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Biomarker and Translational Research in Neurodegenerative Disorders, Beijing, China, 3School of
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Objective: The occurrence of immune-mediated diseases (IMDs) in amyotrophic

lateral sclerosis (ALS) patients is widely reported. However, whether IMDs and ALS

is a simple coexistence or if there exists causal relationships between the two has

been a subject of great interest to researchers.

Methods: A total of 454,444 participants from the prospective cohort of UK

Biobank were recruited to investigate the longitudinal association between IMDs

and ALS. Previously any IMDs and organ specific IMDs were analyzed in relation

to the following incident ALS by Cox-proportional hazard models. Subgroup

analyses were performed to explore the covariates of these relationships.

Results: After adjusting for potential covariates, the multivariate analysis showed

that any IMDs were associated with an increased risk of ALS incidence (HR:1.42,

95%CI:1.03-1.94). IMDs of the endocrine-system and the intestinal-system were

associated with increased risk of ALS incidence (endocrine-system IMDs:

HR:3.01, 95%CI:1.49-6.06; intestinal system IMDs: HR:2.07, 95%CI: 1.14-3.77).

Subgroup analyses revealed that immune burden, including IMD duration and the

severity of inflammation had specific effects on the IMD-ALS association. In

participants with IMD duration≥10 years or CRP≥1.3mg/L or females, previous

IMDs increased the risk of incident ALS; however, in participants with IMD

duration <10 years or CRP<1.3mg/L or males, IMDs had no effect on incident ALS.

Interpretation: Our study provides evidence that previous any IMDs and

endocrine-system and the intestinal-system specific IMDs are associated with

an increased risk of developing ALS in females, but not in males.
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1 Introduction

Amyotrophic lateral sclerosis(ALS) is one of the most rapidly

progressing and fatal neurodegenerative diseases, involving

degeneration and death of upper and lower motor neurons. The

median survival period after the onset of symptoms is 3-5 years (1).

The exact aetiology of ALS remains not well defined, but there is

increasing evidence suggesting the potential involvement of

dysregulated immune response.

The precise contribution of the immune system in ALS

pathogenesis is an active area of research. Currently, compelling

evidence implicates that aberrant immune changes are not only

significant features of ALS, but may be risk factors of ALS onset: 1)

Our previous findings have demonstrated that higher neutrophils and

its derived ratios neutrophil-to-lymphocyte ratio (NLR) and systemic

immune-inflammation index (SII) are associated with higher risk of

ALS incidence (2, 3); 2) Gene mutations in ALS involve inflammatory

pathways. For instance, the most common genetic cause of ALS, the

intermediate allele of C9orf72, is believed to be associated with systemic

autoimmune diseases (4). Loss-of-function of C9orf72 lead to fatal

autoimmune diseases in mice, indicating the role of C9orf72 in

immune regulation (5). Recently discovered ALS mutation TBK1 is a

major regulator of innate immune system signaling and plays a

significant role in autophagy and inflammation (6); 3) Evidence from

mendelian randomization revealed a causal link between peripheral

immune abnormalities and incident ALS (7).

Immune-mediated diseases (IMDs) are a group of common

chronic diseases, with an estimated prevalence ranging from 5-10%

(8). The main pathogenesis of IMDs involves the mistake attack of

one’s own tissues by the immune system. The relationship between

IMD and ALS is complex: 1) The occurrence of IMDs in ALS patients

is widely reported, and patients with coexisting ALS and IMDs had

shorter survival latency than those with pure ALS (9); 2) The immune

dysregulation observed in ALS patients, including abnormalities in

innate immune system (activation of central microglial cells, increased

peripheral NK cells and neutrophils, peripheral monocyte infiltration

into the central nervous system, elevated levels of inflammatory factors,

and alterations in gut microbiota (10–13), and adaptive immune

system (changes in T cells) (14, 15), are also significant features of

IMDs (8, 16–18); 3) Existing research has revealed common genetic

overlap structures between IMDs and ALS (19). The above findings

support the idea that IMDs and ALS share similar genetic, molecular,

and cellular pathways, which may predict the onset of ALS. However,

whether IMDs and ALS is a simple coexistence or if there exists causal

relationships between the two has not been clarified.

To date, only two retrospective cohorts have focused on the

relationships between IMDs and ALS (20, 21). Due to the low

incidence of ALS, no large-scale prospective studies have explored

the relationship of IMDs and ALS. Moreover, few studies have

taken into account the duration of IMDs and the severity of

inflammation, which are two significant parameters reflecting the

burden of immune dysregulation (22).

