD ERAP2 blood expression (95% Cl)
Figure 3.

infection (reviewed recently*®), with known roles in both

antigen presentation and shaping the cytokine response,*!
there are no studies as far as we are aware that have
robustly identified genetic associations on the population
level. There are, however, some candidate gene studies re-
ported, although given the small sample sizes their rele-
vance to our analyses is unclear.> %164

We identified an association with reduced parental
longevity with the C allele and with increased ERAP2
expression. It is possible to speculate about the cause of
this, and what the role of selection has been at this locus.
One potential explanation is environmental- and/or
time-specific selection, whereby in times of high pathogen
pressure there is strong evolutionary pressure to increase
gene expression of ERAP2, but this is counterbalanced at
other times by negative consequences (e.g., Crohn disease,

B
Sepsis (death in critical care) q -
Sepsis (FinnGen) q ——
Sepsis (death) - —_——
Sepsis - —
Sepsis (critical care) 4 rH———
T T T T T T
0.900 0.925 0.950 0975 1.000 1.025 1.050

OR per SD ERAP2 blood expression (95% Cl)

Age at death (both) 4

Age at death (father) 4

Age at death (mother)

0012 -0.009 -0.006 -0.003 0.000
beta per SD ERAP2 blood expression (95% Cl)

Inverse variance weighted MR estimates for the effect of ERAP2 whole blood expression on outcomes

Effect estimates are on the scale of normalized gene expression. Results for (A) respiratory infection, (B) sepsis, (C) autoimmune disease,

(D) parental longevity.
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type 1 diabetes). Previous literature has identified that
changes in ERAP2 expression are associated with changes
in survival from cancer, although one study identified
increased survival®® with increased ERAP2 expression,
and the other decreased survival,** while there are known
genetic associations such as psoriasis*> and juvenile idio-
pathic arthritis®” at this locus. Additionally, the association
with birdshot chorioretinopathy is dependent upon an
interaction with HLA, further complicating analyses.®*°
In that context, although we can speculate about the
reason for balancing selection, it is difficult to provide a
definitive answer, although intermittent pathogen pres-
sure provides a plausible cause.

The major limitation of this work—in line with other ge-
netic association studies in infection—is the challenge in
defining cases of infection, which differ between and
across studies. Additionally, there are assumptions and
challenges of interpreting MR which are discussed exten-
sively elsewhere,””*” but are more challenging at a locus
such as ERAP2 which has complex biology and a complex
genetic background, with 50% of all variation in gene
expression explained by a single haplotype. However, our
analyses accounting for haplotype showed similar results,
suggesting that our results are not simply due to haplotype.
In common with all MR studies, we additionally rely on
the assumptions of Mendelian randomization. In partic-
ular, we cannot confirm whether our genetic variation
acts through ERAP2 expression (the exclusion restriction
assumption), nor whether the genetic variation covaries
with confounders of our outcome (e.g., the included
SNPs have some population structure that is coincident
with a confounder that explains the association with dis-
ease). The nature of variation at this locus, with a large
number of independent, common, low-frequency (minor
allele frequency 0.01-0.05) variants with strong associa-
tions with ERAP2 expression suggests an unusual genetic
background and is worthy of further investigation, but
should not in principle bias estimates from MR.

There are three clear implications of our study. First,
these data confirm the hypotheses raised by other
studies’'*: there is likely a balancing effect at ERAP2
driven by protection from infection with increased risk
of Crohn disease and type 1 diabetes. Secondly, therapeu-
tics to target ERAPI and ERAP2 are in development (to
target Crohn disease and cancer®’). These data suggest
that targeting ERAP2 may lead to increased rates of respira-
tory infection and that trials should measure and quantify
infection outcomes. Finally, these findings show the po-
tential opportunities in contemporary infection genetics:
identifying and prioritizing potential gene targets using
DNA from samples that are centuries old, quantifying asso-
ciations in modern datasets, and identifying potential off-
target effects.

Conclusion
Variation in ERAPZ is associated with respiratory infection.
In particular, the C allele of 152549794 appears to be pro-

tective, with increasing effect estimates with increasing
severity of infection. This effect was independent of
ERAP2 haplotype. In supporting Mendelian randomiza-
tion analyses, increased expression of ERAP2 is protec-
tive for respiratory infection but increase the odds of
some autoimmune diseases and are associated with
reduced parental longevity. These results suggest ongoing
balancing selection at this locus driven by autoimmune
and infectious disease.

Data and code availability

All data available to replicate this analysis are publicly available.
For ease, curated data are available at the authors’ GitHub
(https://github.com/gushamilton/ERAP2) allowing ease of replica-
tion. We do not provide code as all results can be generated by sim-
ply plotting the harmonized data or by using the TwoSampleMR
package.’
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Supplemental information can be found online at https://doi.org/
10.1016/j.ajhg.2023.02.008.
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