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A B S T R A C T   

Autism spectrum disorder (ASD) is a common and complex neurodevelopmental condition. The pathophysiology 
of ASD is poorly defined; however, it includes a strong genetic component and there is increasing evidence to 
support a role of immune dysregulation. Nonetheless, it is unclear which immune phenotypes link to ASD 
through genetics. Hence, we investigated the genetic correlation between ASD and diverse classes of immune 
conditions and markers; and if these immune-related genetic factors link to specific autistic-like traits in the 
population. 

We estimated global and local genetic correlations between ASD (n = 55,420) and 11 immune phenotypes (n 
= 14,256–755,406) using genome-wide association study summary statistics. Subsequently, polygenic scores 
(PGS) for these immune phenotypes were calculated in a population-based sample (n = 2487) and associated to 
five autistic-like traits (i.e., attention to detail, childhood behaviour, imagination, rigidity, social skills), and a 
total autistic-like traits score. Sex-stratified PGS analyses were also performed. 

At the genome-wide level, ASD was positively correlated with allergic diseases (ALG), and negatively corre
lated with lymphocyte count, rheumatoid arthritis (RA), and systemic lupus erythematosus (SLE) (FDR-p =
0.01–0.02). At the local genetic level, ASD was correlated with RA, C-reactive protein, and granulocytes and 
lymphocyte counts (p = 5.8 × 10− 6–0.002). In the general population sample, increased genetic liability for SLE, 
RA, ALG, and lymphocyte levels, captured by PGS, was associated with the total autistic score and with rigidity 
and childhood behaviour (FDR-p = 0.03). 

In conclusion, we demonstrated a genetic relationship between ASD and immunity that depends on the type of 
immune phenotype considered; some increase likelihood whereas others may potentially help build resilience. 
Also, this relationship may be restricted to specific genetic loci and link to specific autistic dimensions (e.g., 
rigidity).   

1. Introduction 

Autism spectrum disorder (ASD) is a complex neurodevelopmental 
condition, with a strong genetic component and estimated heritability of 
70–90% (Tick et al., 2016). ASD is common and it is diagnosed in 
approximately 1.6% of the population, with a 4:1 male-to-female ratio 
(Chiarotti and Venerosi, 2020). ASD is clinically heterogenous and 
characterised by difficulties in social communication and interaction, 

repetitive patterns of behaviours and interests, and often atypical sen
sory processing (American Psychiatric Association, 2013). These 
so-called core symptoms generally persist throughout life and influence 
several aspects of personal and interpersonal functioning (van Heijst and 
Geurts, 2015), and incur high social costs (medical and non) (Rogge and 
Janssen, 2019). Nonetheless, the aetiological understanding of the core 
ASD symptoms is limited. 

Cumulating evidence, from both animal and human studies, 
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however, suggests that the immune system (and especially immune 
over-activation) may play a key role in ASD. For example, findings in 
rodents link maternal immune activation (MIA) during pregnancy to the 
onset of ASD-like behaviours in their offspring (Boulanger-Bertolus 
et al., 2018; Estes and McAllister, 2016; Liu et al., 2023). In humans, 
prior studies support the presence of inflammation and autoimmunity in 
autistic individuals, as indexed by increased blood levels of 
pro-inflammatory cytokines and anti-neuronal antibodies respectively 
(Edmiston et al., 2018; Mostafa et al., 2013). Also, there are reports of 
immune pathologies, like allergies, infections, and autoimmune dis
eases, in (a portion of) autistic individuals (Zerbo et al., 2015). 

Of interest, research in animals and in humans both indicate that the 
genetic factors may intervene in the relationship between ASD and im
munity. For instance, xperiments in animal models of MIA demonstrated 
that genetic regulators of immunity, such as interleukin-17 pathway 
genes, may mediate the effects of MIA on the offspring behaviours (Choi 
et al., 2016; Lombardo et al., 2018; Smith et al., 2007; Traglia et al., 
2018). In humans, the contribution of immune genes to ASD is sup
ported by i) epidemiological research which demonstrates an associa
tion between ASD and family history of autoimmune and inflammatory 
conditions (Atladóttir et al., 2009; Zerbo et al., 2015), and by ii) prior 
genetic studies (Arenella et al., 2023). Candidate gene analyses, re
ported an association between genes belonging to the human leukocyte 
antigen (HLA) region, such as HLA-G, HLA-DRB1 and HLA-DQB1 genes, 
and ASD (Bennabi et al., 2018; Torres et al., 2016). These genetic as
sociations have been confirmed by hypotheses-free genetic 
approaches-such as genome-wide association studies (GWAS) that 
linked ASD and common genetic variants enriched in pathways con
trolling antigen presentation, and leukocyte and cytokine activation 
(Grove et al., 2019). Additionally, our group reported that common 
genetic variations in genes involved in inflammatory processes are 
related to specific autistic-like traits – such as rigidity and attention to 
detail – in the general population (Arenella et al., 2022). Transcriptomic 
studies further demonstrated that ASD is linked to dysregulated 
expression of immune genes. Specifically, mRNA analyses of 
post-mortem brain tissues in ASD demonstrated up-regulation of several 
immunoregulatory and inflammatory gene pathways (Gandal et al., 
2018); and recent in vivo studies using magnetic resonance imaging 
‘virtual histology’ approaches revealed that immune gene dysregula
tions characterise cortical regions where autistic individuals have 
anatomical variations from the neurotypical range (Ecker et al., 2022). 