To address this significant research gap, we utilized a

prospective multicenter cohort of the UK Biobank to investigate

the association between previous IMDs and ALS. Firstly, we

analyzed the relationship between any IMD and organ-specific
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IMDs with the risk of ALS incidence. Secondly, we examined

whether an extended duration of IMDs and an increased severity

of inflammation further elevated the risk of ALS.
2 Methods

2.1 Study population

UK Biobank is a population-based prospective cohort study that

aimed to investigate the genetic, lifestyle, and environmental causes

of diseases. Between 2006 and 2010, more than 500,000 subjects

aged 40-70 years were recruited at 22 assessment centers across the

UK (https://www.ukbiobank.ac.uk/). All participants were

registered with the UK National Health Service. At the

recruitment visit, participants completed a self-administered

touchscreen questionnaire on sociodemographic characteristics,

lifestyle exposures, medical history, medication use and

underwent physical measurements.

All participants provided written informed consent. All data were

deidentified. The UKB received ethical approval from the UK

National Health Service, National Research Ethics Service North

West, the National Information Governance Board for Health and

Social Care in England andWales, and the Community Health Index

Advisory Group in Scotland. In addition, an independent ethics and

governance council was formed to oversee its continued adherence to

the ethics and governance framework. The current study was

approved by the UK Biobank (application number 79095). This

study followed the Strengthening the Reporting of Observational

Studies in Epidemiology (STROBE) reporting guideline.
2.2 Ascertainment of ALS

ALS cases were identified through a comprehensive review of

medical records, comprising inpatient health records obtained from

hospitals across England (89%), Scotland (7%), and Wales (4%)

using the Hospital Episode Statistics Admitted Patient Care (HES

APC) system in England, Scottish Morbidity Records (SMR01) in

Scotland, and Patient Episode Data for Wales (PEDW). The date of

initial ALS diagnosis was determined as the first available date of

ALS confirmation. Dates of death were determined by cross-

referencing with the national death registry data.

The International Classification of Diseases 10 revision (ICD10)

codes were used to record disease diagnoses.The outcome of interest

was ALS incidence. Incident ALS cases within the UK Biobank were

identified by ICD-10 codes through linkage registry (G12.2). In the

current study, we excluded participants who had previous ALS at

baseline (n=35).
2.3 Ascertainment of immune-
mediated diseases

As suggested in previous studies (23, 24), a range of 41 IMDs

were identified by matching the ICD-10 codes from hospital
frontiersin.org
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inpatient data. The diagnosis date was the earliest date recorded in

participants inpatient register. The longitudinal associations of any

IMDs and the organ specific IMDs were assessed with incident ALS.

For organ specific IMDs, we assessed 8 organ-specific diseases for

their associations with ALS. To ensure the IMDs were diagnosed

before ALS onset and avoid the reversed association, we required

the immune-mediated disease diagnosis to be present before the

baseline recruitment.
2.4 Baseline characteristics

Smoking and drinking status were collected using touch-screen

questionnaire. Height and weight were measured directly and body

mass index was calculated using the usual formulae (weight, kg/height2,

m2). The Townsend deprivation index (TDI), widely used as an

indicator of neighborhood socioeconomic circumstances and based

on study member residential address, is continuously scored with

higher values denoting greater deprivation. The highest qualification of

participants were achieved via touch-screen questionnaire.

405393 participants were measured for high sensitivity C-

reactive Protein (CRP) in our analysis. Serum high sensitivity

CRP levels were analyzed using the Beckman Coulter AU5800

apparatus via a standard method of immunoturbidimetry.
2.5 Statistical analysis

All individuals were followed up from the date of recruitment

until that of ALS diagnosis, death, or the end of the study period

(September 16, 2021), whichever occurred first. Individuals with

prevalent IMDs reported at baseline enrollment were classified as

the exposure group. Individuals with either prevalent IMDs

reported after baseline enrollment or incident ALS reported

before baseline were removed.

Time-to-event analyses was used to estimate the hazard ratio

(HR) and 95% confidence interval (CI) by Cox regression models.

Model 1 was adjusted for demographic variables including age at

recruitment and sex. Model 2 was further adjusted for

socioeconomics factors, including education and Townsend

deprivation index(TDI). Model 3 were further adjusted for

lifestyle factors (smoking status, drinking, BMI).

We performed a series of sensitive analyses to test the

robustness of our results. To evaluate the potential reverse

causation biases, we performed the sensitivity analyses by

excluding the ALS patients with the less than 1 year and 3 years.

In stratification analyses, we examined the association

between different inflammation loads using the median of CRP

which was measured at baseline and different IMD duration (<5

years, 5-10 years and >10 years). As a biomarker for the severity of

inflammation, CRP is associated with a high risk of ALS (25, 26).

