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Abstract

As a consequence of interbreeding with Neanderthals after migrating out 
of Africa, the genome of modern humans contains around 2% Neanderthal 
variants. The full impact of these variants within the human genome has 
not been well established, but Neanderthal variants have been associated 
to multiple phenotypes. These include immune-related phenotypes, which 
suggests that Neanderthal variants have helped shape our immune 
system. Here we explore the contribution of Neanderthal variants to 
immune-mediated diseases. We show that 36 Neanderthal variants are 
present in seven loci associated to six immune-mediated diseases: celiac 
disease, inflammatory bowel disease, primary biliary cirrhosis, psoriasis, 
rheumatoid arthritis and systemic sclerosis. Most of these Neanderthal 
variants have regulatory potential; 95% have an effect on the expression 
of at least one nearby gene and 81% alter the binding site of transcription 
factors. To test whether they increase or decrease the risk of developing 
immune-mediated diseases, we performed haplotype association analysis 
and found that all haplotypes (except one associated to psoriasis and one 
to inflammatory bowel disease that is not conclusive) increase risk. We 
also demonstrate the potential of Neanderthal variants for fine-mapping: 
by focusing in on regions containing Neanderthal variants we were able 
to reduce the size of associated loci by 13-80%. Our results highlight the 
influence of Neanderthal variants in immune-mediated diseases and their 
potential use in fine-mapping previously associated regions. 
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Main Text

As modern humans dispersed out of Africa they encountered and mated 
with Neanderthals1. All contemporaneous non-African individuals 
studied to date have inherited approximately 2% of their genomes from 
Neanderthal ancestors, and methods have been developed to identify 
introgressed Neanderthal sequences2. Although genome-scale catalogs of 
Neanderthal and other archaic hominin sequences now exist3,2,4, questions 
remain about the functional, phenotypic, and evolutionary consequences 
of hybridization. Preliminary work has shown that Neanderthal sequences 
that persist in modern humans potentially influence a wide range of 
phenotypes2,4–8, including a range of immune diseases (IMDs) such as 
Crohn’s disease, primary biliary cirrhosis, systemic lupus erythematosus, 
celiac disease, rheumatoid arthritis, and atopic dermatitis. In addition, 
given that adaptively introgressed loci are enriched for immune-related 
genes, archaic admixture may have played an important role in shaping 
the immune system of modern humans9. 
 
Here we leverage the Immunochip platform to better understand the 
potential contribution of Neanderthal ancestry to IMDs. Immunochip is a 
custom-made platform comprising 196,524 SNPs that densely genotype 
180 regions of immunologic interest previously identified by a genome-
wide association study (GWAS) of 12 different IMD10. Immunochip also 
includes a high percentage of low frequency variants10 from the 1000 
Genomes Project pilot 1 and from sequencing studies of IMD patients 
that were not included in the chips used in previous GWAS studies. The 
Immunochip design, combined with the increased sample size analyzed, 
has facilitated the identification of more than 300 loci (including low 
frequency variants) and the fine-mapping of well-established GWAS loci. 
However, Immunochip associations due to Neanderthal sequences have 
not been investigated to date.

We first selected 508 top SNPs from 280 unique loci that were associated 
to fourteen IMDs in 15 studies using Immunochip (Sup. Table 1). We then 
calculated all SNPs in high linkage disequilibrium with each of these 508 
top SNPs (r2>0.8 in European populations using the CEU population of 
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the 1000 Genomes Project), resulting in a set of 9,428 SNPs (IMD-SNPs, 
Sup. Table 2). Next, we intersected these IMD-SNPs with a set of variants 
previously identified by two different studies2,3 as introgressed from the 
Neanderthal genome into European populations. This analysis identified 
36 Neanderthal variants within seven loci associated to six different 
IMDs (Table 1). We identified loci associated to inflammatory bowel 
disease (IBD), primary biliary cirrhosis and systemic sclerosis, psoriasis, 
and rheumatoid arthritis (RA). The TNOP3 locus on chromosome 7 is 
associated to both primary biliary cirrhosis and systemic sclerosis, and 
we identified the same two Neanderthal variants for both diseases. The 
remaining three loci were associated to celiac disease (CeD) (Table 1). 