Taken together, these findings support a role of the immune system 
in the pathophysiology of ASD; and demonstrate that immunogenetic 
factors are important. However, prior studies have implicated a wide 
range of immune mechanisms, from autoimmunity to inflammation 
(Ashwood and van de Water, 2004; McAllister, 2017), and it is unclear 
which particular immune phenotypes link to ASD through genetics. To 
address this challenge, we estimated the genetic correlation between 
ASD and diverse classes of immune conditions and markers. In addition, 
due to the heterogeneous phenotype of ASD we investigated if the 
immune-related genetic factors link to particular autistic-like traits in 
the population. 

First, we tested the existence of genome-wide genetic correlations 
between different types of immune diseases or general markers of 
inflammation and clinically diagnosed ASD. As genetic correlation may 
not be constant throughout the genome, we subsequently explored local 
genetic correlations between these immune-related phenotypes and 
ASD. For the loci that were found to be significantly related we explored 
the role of loci-specific variants in immune regulation and brain devel
opment. Last, we investigated whether the aggregated genetic risk for 
immune diseases, as captured by polygenic scores, are associated with 
the severity of autistic-like traits in the general population. Additionally, 
given the sex differences in the prevalence of both ASD (Halladay et al., 
2015) and immune conditions (Angum et al., 2020), we stratified the 
polygenic score analyses by sex. 

2. Materials and methods 

2.1. Genome-wide association studies summary statistics 

To explore the genetic relationships between ASD and immune- 
related phenotypes, we leveraged publicly available summary statis
tics of the largest genome-wide association studies (GWASs) on ASD and 
immune phenotypes (Table 1). Inclusion criteria for GWAS data were: 
European ancestry, annotation to the Genome Reference Consortium 
Human (GRCh) 37/hg19 build, SNP-based h2 > 0.1 and a sample size (N 
effective) > 5000. 

2.1.1. Autism spectrum disorders 
We used the summary statistics of the meta-analysis of the GWAS of 

ASD including seven cohorts, from the iPSYCH, Psychiatric Genomic 
Consortium samples, and the Simon Foundation Powering Autism 
Research for Knowledge (SPARK) sample (N = 55,420) (Matoba et al., 
2020). 

2.1.2. Immune phenotypes 
We used GWAS summary statistics for:  

a) a set of immune-related diseases that have been reported in autistic 
individuals and their families (Atladóttir et al., 2009; Zerbo et al., 
2015), including autoimmune thyroid diseases (AID) (Saevarsdottir 
et al., 2020), celiac disease (CD) (Dubois et al., 2010), rheumatoid 
arthritis (RA) (Okada et al., 2014), systemic lupus erythematosus 
(SLE) (Bentham et al., 2015), and type 1 diabetes mellitus (T1DM) 
(Forgetta et al., 2020), and conditions associated with hypersensi
tivity to allergens (i.e., allergic diseases (ALG) (Zhu et al., 2018) and 
asthma (Han et al., 2020b)); 

b) blood levels of C-reactive protein (CRP) (Han et al., 2020a), a pe
ripheral biomarker of inflammation; and  

c) the total counts (and/or relative percentage) of white blood cells 
(Vuckovic et al., 2020) involved in the fast response to infection 
(neutrophils), T and B cell-mediated response (lymphocytes), 
allergic reaction (eosinophils), and phagocytosis (monocytes). 

Table 1 
Characteristics of the samples used as input for the genetic correlation and 
polygenic score (PGS) analyses.  

Phenotype N total N 
cases 

N 
controls 

References 

Systemic lupus 
erythematosus (SLE) 

14,256 5201 9066 Bentham et al. 
(2015) 

Rheumatoid arthritis 
(RA) 

58,284 14,361 43,923 Okada et al. (2014) 

Autoimmune thyroid 
disease (AIT) 

755,406 30,234 725,172 Saevarsdottir et al. 
(2020) 

Type 1 diabetes mellitus 
(T1DM) 

24,840 9358 15,705 Forgetta et al. 
(2020) 

Asthma 303,859 64,538 239,321 Han et al. (2020b) 
Allergic disease (ALG) 102,453 25,685 76,768 Zhu et al. (2018) 
Celiac disease (CD) 15,283 4533 10,750 Dubois et al. (2010) 
Autism spectrum 

disorder (ASD) 
55,420 22,458 29,386 Matoba et al. 