The duration of IMDs may signify a prolonged period of low-grade

inflammation, possibly reflecting the long-term physical state that

previous research has not fully elucidated. As IMD patients were

more likely to be females (27), we also examined the sex effect on

IMD-ALS association.
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All the above statistical analyses were performed with R

(version 4.2.2; R Foundation for Statistical Computing, Vienna,

Austria) and R packages (“survival” and “survminer” packages).
3 Results

3.1 Baseline characteristics

The baseline characteristics were shown in Table 1. A total of

434,444 participants were recruited to the following analyses. The

mean age was 56.27 years old. Of all, 45.8% were males (199,018/

434,444). 29,813 participants had at least 1 immune-mediated

disease. Compared with participants without any IMDs,

participants with IMDs were more likely to be females and older

in age. Moreover, participants with IMDs were more likely to have

higher BMI, higher smoking frequency, higher TDI. They were less

likely to have a college or university education and to consume

alcohol (Table 1). Notably, more participants with IMDs (0.2%)

developed ALS than non-IMD participants (0.1%) The flowchat of

our study was shown in Figure 1.
3.2 The association of any IMD and organ-
specific IMDs with ALS incidence.

In our study, we found that a prior history of any IMD is

associated higher risk of incident ALS when adjusting for age and

sex in Model 1 (HR: 1.47, 95%CI: 1.08-1.99, Table 2). When further

adjusting for socioeconomic indicators (education level and TDI) in

Model 2, the results remained consistent (HR: 1.48, 95%CI: 1.09-

2.01, Table 2) with Model 1. Furthermore, when adjusting for

lifestyle indicators (BMI, smoking, alcohol status) on the basis of

Model 2, this result remained unchanged in Model 3(HR:1.42, 95%

CI: 1.03-1.94, Table 2).

When we classified IMDs based on eight different organ

systems, we observed an elevated risk of developing ALS

associated with two organ-specific IMDs. In all three models,

IMDs of endocrine system were associated with increased risk of

ALS (HR: 3.01, 95%CI: 1.49-6.06, Table 2), and IMDs of the

digestive system were associated with increased risk of ALS (HR:

2.07, 95%CI: 1.14-3.77, Table 2).
3.3 Sensitivity and stratified analyses

Sensitivity analyses were performed to assess the robustness of

the results. Participants with a short latency from initial sampling to

diagnosis (1-year lag or 3-year lag) were excluded with the aim of

excluding reverse causality, which did not substantially affect the

results (Table 3, sensitivity analysis 1-2).

The results of the stratified analysis indicate that the duration of

IMDs has a significant impact on the development of ALS. Patients

with IMD for over 10 years have higher risk of developing ALS (HR:

2.17, 95%CI: 1.12-4.21, Table 4), while a shorter duration (<10

years) does not affect ALS incidence. Additionally, the immune

burden plays a crucial role in ALS incidence, as IMD with a heavy
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immune burden (CRP >= 1.3mg/L) is associated with an increased

risk of ALS(HR:1.57, 95%CI: 1.09-2.28, Table 4), whereas IMD with

a low immune burden does not influence ALS incidence(HR:1.07,

95%CI: 0.56-2.02, Table 4). When stratified by gender, we observed
Frontiers in Immunology 04
that female IMD patients are associated with an increased risk of

ALS(HR:1.62, 95%CI: 1.06-2.48, Table 4), whereas male patients do

not affect ALS incidence(HR:1.24, 95%CI:0.79-1.95, Table 4).
4 Discussion

In the analyses from the large prospective cohort UK Biobank, we

uncovered several key findings: 1) Immune-mediated diseases are

significantly associated with an increased risk of incident ALS after

adjusting for potential confounders; 2) Among these diseases,

endocrine specific-IMDs and intestinal-specific IMDs were associated

with higher risk of ALS incidence, while IMDs specific to the central

nervous system are unrelated to the ALS risk. 3) Notably, such

associations were effected by different immune burden reflected by

the duration of IMDs and severity of inflammation. Longer duration of

IMD (greater than 10 years) and higher CRP level (>1.3mg/L) were

associated with a higher risk of ALS. Meanwhile, females with

immune-mediated diseases were more prone to ALS than males.

To our knowledge, our study is the most comprehensive and

largest cohort study to investigate the longitudinal association of

IMDs on ALS risk. Our study suggested that previous IMD

diagnosis was associated with higher risk of ALS incidence, while

not simply exist together by chance. The coincidence of ALS and

IMDs is likely due to shared pathological mechanisms and genetic

susceptibility: 1) Patients with IMDs exhibit systemic immune

dysregulation, including innate immune dysregulation (dysregulated

immune cells, increased production of pro-inflammatory factors,

complement activation) (28–31) and adaptive immune dysregulation

(lymphocyte dysfunction) (32). Systematic inflammation may drive

neuroinflammatory changes and chronic activation of microglia,

leading to oxidative stress and deposition of misfolded proteins in

ALS (33). 2) A genetic correlation study indicated potential genetic

overlap between IMDs and ALS (19). Meanwhile, Hemminki et al.

indicated that individuals with parents diagnosed with ALS had a

higher risk of developing IMDs (34), suggesting a possible role of
TABLE 1 Baseline characteristics of participants with or without IMDs
in UKB.