Table 1. Neanderthal variants within loci associated to immune-
mediated diseases

Locus

D
isease

TOPSNP Neanderthal 
variant

N
eand. allele

C
hr Position

Func-
tional 

annota-
tion

closest 
Gene^ All eQTLs

1 CeD rs6441991 rs71327066 A 3 46486292 Intronic LTF CCR1, RTP3,LTF

  rs34904359 G 3 46503906 Intronic LTF CCR1, RTP3,LTF

   

2 CeD rs62323881 rs1383044 C 4 123342324 Intronic ADAD1 KIAA1109

  rs62321757 T 4 123344678 Intronic ADAD1 KIAA1109

  rs62321758 A 4 123355848 . ADAD1 KIAA1109

  rs55909629 A 4 123367997 . IL2 KIAA1109

  rs56067118 T 4 123370673 . IL2 KIAA1109

  rs11575810 G 4 123371292 . IL2 KIAA1109

  rs74388271 G 4 123508611 . IL21 KIAA1109

  rs74985076 C 4 123520646 . IL21 KIAA1109

  rs62324170 A 4 123521851 . IL21 KIAA1109

  rs62324192 C 4 123524257 . IL21 KIAA1109

  rs62324194 T 4 123524666 . IL21 KIAA1109

  rs78541112 T 4 123526068 . IL21 KIAA1109

  rs17886348 A 4 123533820 3'-UTR IL21 KIAA1109

  rs17879298 T 4 123533834 3'-UTR IL21 KIAA1109

   

3 RA rs2233424 rs28362859 G 6 44228815 Intronic NFKBIE TMEM151B, TCTE1

  rs2233433 T 6 44232977 mis-
sense NFKBIE TMEM151B, TCTE1

  rs28362855 A 6 44234621 . NFKBIE TMEM151B, TCTE1

  rs77986492 T 6 44237549 . TMEM151B TMEM151B, TCTE1

  rs79959806 A 6 44258330 Intronic TCTE1 TMEM151B, TCTE1

  rs76731976 T 6 44275517 Intronic AARS2 TMEM151B, TCTE1

   

4 PBC rs35188261 rs71581958 T 7 128665542 Intronic TNPO3 IRF5,FAM71F2

  SS rs62478615 rs71581958 T 7 128665542 Intronic TNPO3 IRF5,FAM71F2
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  PBC rs35188261 rs17339836 T 7 128681062 Intronic TNPO3 IRF5,FAM71F2, RP11-
286H14.4

  SS rs62478615 rs17339836 T 7 128681062 Intronic TNPO3 IRF5,FAM71F2, RP11-
286H14.4

   

5 IBD rs11564258 rs17466907 G 12 40784574 . LRRK2 LRRK2

  rs11564258 rs17466969 T 12 40786828 . LRRK2 LRRK2

  rs11564258 rs148698440 G 12 40787264 synony-
mous LRRK2 LRRK2

   