(2020) 
Lymphocyte count 

(LYMPH) 
408,112 – – Vuckovic et al. 

(2020) 
Lymphocyte percentage 

(LYMP%) 
408,112 – – Vuckovic et al. 

(2020) 
Neutrophil count (NEU) 408,112 – – Vuckovic et al. 

(2020) 
Monocyte count (MON) 408,112 – – Vuckovic et al. 

(2020) 
Eosinophil count (EOS) 408,112 – – Vuckovic et al. 

(2020) 
C-reactive protein (CRP) 401,696 – – Han et al. (2020a)  
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2.1.3. Genotype data for autistic-like traits 
To examine whether the immune-related phenotypes that are 

genetically correlated with ASD, are linked to specific autistic di
mensions in the general population, we explored population-based ge
notype data and measures of autistic-like traits in the Nijmegen 
Biomedical Study. 

2.1.3.1. The Nijmegen Biomedical Study (NBS). We used genotype and 
behavioural data from a Dutch population-based cohort of 2847 in
dividuals who participated in the Nijmegen Biomedical Study (NBS) 
(mean age 28.4; 54% females). The NBS is a project managed by the 
Department for Health Evidence and the Department of Laboratory 
Medicine of the Radboud university medical center. The study was 
approved by the Institutional Review Board (CMO 2001/055) and aimed 
to investigate genetic factors, lifestyle, and environmental exposures 
underlying a range of traits and diseases (for further information, see 
(Galesloot et al., 2017)). In this cohort, genotyping was performed using 
the Illumina Human OmniExpress Beadchip platform. Initial single 
nucleotide polymorphism (SNP) filtering was applied on call rate 
(>95%), Hardy-Weinberg equilibrium (HWE<1 × 10− 6), minor allele 
frequency (MAF > 0.01), and imputation quality (>0.7). Autosomal 
SNPs were imputed to the 1000 Genome Reference Panel (1KGRP) phase 
3 release, using Minimach. To assess population structure, multidi
mensional scaling (MDS) was performed in PLINK (Purcell et al., 2007) 
and the first four MDS components were retained as covariates in sub
sequent analyses. In addition, participants were asked to complete a 
self-report questionnaire on autistic-like traits, developed by qualified 
clinicians at Radboudumc and previously validated in the Dutch popu
lation (Arenella et al., 2022; Bralten et al., 2018). The questionnaire 
consists of 18-items, rated on a 4-point Likert scale, based on the autism 
quotient (AQ) questionnaire and the ASD criteria listed in the Diagnostic 
and Statistical Manual of Mental disorder – 5th edition. The items cover 
the three main dimensions of ASD (social communication, social inter
action, and repetitive behaviours). Moreover, some items enquire about 
the level of autistic behaviours (based on the DSM) present in childhood 
(i.e., childhood behaviour). Factor analysis of these items identified five 
autistic-like traits: attention-to-detail, imagination, rigidity, social skills, 
and childhood behaviour (see Table S1, and (Arenella et al., 2022; 
Bralten et al., 2018) further details). These traits, along with a total 
autistic-like traits score, were normalised and adopted as target phe
notypes for polygenic risk score (PGS) analyses described below. 

2.2. Shared genetic aetiology between ASD and immune phenotypes 

2.2.1. Global genetic correlations analyses 
Global genetic correlation was estimated between ASD and immune- 

related diseases (i.e., AIT, ALG, Asthma, CD, RA, SLE, T1DM), and 
population-based variations in immune-inflammatory response as 
indexed by CRP blood levels, the blood count of eosinophils, lympho
cytes, monocytes, and neutrophils (Table 1). Pair-wise global genetic 
correlation between ASD and each immune-related phenotype was 
estimated via Linkage Disequilibrium SCore (LDSC) regression as 
implemented in the LDSC v1.0.1 tool (https://github.com/bulik/ldsc) 
(Bulik-Sullivan et al., 2015). Analyses used pre-computed linkage 
disequilibrium (LD) scores based on the 1kGRP reference, which are 
suitable for European-centred GWASs. LDSC analyses consisted of two 
steps: 1) converting summary statistics data to the standard LDSC format 
(i.e., exclusion of HLA region and merging to the HapMap3 reference 
panel); 2) estimating genetic correlation. A block jack-knife procedure 
was used to estimate standard errors and calculate corresponding 
p-values. P-values of genetic correlation estimates (rg) were false dis
covery rate (FDR)-corrected, given the medium-high genetic in
tercorrelations and co-heritability of the immune phenotypes 
themselves (Fig. 1; Table S2). Global genetic correlation analyses were 
restricted to GWAS summary statistics with sample size >5000 

individuals, SNP-based heritability (h2
SNP) > 0.05 and mean chi square 

>1.02 as recommended in (Zheng et al., 2017). 