Without
IMDs With IMDs P-

value
(N=404631) (N=29813)

Sex

Male 186959 (46.2%) 12059 (40.4%) <0.001

Female 217672 (53.8%) 17754 (59.6%)

Age (years)

Median [Q3-Q1] 57.0 [63.0-50.0]
59.0

[64.0-52.0]
<0.001

BMI (kg/m2)

Median [Q3-Q1] 26.6 [29.6-24.0]
27.7

[31.6-24.7]
<0.001

Smoking

Never 224522 (55.5%) 14688 (49.3%) <0.001

Previous 135799 (33.6%) 11466 (38.5%)

Current 42090 (10.4%) 3406 (11.4%)

TDI

Median [Q3-Q1]
-2.19

[0.419–3.67]
-1.57

[1.56–3.37]
<0.001

Alcohol

Never 16926 (4.2%) 2010 (6.7%) <0.001

Previous 12884 (3.2%) 2097 (7.0%)

Current 373569 (92.3%) 25560 (85.7%)

Education

College or
University degree

134781 (33.3%) 7362 (24.7%) <0.001

A levels/AS levels
or equivalent

45535 (11.3%) 2856 (9.6%)

O levels/GCSEs
or equivalent

84960 (21.0%) 6208 (20.8%)

CSEs or equivalent 21770 (5.4%) 1715 (5.8%)

NVQ or HND or HNC
or equivalent

25931 (6.4%) 2080 (7.0%)

Other
professional qualifications

20280 (5.0%) 1689 (5.7%)

None of the above 63677 (15.7%) 7217 (24.2%)

ALS

No 404216 (99.9%) 29767 (99.8%) 0.0106

Yes 415 (0.1%) 46 (0.2%)
ALS, amyotrophic lateral sclerosis; BMI, body mass index; IMD, immune-mediated diseases.
*P<0.05, **P<0.01, ***P<0.001.
FIGURE 1

Flowchart of the study. Participants with ALS at baseline and with
IMDs after baseline were removed for the Cox proportional
hazards analysis.
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genetic factors in the IMD-ALS association. However, the results are

not always consistent (21), more researches were needed to further

demonstrate this association. These findings hold important clinical

significance. Some ALS cases combined with IMDs have shown

positive responses to immunotherapy, with symptoms reversing or

stabilizing after immunotherapy (35, 36). Whether ALS patients with

IMDs can benefit from immunotherapy should be assessed in clinical

trials further. Early identification and intervention of IMDs may slow

the onset of ALS, improve life quality and provide future care planning

for ALS patients.

In our stratification analysis, our study newly found that heavier

immune burden, including longer duration of IMDs and higher

CRP levels were associated with higher risk of ALS. However, the
Frontiers in Immunology 05
positive association of longer duration of IMD with ALS incidence

should be interpreted with caution, specially considering that the

association with IMDs of less than 5 years shows almost a

statistically significant result. This results was inconsistent with a

previous study which found an increased in IMD just 2-5 years

before ALS diagnosis but not before (21). This inconsistency may

arise from that we only considered IMDs already present at

baseline, which may have biased the results towards longer

duration IMDs. We also found that females with IMDs were

more prone to ALS than males. This sex-specific differences in

IMD-ALS association may be due to the more active state of

immune cells in females (37), which actively contribute to the

differential incidences of ALS.
TABLE 2 Multivariate Cox analyses of any_IMD and organ_specific_IMDs associated with ALS incidence.

Organ_specific_IMD

Model 1 Model 2 Model 3

HR
(95% CI)

P-
value

HR
(95% CI)

P-
value

HR
(95% CI)

P-
value

Any_IMD 1.47(1.08-1.99) 0.014* 1.48(1.09-2.01) 0.012* 1.42 (1.03-1.94) 0.032*

D_IMD Diseases of the blood and blood-forming organs
1.61

(0.23-11.46)
0.633

1.64
(0.23-11.66)

0.622
1.70

(0.24-12.12)
0.595

E_IMD Endocrine, nutritional and metabolic diseases 3.20(1.66-6.19) 0.001*** 3.21(1.66-6.22) 0.001*** 3.01(1.49-6.06) 0.002**

G_IMD Diseases of the nervous system 0.86(0.12-6.13) 0.881 0.88(0.12-6.25) 0.897 0.98(0.14-6.97) 0.984

I_IMD Diseases of the circulatory system 1.02(0.14-7.24) 0.986 1.02(0.14-7.22) 0.988 1.03(0.15-7.35) 0.974

J_IMD Diseases of the respiratory system 1.08(0.68-1.71) 0.739 1.09(0.69-1.72) 0.721 0.99(0.61-1.61) 0.975

K_IMD Diseases of the digestive system 2.22(1.25-3.93) 0.006** 2.23(1.26-3.95) 0.006** 2.07(1.14-3.77) 0.017*