6 PS rs2066819 rs77415512 G 12 56627300 Intronic SLC39A5

CS, STAT2, SPRYD4, 
SLC39A5, RP11-

977G19.11, RP11-
977G19.10, PAN2, 

IL23A, CNPY2, 
RP11-603J24.7, RP11-

977G19.12, IKZF4, 
RAB5B

  rs2066819 rs59626664 G 12 56636975 mis-
sense ANKRD52

CS, STAT2, SPRYD4, 
SLC39A5, RP11-

977G19.11, 
RP11-977G19.10, 

PAN2,RPS26, IL23A, 
CNPY2, RP11-

603J24.7, RP11-
977G19.12, IKZF5, 

COQ10A

  rs2066819 rs117305040 G 12 56657888 . COQ10A

CS, STAT2, SPRYD4, 
SLC39A5, RP11-

977G19.11, 
RP11-977G19.10, 

PAN2,RPS26, IL23A, 
CNPY2, RP11-

603J24.7, RP11-
977G19.12, IKZF6, 

COQ10A

  rs2066819 rs41423244 A 12 56693520 Intronic CS

CS, STAT2, SPRYD4, 
SLC39A5, RP11-

977G19.11, 
RP11-977G19.10, 

PAN2,RPS26, IL23A, 
CNPY2, RP11-

603J24.7, RP11-
977G19.12, IKZF7, 

COQ10A

  rs2066819 rs77768890 G 12 56725121 Intronic PAN2

CS, STAT2, SPRYD4, 
SLC39A5, RP11-

977G19.11, 
RP11-977G19.10, 

PAN2,RPS26, IL23A, 
CNPY2, RP11-

603J24.7, RP11-
977G19.12, IKZF8, 

COQ10A

  rs2066819 rs79824801 C 12 56728137 . PAN2

CS, STAT2, SPRYD4, 
SLC39A5, RP11-

977G19.11, 
RP11-977G19.10, 

PAN2,RPS26, IL23A, 
CNPY2, RP11-

603J24.7, RP11-
977G19.12, IKZF9, 

COQ10A
   
7 CeD rs11851414 rs735292 A 14 69233985 . ZFP36L1 .

  rs11851414 rs72731547 T 14 69241939 . ZFP36L1 ACT1

    rs11851414 rs56119720 A 14 69247480 . ZFP36L1 ACT1
CeD, celiac disease; RA, rheumatoid arthritis; PBC, primary biliary cirrhosis; SS, systematic sclerosis; IBD, 
inflammatory bowel disease; PS, psoriasis. ^ Closest Refseq gene to the Neanderthal-variant.
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This is especially interesting because fewer genetic associations have 
been reported for CeD overall (n=48, Sup. Table 1) as compared to 
other IMDs such as RA (n=105) and IBD (n=97), for which we observe 
association with only one locus with Neanderthal variants, or multiple 
sclerosis (n=97), for which we observe no association with Neanderthal 
variants. 

To functionally characterize the Neanderthal variants, we annotated them 
using Haploreg v4.111,12 (archive.broadinstitute.org/mammals/haploreg/
haploreg.php). While most of the Neanderthal variants are located in 
non-coding regions (Table 1), we found three SNPs within coding regions: 
one on the NFKBIE gene located in chromosome 6 that is associated to 
RA, one on the ANKRD52 gene in chromosome 12 that is associated to 
psoriasis and results in amino acid changes, and one on the LRRK2 gene 
in chromosome 12 that is associated to IBD but does not lead to amino 
acid changes. Non-synonymous variants in NFKBIE and ANKRD52 are 
evolutionarily conserved according to GERP13, a measure that identifies 
constrained elements in multiple alignments by quantifying substitution 
deficits. These deficits represent substitutions that would have occurred if 
the element of interest was neutral DNA, but which did not occur because 
the element has been under functional constraint. GERP scores are a 
natural measure of constraint that reflects the strength of past purifying 
selection on the genetic element of interest. None of the Neanderthal 
variants we identified are predicted to be functional according to SIFT 
and Polyphen. 
 
It has been suggested that the functional effects of introgressed SNPs 
are largely mediated by influencing gene regulation rather than protein 
structure14. Thus, to explore the regulatory potential of the Neanderthal 
variants within the IMD loci, we investigated the effect of the genotype of 
Neanderthal SNPs on genes (eQTLs) using Haploreg v415 and the GTEx 
Analysis Release V7 from the GTEx portal (http://www.gtexportal.org/
home/). We then mapped cis-eQTLs (eQTLs within a 250 kb region on 
each side of the SNPs in the locus) using peripheral blood RNA-seq data 
from 2,116 unrelated individuals from the BIOS dataset, as described 
by Zhernakova et al16. After identifying the top eQTLs in the locus, we 

http://www.gtexportal.org/home/
http://www.gtexportal.org/home/
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determined which top eQTL SNPs are in high linkage disequilibrium 
(r2>0.8) with the Neanderthal variants. This showed that 35 of the 36 
Neanderthal variants (95%, Table 1, Sup. Table 3) affected the expression 
of at least one nearby gene (Table 1), an effect four times higher than 
what has previously been shown for all Neanderthal sequences in 
relation to allele-specific effects17. The effect on expression suggests that 
Neanderthal variants have a functional effect within IMD loci. 