2.2.2. Local genetic correlation analyses 
Local genetic correlation analyses complemented global genetic 

correlation between ASD and the immune-related phenotypes. This step 
allowed us to identify scenarios in which ASD-immune genetic corre
lations are restricted to specific genomic regions, and to determine 
shared genetic factors located in the genomic regions. Local genetic 
correlation analyses were performed using the R-package ‘Local Analysis 
of [co]Variant Association (LAVA)’ (Werme et al., 2022). Local genetic 
correlation was estimated across 2495 loci defined by partitioning the 
genome into blocks of ~1 Mb while minimising LD between them. The 
analyses consisted of two steps: 1) univariate association analyses, to 
detect the local h2

SNP signal of each phenotype within each genomic 
locus; and 2) bivariate association analyses, to estimate the pair-wise 
genetic correlation between two phenotypes of interest at the chosen 
locus. Bivariate association analyses were restricted to those genomic 
loci showing a significant h2

SNP signal for both phenotypes (p < 1 ×
10− 4). The p-values of local rg were Bonferroni-corrected, considering 
the number of loci tested in the bivariate association analyses. Subse
quently, we identified SNPs included in each locus based on GRCh 37 
positions and mapped these SNPs to genes using the g:snpense function of 
the R-package ‘g:profiler2’ (Reimand et al., 2007). In addition, we 
queried to PubMed to explored if identified genes have been implicated 
in immunity. Since some SNPs (i.e., cis-eQTLs) may influence the tran
scription of proximal genes with differences across tissues, we tested if 
SNPs within each locus were linked to gene expression across tissues. For 
this, we used ‘e-MAGMA’ (https://github.com/eskederks/eMAGMA 
-tutorial) (Gerring et al., 2021), a tool which converts GWAS summary 
statistics for a phenotype of interest into a e-gene-level statistics that 
refers to a gene expressed in a given tissue (e-gene). The conversion 
takes into account LD between SNPs, and is based on a reference list of 
eQTL-to-gene association (FDR p-value < 0.05) across different tissues 

Fig. 1. Genetic correlation plot summarising the results of the global genetic 
correlation analyses between ASD and immune-related phenotypes. Colour bar 
indicates variation in the strength and direction of genetic correlation estimates 
(rg) with positive rg in blue and negative rg in red. The FDR-corrected signif
icant correlations are marked with an asterisk (*). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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from GTEx v8 (https://www.gtexportal.org/). The considered tissues 
were those relevant to neurodevelopment (brain cortex) and immune 
regulation and activation (spleen, lymphocytes, and whole blood). 

To further investigate the impact of SNPs mapped within each 
genetically correlated locus on gene regulation, we examined their in
fluence on cis-methylation of CpG sites in the developing brain (i.e., if 
they act as fetal mQTLs). To explore this, we adopted a frequentist 
approach and tested the enrichment of fetal mQTLs among loci-specific 
SNPs (Fisher’s exact test) (van Belle et al., 2004). This analysis was 
based on a publicly available compendium of ~16,000 Bonferroni sig
nificant mQTLs in the developing brain (see (Hannon et al., 2016); 
https://epigenetics.essex.ac.uk/mQTL/). 

2.2.3. Polygenic score analyses 
Polygenic score (PGS) analyses were conducted to explore if the 

additive effect of common genetic variants to the immune-related phe
notypes was associated with autistic-like traits in a population-based 
sample. Linear regression models were used to test the association of 
the genetic liability to immune-related phenotypes with five autistic-like 
traits (i.e., rigidity, attention-to-detail, social skills, imagination, child
hood behaviour) and the total autistic score in the target NBS cohort. 

The GWAS summary statistics for the immune-related phenotypes 
showing genome-wide genetic correlation with ASD were individually 
used as base datasets for PGS calculation. The summary statistics un
derwent a preliminary clumping step using PLINK (Purcell et al., 2007) 
to ensure that only the most significant independent SNP for each LD 
block (r2 > 0.25, clumping window = ±500 kb) was considered. PGSs 
were then calculated on the target NBS individual-level genotype data 
using PRSice2 (Choi and O’Reilly, 2019). For each base immune 
phenotype showing genome-wide genetic correlation with ASD, PGSs 
were computed including SNPs exceeding seven a priori defined GWAS 
p-value thresholds (Pt) (i.e., Pt = 0.0001, 0.001, 0.01, 0.05, 0.1, 0.2, 
0.3). Multiple linear regressions were performed, considering PGSs for 
the immune-related phenotypes as independent variables and 
autistic-like traits as dependent variables. Age, sex, body mass index 
(BMI), and population structure (MDS) components were included as 
covariates. The variance explained by the PGS of each immune-related 
phenotype (PRS-R2 = full model R2 – null model R2) for each of the 
five autistic-like traits and the total score was calculated separately. The 
p-values of each association test were adjusted using FDR correction, 
considering the number of autistic-like traits and immune-related phe
notypes tested. Results were considered statistically significant when 
pFDR < 0.05. 