L_IMD Diseases of the skin and subcutaneous tissue 1.49(0.48-4.64) 0.491 1.51(0.49-4.70) 0.475 1.57(0.50-4.88) 0.437

M_IMD
Diseases of the musculoskeletal system and

connective tissue
1.25(0.56-2.80) 0.585 1.26(0.56-2.83) 0.569 1.30(0.58-2.92) 0.521
fro
Model 1 adjusted for age, sex. Model 2 adjusted for age, sex, education, Townsend deprivation index. Model 3 adjusted for age, sex, education, Townsend deprivation index, BMI, smoking,
alcohol consumption.
ALS, amyotrophic lateral sclerosis; BMI, body mass index; IMD, immune-mediated diseases; HR, hazard ratio; CI, confidence interval.
*P<0.05, **P<0.01, ***P<0.001.
TABLE 3 Sensitive analysis of the peripheral immune markers on ALS incidence.

Organ_specific_IMD
Sensitivity 1 Sensitivity 2

HR (95% CI) P-value HR (95% CI) P-value

All_IMD 1.24(1.02-1.52) 0.034* 1.25(1.01-1.55) 0.040*

D_IMD Diseases of the blood and blood-forming organs 1.75(0.25-12.49) 0.574 2.01 (0.28-14.29) 0.486

E_IMD Endocrine, nutritional and metabolic diseases 3.11(1.54-6.27) 0.002** 2.70 (1.20-6.06) 0.016*

G_IMD Diseases of the nervous system 1.01 (0.14-7.19) 0.992 0 (0.00-Inf) 0.985

I_IMD Diseases of the circulatory system 1.07 (0.15-7.62) 0.946 1.24 (0.17-8.81) 0.831

J_IMD Diseases of the respiratory system 1.02 (0.63-1.67) 0.923 0.96 (0.56-1.64) 0.887

K_IMD Diseases of the digestive system 2.15 (1.18-3.90) 0.012* 2.01 (1.04-3.88) 0.039*

L_IMD Diseases of the skin and subcutaneous tissue 1.62 (0.52-5.03) 0.407 0.62 (0.09-4.39) 0.629

M_IMD Diseases of the musculoskeletal system and connective tissue 1.34 (0.60-3.01) 0.472 1.03 (0.38-2.76) 0.952
Sensitive analysis 1 was sensitive analysis of IMDs on ALS incidence with excluding ALS patients with a latency shorter than 1 year from initial sampling to diagnosis (1 year).
Sensitive analysis 2 was sensitive analysis of IMDs on ALS incidence with excluding ALS patients with a latency shorter than 3 years from initial sampling to diagnosis (3 years).
ALS, amyotrophic lateral sclerosis; BMI, body mass index; IMD, immune-mediated diseases; HR, hazard ratio; CI, confidence interval.
*P<0.05, **P<0.01, ***P<0.001.
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Specifically, we also found a very interesting association that

intestinal-specific IMDs with higher risk of ALS incidence.

Inflammatory bowel diseases (IBD), such as ulcerative colitis (UC),

Crohn’s disease (CD), and celiac disease (CeD), are characterized by

chronic, recurring inflammation localized in the intestines and can

contribute to a systemic inflammatory burden (38). Over the past

decade, several population-based cohorts have investigated the

connections between IBD and other neurodegenerative diseases like

Alzheimer’s (AD) and Parkinson’s (PD) (39–42). However, the

relationship between IBD and ALS has been explored in limited

observational cohorts. A case-control study from the United

Kingdom found that the incidence of ALS in individuals with a

history of UC was higher than in the healthy control group,

although the difference was at a critical threshold (P ≈ 0.05), while

CD had no impact on ALS incidence (20). In a nested case-control

study from Sweden, no difference in the incidence of ALS was observed

between those with UC, CD, and the control group (21). A genetic

correlation study revealed a significant negative genetic correlation

between UC, CD, and ALS, while a positive genetic correlation between

CeD and ALS (19). Studies have also suggested a potential link between

ALS and autoimmune reactivity and gluten sensitivity (43). In the

study by Turner et al., individuals with a history of CeD had a 57%

increased risk of developing ALS (20). However, these associations

require further confirmation, as subsequent research has reported

inconsistent results. A prospective cohort study from Sweden, which

utilized small intestine biopsies for confirmation, did not find an

association between pathologically confirmed CeD and ALS

incidence (44). Taken together, these findings suggest a potential link

between ALS and chronic gastrointestinal inflammation, but further

research is needed. Several plausible mechanisms may contribute to

increased ALS incidence in participants with IBD: 1) IBD is a chronic

inflammatory disease involving not only intestinal but also

extraintestinal inflammation, contributing to systemic inflammatory

burden to individuals (45–47); 2) The exact cause of IBD is still unclear,

but some theories suggest that the immune response of susceptible

individuals to changes in the gut microbiota may be dysregulated. The
Frontiers in Immunology 06
gut-brain axis, describing the signaling between the gut, gut microbiota,