To test whether the Neanderthal allele increases or decreases the 
expression of affected genes, we focused on the cis-eQTLs identified in 
the BIOS dataset (Sup. Table 3). To this end, we found the most common 
haplotype that contained the eQTL-assessed allele  (a proxy of the 
Neanderthal variant) to determine the assessed allele for the Neanderthal 
variant. In this approach the Z-score of the eQTL-assessed allele provides 
the direction of effect for the Neanderthal-assessed allele. The majority 
of cis-eQTLs decreased the expression of the nearby genes, and we 
observed this for cis-eQTLs at gene- (54%) and exon-level (64%) and for 
eQTLs where SNPs affected the inclusion rate of exons (exon-ratio level, 
63%). This observation is consistent with a previous study that reported 
Neanderthal alleles down-regulate genes in brain and testes17. 

To better understand the regulatory mechanisms of Neanderthal variants 
that are associated with transcript abundance, we looked for changes 
in regulatory motif-binding in the seven IMD-associated loci. We found 
that 29 of the 36 variants (80.5%) altered transcription factor binding 
motifs according to Haploreg v4.1 annotation. We then selected 45 motifs 
that were directly altered by the Neanderthal variants, but not by their 
proxies. To select the strong effects from these variants, we filtered out 
weak changes and selected motifs from three loci where the binding 
was altered at least 5-fold compared to the reference allele (Sup. Table 
4). At the rs17339836 locus at 7q32.1 associated with primary biliary 
cirrhosis and systemic sclerosis, we found the Neanderthal-allele of the 
SNP increases the binding of the Sox_17. At the 6p21.1 locus associated 
to RA, the Neanderthal allele of rs28362855 decreases binding of CHD2_
disc3. In the 7q32.1 locus associated to CeD, the binding of MAZ was 
reduced by the Neanderthal allele of rs34904359. 
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In the 14q24.1 locus, for the two SNPs associated to the other two CeD-
associated loci, the Neanderthal alleles also alter the binding of Rad21. 
Rad21 (RAD21 cohesin complex component) is well known for its function 
in holding sister chromatids together and the repair of DNA double-
strand breaks; however Rad21 also promotes apoptosis, which is a key 
affected pathway in the mucosa of the small intestine of celiac patients18. 
This led us to examine the expression of Rad21 in intestinal biopsies of 
celiac patients (n=12) versus healthy controls (n=12). The methods of 
biopsy sampling, RNA isolation19 and details of microarray hybridization 
for these samples have been described previously20. The expression 
data were quantile normalized using the Illumina Beadstudio program. 
The quantile-normalized and log2-transformed expression values were 
compared using a Wilcoxon signed-rank test in R. What we found was 
that Rad21 is significantly over-expressed (P=0.0023) in cases compared 
to healthy controls (Sup. Figure 1), which supports a role for Rad21 in 
CeD.  

To test if the haplotypes containing Neanderthal variants were increasing 
or decreasing the risk of disease, we performed a haplotype association 
analysis. The haplotypes were constructed using all the Neanderthal 
variants at the locus, with haplotypes considered Neanderthal if they 
contained the alleles present in the Neanderthal genome. Haplotype 
association tests were performed in PLINK21 (http://pngu.mgh.harvard.
edu/~purcell/plink/) using 12 different disease-specific case-control 
cohorts (Sup. Table 5). While six Neanderthal haplotypes turned out to 
increase the risk for the disease (Table 2, Sup. Table 6 A-F), the Neanderthal 
haplotype containing the variant associated to psoriasis was protective 
in the two cohorts we analyzed (Sup. Table 6 G). At the 12q12 locus 
associated to IBD (Sup. Table 6 H), the Neanderthal alleles are present 
in both haplotypes: the risk haplotype contained one Neanderthal allele, 
while the protective haplotype contained 2 Neanderthal alleles.

http://pngu.mgh.harvard.edu/~purcell/plink/
http://pngu.mgh.harvard.edu/~purcell/plink/
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Table 2. Results from Neanderthal haplotypes association analysis  

Chr TopSNP Disease Size of locus1

Size of 
Neanderthal 
haplotype2

Neanderthal 
haplotype3

3 rs6441991 CeD 21.68 17.614 risk

4 rs62323881 CeD 504.54 191.51 risk

6 rs2233424 RA 54.08 46.70 risk

7 rs35188261 PBC 126.26 15.52 risk

7 rs62478615 SS 126.26 15.52 risk

12 rs11564258 IBD 80.55 2.69 risk

12 rs2066819 PS 126.52 100.83 protective

14 rs11851414 CeD 37.98 13.49 risk
CeD, celiac disease; RA, rheumatoid arthritis; PBC, primary biliary cirrhosis; SS, systematic sclerosis; IBD, 
inflammatory bowel disease; PS, psoriasis
1 Size of the locus was defined as the region that includes the top SNP and its proxies (r2>0.8 in CEU population of 
1000g). It is shown in kilobases
2 Neanderthal-haplotype is the region between all the Neanderthal variants. It is presented in kilobases.
3 Risk haplotypes increase the risk for the disease. Protective haplotypes decrease the risk for the disease.