2.2.4. Sex-stratified PGS analyses 
To investigate if associations between immune-based PGS and 

autistic-like traits were sex-specific, PGS analyses were performed after 
stratifying the target NBS sample according to sex. Hence, we tested 
multiple general linear models for both sex group which included age, 
BMI, and MDS components as covariates. To reduce the burden of 
multiple between-sexes comparisons, and also minimise variations in 
effect size, we considered for each immune disease, the PGS that best 
explain variability in each autistic trait, so-called ‘best-fit’ PGS. We 
considered results statistically significant only if pFDR < 0.05. 

3. Results 

3.1. Global genetic correlations between ASD and immune phenotypes 

We identified significant positive global genetic correlations be
tween ASD and asthma (rg = 0.08, se = 0.006, pFDR = 0.02) and between 
ASD and allergic diseases (rg = 0.14, se = 0.1, pFDR = 0.01). Addition
ally, ASD showed significant negative genetic correlations with auto
immune disorders (RA and SLE) and lymphocyte count/percentage (rg 
= − 0.06–0.17; se = 0.02–0.06; pFDR = 0.01) (Fig. 1, Table S3). 

3.2. Local genetic correlations between ASD and immune phenotypes 

For each ASD-immune pairwise comparison, we identified multiple 
loci with significant h2

SNP for both ASD and the immune phenotype 
considered (p < 1 × 10− 4) (see Table S3). Of these loci, we registered 
significant genetic correlation – i.e., surviving multiple comparison 
correction – at 11 unique loci shared between ASD and AIT, RA, CRP, 
EOS, LYMP, MON, NEU. Among those, two loci - the chr11:95–96 Mb 
locus and the chr17: 43–44 Mb locus – showed genetic correlation be
tween ASD and multiple immune phenotypes (AIT, EOS, and Lymph). 
We also observed local genetic correlation between ASD and CRP at the 
chr6:29–30 Mb locus containing the HLA region, a key immune-related 
region that is not covered by the LDSC analyses. Table 2 illustrates the 
significant genetic correlation loci and the genes belonging to these 
genetic regions, whereas functional annotation of these genes is reported 
in Table S5. 

3.3. Brain and immune-related eQTLs in shared loci 

For four out of the 11 shared genomic loci between ASD and 
immune-related phenotypes (chr1:200–201 Mb, chr6:29–30 Mb, 
chr12:68–70 Mb, chr17:43–44 Mb), we identified e-genes, expressed in 
the brain and in immune tissues (Table S4). Specifically, at the 
chr1:200–201 Mb locus, DDX9 expression in the cortex and immune 
cells was significantly associated with ASD and eosinophil count (p =
0.01–0.0009); at the locus chr6:29–30 Mb, the expression of RNF39 in 
the cortex and the expression of HLA-F and ZFP57 immune tissues were 
significantly associated with ASD and CRP (p = 0.03–2.9 × 10− 5); at the 
locus chr12:68–70 Mb, the expression of YEATS4 in the cortex and im
mune cells, and the expression of LYZ and MDM2 was significantly 
associated with ASD and monocyte count (p = 0.01–3.1 × 10− 8); and 
last, at the locus chr17:43–44 Mb, the expression of KANSL1, ARL17A, 
LRRC37A2, LRRC37A in the brain and in immune tissues, and the 
expression of WNT3 and MAP3 in immune tissues was significantly 
associated with ASD and lymphocyte and neutrophil count (p = 9.67 ×
10− 7–1.22 × 10− 14). We did not identify genes expressed in the brain 
and immune tissues significantly associated with ASD and immune 
phenotypes at the other shared loci. 

3.4. Enrichment of fetal mQTLs in shared loci 

We registered a complete overlap (100%) of fetal mQTLs with ASD- 
related SNPs specifically falling with the locus (chr17:43–44 Mb), where 
we registered a correlation between ASD and (respectively) AID, 
eosinophil and lymphocyte count (Fig. S1). At this locus, fetal brain 
mQTLs were associated with (cis) methylation at CpG islands at eight 
unique DNA locations corresponding to the LRRC37A and MAPT genes 
(Table S6). We did not identify any significant overlap between ASD- 
related SNPs and fetal mQTLs at the other shared loci (p > 0.05). 