and the central nervous system (CNS), is related to neurodegenerative

changes. This bidirectional communication in the gut-brain axis is

evident but also complex (48, 49). Research indicates that the gut

microbiota has the ability to synthesize and release neurotransmitters

and neuromodulators, such as short-chain fatty acids, dopamine,

serotonin, and gamma-aminobutyric acid. The interaction between

the gut and the brain occurs through the autonomic nervous system via

the vagus nerve and the blood-brain barrier, both of which allow the

passage of signaling molecules. Disruption of the intestinal epithelial

barrier and dysbiosis of themicrobiota caused by IBDmay promote the

entry of neurotoxic metabolites originating from the gut microbiota

into the central nervous system (50, 51). A multicenter, randomized,

double-blind clinical trial of therapeutic intervention involving fecal

microbiota transplantation(FMT) in ALS patients (NCT03766321)

aimed to illustrate that the re-establishment of an appropriate

microenvironment can potentially disrupt the immune response and

disease progression in ALS (52), but the results were not published.

According to existing clinical evidence, FMT exhibits a reasonable cure

rate and carries a low incidence of severe adverse events, and being

well-tolerated (53), which is a promising therapeutic method for ALS

coexisting IMDs.

Our findings also revealed a positive association between

endocrine-specific IMDs [type 1 diabetes(T1D), Graves’ disease and

autoimmune thyroiditis], with the risk of ALS incidence. Previous

retrospective study found an elevated ALS incidence among individuals

with a history of T1D in those with lower age (20). This intriguing

finding aligns with the conclusions of our research, although we did not

further categorize endocrine-specific IMDs further, given the relatively

small number of ALS cases. Notably, T1D is more frequently associated

with weight loss, which is linked to faster ALS progression (54). As for

studies regarding thyroid IMDs and ALS incidence, Cui et al. found a

positive association between ALS and autoimmune hypothyreosis (21),

which is also aligns with our conclusion. Given that ALS primarily

pertains to motor neurons, the endocrine system is not a primary

participant in its pathophysiology. The association between the

endocrine system and ALS has yet to be clearly established. Since

ALS is a progressively fatal disease, addressing potential endocrine

effects in ALS patients is crucial for reducing the overall burden of ALS-

related conditions.

Our study has several strengths: 1) To our knowledge, our study

is the first prospective cohort examining the relationship between

immune-mediated diseases and the incidence of ALS, with a large

cohort size; 2) We investigated the immune burden, including the

duration of IMDs and severity of inflammation, for the first time on

ALS onset; 3) Our study also made novel findings regarding organ-

specific IMDs, especially the intestinal and endocrine-specific IMDs

on ALS risk. However, our study also has several limitations:1)

Despite being a prospective cohort, causation should be interpreted

with caution; 2) Due to the rarity of ALS, the incidence of ALS is low

in some rare IMDs, which could lead to biased results. Therefore, we

did not further differentiate the impact of individual IMD on ALS; 3)

Data on central immune cells such as microglia, humoral immune

biomarkers like interleukins and protein aggregates such as TDP43

are not available in the UK Biobank. 4) Some immune diseases may

have symptoms similar to ALS, such as neurological symptoms
TABLE 4 Peripheral immunity and ALS risk across different IMD
duration, CRP, and Sex subgroups.

Any_IMD

HR (95% CI) P-value

IMD Duration

<5y 1.50(0.99-2.26) 0.055

>=5y, <10y 1.12(0.64-1.94) 0.699

>=10y 2.17(1.12-4.21) 0.022 *

CRP
<1.3mmol/L 1.07 (0.56-2.02) 0.841

>=1.3mmol/L 1.57(1.09-2.28) 0.016 *

Sex
female 1.62(1.06-2.48) 0.025 *

male 1.24(0.79-1.95) 0.341
Model 1 adjusted for age, sex. Model 2 adjusted for age, sex, education, Townsend deprivation
index. Model 3 adjusted for age, sex, education, Townsend deprivation index, BMI, smoking,
alcohol consumption.
IMD, immune-mediated diseases; CRP, C-reactive protein; HR, hazard ratio; CI,
confidence interval.
*P<0.05, **P<0.01, ***P<0.001.
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caused by CeD, which could lead to less accurate data; 5) Medication

information was not available. 6) It is not possible to precisely define

IMDs and we can only refer to the previous studies. The potential

selection bias is ineluctable. 7) The baseline characteristics between

people with and without IMDs were imbalanced, although we

performed multivariable models adjusting for those baseline

characteristics to mitigate the imbalance.