The top SNPs associated to disease are located in non-coding regions 
of the genome: two top SNPs were in intergenic regions and six were 
located in introns of ZFP36L1, TNPO3, RP11-115F18.1, LTF and STAT2. 
In all cases, the regions encompassing the Neanderthal haplotypes were 
smaller than the associated locus (Table 2). The 7q32.1 locus associated 
to primary biliary cirrhosis and systemic sclerosis, for example, was 
reduced by 88% from 126.26kb to 15.52kb, while the reduction in size of 
the rest of the loci varied from 13 to 62% (84kb on average).

Intersecting GWAS variants for IMDs with SNPs derived from the 
Neanderthal genome also provides an opportunity to fine-map IMD loci. 
The fact that SNPs with Neanderthal ancestry are often non-coding, 
yet still affect gene expression and overlap regulatory motifs, can teach 
us about the differences between genomes of us and our ancestors. 
Associations between Neanderthal variants and phenotypes derived 
from medical records have shown that neurological and psychiatric 
phenotypes are enriched for Neanderthal variants, while Neanderthal 
variants were under-represented in digestive phenotypes5. In contrast, 
our study found CeD to be the disease with the most Neanderthal 
variants, even though the number of associations tested is lower for CeD 
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than for other IMDs. While the incidence of IMDs in African populations 
is higher than in Caucasian populations, for CeD, the disease with more 
variants introgressed from the Neanderthal, the prevalence in the African 
population is not well established. One study has reported it to be very 
high (5.8%)in a north African population called the Saharawi22, but a 
recent study in the American population found the adjusted prevalence 
of CeD was significantly higher (P<0.0001) among non-Hispanic whites 
(1.0%) than among non-Hispanic blacks (0.2%) and Hispanics (0.3%)23, 
suggesting that it is more frequent in Caucasian population. It has been 
suggested that some Neanderthal alleles provided a benefit to early 
anatomically modern human populations as they moved out of Africa, but 
that this early benefit has now become detrimental in modern Western 
environments. Specifically, Simonti et al5 showed how a SNP in SLC35F3, 
a putative thiamine transporter that associates with protein-calorie 
malnutrition, was beneficial for the Neanderthal, but the difference in diet 
between ancient and modern populations has now made it potentially 
harmful for modern humans. Therefore, many factors such as diet and 
exposure to infectious agents might be playing a role in the different 
prevalence of the disease, thus further studies are needed to investigate 
the contribution of the Neanderthal inheritance in this respect. 

To conclude, in addition to earlier GWAS studies that implicated 
associations of Neanderthal variants to primary biliary cirrhosis, CeD, 
IBD and RA, our study using Immunochip data identified additional 
associations to psoriasis and systemic sclerosis. Future studies should 
experimentally test whether the Neanderthal-introgressed SNPs detected 
at IMD loci have any functional impact on either infectious or life-style 
related phenotypes.

Description of Supplemental Data
Supplemental Data include one figure and six tables.

Supplementary figure 1. Rad21 expression in intestinal biopsies of celiac 
disease cases vs. healthy controls
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Supplementary table 1. Immunochip studies of immune-mediated 
diseases
Supplementary table 2. IMDs top SNPs and proxies included in the analysis
Supplementary table 3. Summary of eQTLs from Neanderthal variants
Supplementary table 4. Motif biding alteration by Neanderthal variants
Supplementary table 5. Cohorts included in the haplotype association 
analysis
Supplementary table 6. Haplotype association analysis of Neanderthal 
variants
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Web Resources
Haploreg: archive.broadinstitute.org/
mammals/haploreg/haploreg.php

PLINK: https://www.partners.org/~purcell/
plink/

GTEx portal (http://www.gtexportal.org/
home/).
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