3.5. Immune-based polygenic scores association with the autistic-like 
traits 

PGS analyses indicated specific associations between genetic liability 
to immune-related phenotypes and autistic-like traits in a population- 
based sample (Table S7). The strongest association was reported be
tween rigidity and PGS for SLE (best Pt = 0.006; pFDR = 0.03) (Fig. 2; 
Table S8). Rigidity was also associated with PGSs for RA (Pt = 0.12; 
pFDR = 0.03) and ALG (Pt = 0.052; pFDR = 0.03)(Fig. 2). In addition, we 
detected associations between the total autistic score and PGSs for ALG 
(Pt = 0.2; pFDR = 0.03), Lymph (Pt = 0.01; pFDR = 0.03) and SLE (Pt =
0.0001; q = 0.03) (Fig. S2). Last, there was an association between 
childhood behaviour and PGS for LYMPH (Pt = 0.0004; pFDR = 0.03; 
Fig. 3). The association between immune-based PGS and the other tested 
autistic-like traits did not survive FDR-correction (pFDR > 0.05). Also, 
sex-stratified associations between immune-based PGSs and autistic-like 
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traits were not significant after FDR-correction (pFDR > 0.05) (see 
Table S8; Figs. S3–S5). 

4. Discussion 

In this study, we demonstrated that several autoimmune and atopic 
diseases share genetic liability with ASD. The genetic relationship be
tween these immune phenotypes and ASD is complex, and its direction 
varies according to the specific immune phenotype considered. To 
further explore this genetic relationship, we investigated local genetic 
correlation and identified specific shared genomic loci. Some of these 
loci demonstrated an enrichment for common variants regulating gene 
expression in both immune tissues and brain; and which are involved in 
methylation during neurodevelopment. Furthermore, our results 

indicate that immunogenetic associations exist between specific autistic- 
like dimensions in general population. 

Considering ASD as a clinical category, we reported a positive global 
genetic correlation between ASD and diseases associated with increased 
sensitivity to common allergens (i.e., allergies and asthma). These ge
netic correlations are in line with reports on the high prevalence of 
various allergic conditions in ASD (Miyazaki et al., 2015) and are 
consistent with prior findings of dysregulated expression of histamine 
signalling genes – key modulators of allergic reaction – in post-mortem 
ASD brains (Wright et al., 2017). In addition, we detected a negative 
global genetic correlation between ASD and lymphocyte count, which 
suggests that genetic factors associated with higher likelihood for ASD 
are also link to lower levels of peripheral lymphocytes, and vice versa. 
These findings, therefore, suggest the possibility of faulty adaptive, 

Table 2 
Loci with a Bonferroni-significant genetic correlation signal between ASD and immune-related phenotypes.  

Immune phenotype Chr Start (bp) End (bp) rg 95% CI p-value Mapped genes 

EOS 1 200,134,006 201,067,952 − 0.66 − 1–− 0.26 0.0020 KIF14 
DDX59 
CACNA1S 
KIF21B 
CAMSAP2 
NR5A2 
INAVA 

Lymph 5 126,992,837 128,067,414 − 0.90 − 1–− 0.61 5.1 × 10− 6 FBN2 
CCDC192 
SCL27A6 
SCL12A2 

NEU 5 87,943,483 89,584,466 0.41 0.23–0.63 2.1 × 10− 5 MEF2C 
NEU 5 74,245,355 75,239,302 0.45 0.25–0.66 2.3 × 10− 5 GCNT4 

ANKRD31 
HMGCR 
CERT1 
POLK 
ANKDD1B 
POC5 

CRP 6 29,529,756 29,833,843 0.74 0.39–1 0.00048 GABBR1 
HLA-F 
MOG 
HLA-G 
OR2H2 
ZFP57 

RA 10 38,566,461 42,392,742 − 0.84 − 1–− 0.50 0.00021 - 
NEU 10 129,134,739 129,831,969 − 0.39 − 0.66–− 0.19 0.00020 DOCK1 

NPS 
FOXI2 
CLRN3 
PTPRE 
YEAST4 

AIT 11 95,327,211 96,150,134 − 0.44 − 0.88–− 0.12 0.0078 FAM76B 
CEP57 
MTMR2 
MAML2 
CCDC82 
JRKL 

RA 11 95,327,211 96,150,134 − 0.74 − 1–− 0.35 0.00050 

MONO 12 68,839,662 70,097,805 0.46 0.24–0.73 5.2 × 10− 5 CPSF6 
FRS2 
CPM 
RAP1B 
NUP107 
MDM2 
LYZ 

CRP 13 66,382,287 67,718,879 0.93 0.54–1 3.5 × 10− 5 PCDH9 
AID 17 43,460,501 44,865,832 0.55 0.15–0.92 0.0079 WNT3 

NSF 
ARL17B 
CHRH1 
MAPT 
KANSL1 
PLEKMH1 
ARHGAP17 

EOS 17 43,460,501 44,865,832 − 0.50 − 0.80–− 0.25 0.0022 
Lymph 17 43,460,501 44,865,832 − 0.62 − 0.91–− 0.37 4.1 × 10− 5 