In conclusion, the increased risk of ALS in patients with IMDs

and the findings from stratified analysis suggest that this population

may benefit from a multidisciplinary approach to enhance clinical

awareness. Future research directions include a deeper exploration of

the biological connections between IMDs and ALS, as well as the

search for potential therapies to enhance the quality of life and

prognosis for ALS patients. This may involve novel approaches such

as manipulating the gut-brain axis through microbiota manipulation

or hormone therapy. Research in this field holds the promise of

providing further insights into the etiology and progression of ALS,

advancing our understanding of this disease, and opening up new

avenues for future treatment strategies.
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Autoinflammation and autoimmunity across rheumatic and musculoskeletal
diseases. Nat Rev Rheumatol. (2021) 17:585–95. doi: 10.1038/s41584-021-00652-9

29. Jones EL, Laidlaw SM, Dustin LB. TRIM21/ro52 - roles in innate immunity and
autoimmune disease. Front Immunol. (2021) 12:738473. doi: 10.3389/fimmu.2021.738473

30. Jiao Y, Wu L, Huntington ND, Zhang X. Crosstalk between gut microbiota and
innate immunity and its implication in autoimmune diseases. Front Immunol. (2020)
11:282. doi: 10.3389/fimmu.2020.00282
Frontiers in Immunology 08
31. Saferding V, Blüml S. Innate immunity as the trigger of systemic autoimmune
diseases. J Autoimmun. (2020) 110:102382. doi: 10.1016/j.jaut.2019.102382

32. Raphael I, Joern RR, Forsthuber TG. Memory CD4(+) T cells in immunity and
autoimmune diseases. Cells. (2020) 9:531. doi: 10.3390/cells9030531

33. Michaelson N, Facciponte D, Bradley W, Stommel E. Cytokine expression levels
in ALS: A potential link between inflammation and BMAA-triggered protein
misfolding. Cytokine Growth Factor Rev. (2017) 37:81–8. doi: 10.1016/
j.cytogfr.2017.05.001

34. Hemminki K, Li X, Sundquist J, Sundquist K. Familial risks for amyotrophic
lateral sclerosis and autoimmune diseases. Neurogenetics. (2009) 10:111–6.
doi: 10.1007/s10048-008-0164-y

35. Bentes C, de Carvalho M, Valente I, Sales Luis ML, da Silva JP. Amyotrophic
lateral sclerosis syndrome associated with connective tissue disease; improvement after
immunosuppressive therapy. A long-term follow-up case. Eur J Neurol. (1999) 6:239–40.
doi: 10.1111/j.1468-1331.1999.tb00019.x

36. Forns X, Bosch X, Graus F, Navarro M, Font J. Amyotrophic lateral sclerosis in a
patient with systemic lupus erythematosus. Lupus. (1993) 2:133–4. doi: 10.1177/
096120339300200212

37. Han J, Fan Y, Zhou K, Blomgren K, Harris RA. Uncovering sex differences of
rodent microglia. J Neuroinflamm. (2021) 18:74. doi: 10.1186/s12974-021-02124-z

38. Nakase H, Uchino M, Shinzaki S, Matsuura M, Matsuoka K, Kobayashi T, et al.
Evidence-based clinical practice guidelines for inflammatory bowel disease 2020. J
Gastroenterol. (2021) 56:489–526. doi: 10.1007/s00535-021-01784-1

39. Villumsen M, Aznar S, Pakkenberg B, Jess T, Brudek T. Inflammatory bowel
disease increases the risk of Parkinson’s disease: a Danish nationwide cohort study
1977-2014. Gut. (2019) 68:18–24. doi: 10.1136/gutjnl-2017-315666

40. Peter I, Dubinsky M, Bressman S, Park A, Lu C, Chen N, et al. Anti-tumor
necrosis factor therapy and incidence of parkinson disease among patients with
inflammatory bowel disease. JAMA Neurol. (2018) 75:939–46. doi: 10.1001/
jamaneurol.2018.0605

41. Zhu Y, Yuan M, Liu Y, Yang F, Chen W-Z, Xu Z-Z, et al. Association between
inflammatory bowel diseases and Parkinson’s disease: systematic review and meta-
analysis. Neural Regener Res. (2022) 17:344–53. doi: 10.4103/1673-5374.317981

42. Zhang B, Wang HE, Bai YM, Tsai S-J, Su T-P, Chen T-J, et al. Inflammatory
bowel disease is associated with higher dementia risk: a nationwide longitudinal study.
Gut. (2021) 70:85–91. doi: 10.1136/gutjnl-2020-320789

43. Gadoth A, Nefussy B, Bleiberg M, Klein T, Artman I, Drory VE.
Transglutaminase 6 antibodies in the serum of patients with amyotrophic lateral
sclerosis. JAMA Neurol. (2015) 72:676–81. doi: 10.1001/jamaneurol.2015.48