Abbreviations: rg = genetic correlation; Chr = chromosome; CI = confidence intervals; EOS = eosinophil count; Lymph = lymphocyte count; NEU = neutrophil count; 
CRP = c-reactive protein; AID = autoimmune thyroid disease; RA = rheumatoid arthritis; MONO = monocyte count; italics = negative local genetic correlation. 
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lymphocyte-mediated immune response. Notably, dysregulations in 
lymphocyte levels, and especially T cells, have been documented in the 
peripheral blood of autistic individuals (Ashwood et al., 2011). We also 
detected a negative genetic correlation between autoimmune conditions 
(RA and SLE) and ASD, suggesting that variants associated with 
increased likelihood ASD may be associated with resilience towards 
autoimmune diseases, and vice versa. These findings differ from 

epidemiological reports of a high rate of autoimmune conditions in the 
relatives of autistic individuals (Atladóttir et al., 2009). The evidence of 
both positive and negative genetic association suggest that ASD is linked 
to dysregulation in very specific immunogenetic mechanisms. To un
derstand which of these mechanisms may be important, it is crucial to 
consider the aetiology of the immune phenotypes considered here. For 
example, prior studies suggest that allergic responses and autoimmunity 

Fig. 2. Bar plots for the association between polygenic scores for different immune-related phenotypes and rigidity. Each bar corresponds to the PGS calculated at the 
GWAS p-value threshold (Pt) listed on the x-axis. The height of the bar (y-axis) represents the degree of variance explained by each PGS in rigidity. The bar colour 
indicates the significance of the association (according to the -log10(p-value)). The p-value of association for each PGS is reported on the top of each bar. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 3. Bar plot results indicating the variance that polygenic scores for immune phenotypes associated with ASD explain in ‘childhood behaviour’.  
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may be ascribed both an imbalance between different classes of T helper 
(Th) lymphocytes, like Th1/Th17 and Th2 cells (Ashley et al., 2017; 
Bolon, 2012; Chaplin, 2010; Wahren-Herlenius and Dörner, 2013). 
However, while allergic responses have been associated with an 
increased Th2 cell activity as compared to Th1 cells, autoimmunity has 
been linked to a predominant Th1 response (Ashley et al., 2017; Bolon, 
2012; Chaplin, 2010; Ramos et al., 2015). In this context, our findings 
suggest that deeper interrogation of whether ASD is linked to genetic 
factors regulating the Th1/Th2 homeostasis are warranted. 

The negative genetic correlation findings reported here should be 
interpreted in the light of some methodological challenges. For example, 
the global LDSC based genetic correlation analyses exclude common 
HLA polymorphisms – due to the complex LD structure of the HLA re
gion. This region is, however, central to the aetiology of most autoim
mune conditions (Liu et al., 2021; Wahren-Herlenius and Dörner, 2013) 
and may further contribute to the co-occurrence of those conditions in 
ASD. Moreover, global genetic correlations analyses fail to detect sce
narios in which the genetic correlation between two phenotypes varies 
(or has opposite directions) across different genomic regions, being 
masked when summed on a global scale (Werme et al., 2022). To 
overcome these limitations, we also assessed genetic correlation at the 
level of specific loci – including loci within the HLA region. The results 
of these analyses supported a role of HLA-specific SNPs encompassing 
the chr6:29 Mb locus in the relationship between ASD and CRP. Genetic 
variants at this locus map to, and regulate, the expression of the HLA-G 
gene, which is known to intervene in the maternal-fetal interface and 
has been implicated in several neurodevelopmental conditions, 
including ASD (Arenella et al., 2023). When we examined HLA-loci in 
the relationship between ASD and autoimmunity, local genetic corre
lations at these loci did not survive multiple comparison correction, 
suggesting that other factors may drive the association between ASD and 
autoimmune diseases. A useful next step would be further studies that, 
for example, rely on ad-hoc imputation of HLA loci, to elucidate the 
influence of HLA-related SNPs on ASD. 

Notably, the local genetic correlation approach also led to the 
identification of loci that are shared (pleiotropic) between ASD and 
multiple immune phenotypes. One of the loci with higher pleiotropy 
spans the chr17q21.31 region. This region on chromosome 17 includes 
an inversion polymorphism, which is common in the European popu
lation and that has been previously implicated in ASD and brain 
morphology (Adams et al., 2016; Ikram et al., 2012; Pain et al., 2019). 
Our analyses also indicated that variants at this locus influence 
expression in the brain and tissues of the immune system, suggesting a 
role of this genomic region in potential neuro-immune alterations. Last, 
we demonstrated that ASD-related variants in these regions act as 
mQTLs in the fetal brain, suggesting that these genetic factors may be 
important in the prenatal period and potentially interact with prenatal 
environmental challenges, including MIA and its cascade effects on 
brain development. 

Another explanation for the complex pattern of correlations 
observed between ASD and immune phenotypes may be ascribed to the 
phenotypic heterogeneity of ASD. ASD is defined by different combi
nations of cognitive and behavioural symptoms (Georgiades et al., 
2013). Prior work also suggested that these symptoms may be geneti
cally distinct (Arenella et al., 2022; Warrier et al., 2019). Therefore, 
immunogenetic mechanisms may influence specific symptom domains, 
and these specific genetic effects may be diluted or transformed when 
adopting categorical definitions of ASD (Warrier et al., 2019). To 
address this point, we investigated if immunogenetic factors were 
associated with specific autistic dimensions or traits in the general 
population. We adopted a PGS approach, which considers the additive 
effect of common genetic variants across the genome, including the HLA 
region (Choi and O’Reilly, 2019). Our results demonstrate an associa
tion between immune-related genetic variations and rigidity and 
childhood behaviour. This is consistent with our prior work demon
strating an enrichment of SNPs associated with autistic-like traits, 

including rigidity and attention to detail, in eQTLs influencing the 
expression of immunogenetic pathways in human brain cortex (Arenella 
et al., 2022). Taken together our findings suggest that immunogenetic 
factors may particularly influence rigid cognitive/behavioural aspects of 
the autistic phenotype. 

Last, potential confounder in the genetic relationship between ASD 
and autoimmune diseases is sex. This is because sex hormones differ
entially modulate the immune responses (Roved et al., 2017). In 
particular, testosterone is known to act as an immunosuppressant, 
whereas oestrogens have immunoregulatory properties (leading to 
autoimmunity in extreme cases) (Roved et al., 2017). As a result of these 
modulatory effects, immune diseases differentially affect the two sexes 
and are more prevalent in women (with an approximate female to male 
ratio of 10:1 (Wahren-Herlenius and Dörner, 2013). This sex-specific 
regulation suggests that immunogenetic factors may also have 
different effects on autistic phenotypes across sexes. One obstacle to the 
evaluation of the possibility of any inter-sex variability is that women 
are largely under-represented in the ASD clinical population due to 
higher prevalence of diagnosed ASD in men as compared to women 
(Halladay et al., 2015), but also the ‘masking’ of ASD symptoms in fe
males (Lockwood Estrin et al., 2020). However, the low female sample 
size in sex stratified GWAS of ASD did not allow us to test the rela
tionship between ASD and immune phenotypes across sexes (Martin 
et al., 2021). To address this issue, we examined the association between 
immune-related genetic factors and autistic-like traits separately in 
women and men in a general population sample which had a balanced 
representation of both sexes. Our results from PGS analyses did not show 
significant sex-stratified associations. Larger female samples sizes in 
both general population and clinical ASD populations are required to 
investigate this question further. 

Our work has both strengths and limitations. We explored the genetic 
relationship between ASD and the immune system, by leveraging the 
largest GWAS summary statistics for immune phenotypes being linked to 
different immunopathology (i.e., autoimmunity, atopy, and inflamma
tion). In this regard, we used both categorical and dimensional ap
proaches, as well as sex-stratified analyses, to disentangle the complex 
relationship between the immune system and autistic phenotypes. 
Another strength is the use of state-of-the-art genomic techniques to 
estimate global, and local genetic sharing between immune and autistic 
phenotypes. In contrast, one limitation of our study is the correlational/ 
observational nature of our approach. Therefore, we cannot infer any 
causal role of immunogenetic factors in ASD. Moreover, we limited our 
analyses to immune phenotypes for which we could exploit well- 
powered GWAS data (i.e., based on sample size and h2

SNP), and there
fore we could not investigate other likely relevant immune phenotypes, 
like cytokine markers (including both Th1 and Th2- related cytokines) 
that may have provided further insights on ASD-linked immune mech
anisms (Nath et al., 2019). In addition, our PGS-based findings – albeit 
reaching significance -demonstrated that immune-based PGSs only ac
count for a relatively small proportion of phenotypic variance in the 
autistic-like traits, in line with other studies adopting the same methods 
(Den Braber et al., 2016). Furthermore, our study was restricted to Eu
ropean populations and therefore our findings cannot be generalised to 
other ethnicities. 

5. Conclusions 

Our study demonstrates that genetic factors involved in autoimmu
nity and allergic responses may be important to ASD. However, while 
allergy-related genetic factors are associated with increased likelihood 
of having ASD, autoimmunity-related genetic factors link to reduced 
ASD likelihood. By leveraging different methods, we gain insights on i) 
genomic loci – and the genes within those - that register an association 
between ASD and immunity, and ii) specific autistic features, that – in 
the general population – associate with these immunogenetic factors. 
Overall, we demonstrated that immunogenetic factors, linked to ASD, 
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may have a regulatory function in both the mature and the developing 
brain; and that these immunogenetic factors are specifically linked to 
autistic-like traits ‘rigidity’ and ‘childhood behaviour’. 
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