44. Ludvigsson JF, Mariosa D, Lebwohl B, Fang F. No association between biopsy-
verified celiac disease and subsequent amyotrophic lateral sclerosis–a population-based
cohort study. Eur J Neurol. (2014) 21:976–82. doi: 10.1111/ene.12419

45. Lichtenstein GR, Loftus EV, Isaacs KL, Regueiro MD, Gerson LB, Sands BE.
ACG clinical guideline: management of crohn’s disease in adults. Am J Gastroenterol.
(2018) 113:481–517. doi: 10.1038/ajg.2018.27

46. Rubin DT, Ananthakrishnan AN, Siegel CA, Sauer BG, Long MD. ACG clinical
guideline: ulcerative colitis in adults. Am J Gastroenterol. (2019) 114:384–413.
doi: 10.14309/ajg.0000000000000152

47. Peyrin-Biroulet L, Sandborn W, Sands BE, Reinisch W, Bemelman W, Bryant
RV, et al. Selecting therapeutic targets in inflammatory bowel disease (STRIDE):
determining therapeutic goals for treat-to-target. Am J Gastroenterol. (2015)
110:1324–38. doi: 10.1038/ajg.2015.233

48. Osadchiy V, Martin CR, Mayer EA. The gut-brain axis and the microbiome:
mechanisms and clinical implications. Clin Gastroenterol Hepatol. (2019) 17:322–32.
doi: 10.1016/j.cgh.2018.10.002

49. Martin CR, Osadchiy V, Kalani A, Mayer EA. The brain-gut-microbiome axis.
Cell Mol Gastroenterol Hepatol. (2018) 6:133–48. doi: 10.1016/j.jcmgh.2018.04.003

50. Sochocka M, Donskow-Łysoniewska K, Diniz BS, Kurpas D, Brzozowska E,
Leszek J. The gut microbiome alterations and inflammation-driven pathogenesis of
alzheimer’s disease-a critical review. Mol Neurobiol. (2019) 56:1841–51. doi: 10.1007/
s12035-018-1188-4

51. Zac-Varghese S, Tan T, Bloom SR. Hormonal interactions between gut and
brain. Discovery Med. (2010) 10:543–52.

52. Mandrioli J, Amedei A, Cammarota G, Niccolai E, Zucchi E, R, et al. FETR-ALS
study protocol: A randomized clinical trial of fecal microbiota transplantation in
amyotrophic lateral sclerosis. Front Neurol. (2019) 10:1021. doi: 10.3389/
fneur.2019.01021

53. Green JE, Davis JA, Berk M, Hair C, Loughman A, Castle D, et al. Efficacy and
safety of fecal microbiota transplantation for the treatment of diseases other than
Clostridium difficile infection: a systematic review and meta-analysis. Gut Microbes.
(2020) 12:1–25. doi: 10.1080/19490976.2020.1854640

54. Jawaid A, Salamone AR, Strutt AM, Murthy SB, Wheaton M, McDowell EJ, et al.
ALS disease onset may occur later in patients with pre-morbid diabetes mellitus. Eur J
Neurol. (2010) 17:733–9. doi: 10.1111/j.1468-1331.2009.02923.x
frontiersin.org

https://doi.org/10.1126/science.aaa3650
https://doi.org/10.1186/s12916-022-02578-9
https://doi.org/10.1186/s12916-022-02578-9
https://doi.org/10.3899/jrheum.091461
https://doi.org/10.1371/journal.pone.0266529
https://doi.org/10.1001/jamaneurol.2017.2255
https://doi.org/10.1186/s13024-022-00515-1
https://doi.org/10.1002/mus.26289
https://doi.org/10.1097/WCO.0000000000000983
https://doi.org/10.1097/WCO.0000000000000599
https://doi.org/10.1038/s41467-022-34526-9
https://doi.org/10.1038/s41590-018-0120-4
https://doi.org/10.3389/fimmu.2021.667097
https://doi.org/10.1126/sciimmunol.aao1603
https://doi.org/10.1186/s12916-021-01903-y
https://doi.org/10.1212/WNL.0b013e3182a6cc13
https://doi.org/10.1080/21678421.2020.1861022
https://doi.org/10.1093/rheumatology/kead266
https://doi.org/10.1186/s13195-022-01072-x
https://doi.org/10.1186/s13195-022-01072-x
https://doi.org/10.1001/jamaoncol.2021.5680
https://doi.org/10.1001/jamaneurol.2016.6179
https://doi.org/10.1016/j.bbi.2023.07.026
https://doi.org/10.3389/fimmu.2018.02279
https://doi.org/10.1038/s41584-021-00652-9
https://doi.org/10.3389/fimmu.2021.738473
https://doi.org/10.3389/fimmu.2020.00282
https://doi.org/10.1016/j.jaut.2019.102382
https://doi.org/10.3390/cells9030531
https://doi.org/10.1016/j.cytogfr.2017.05.001
https://doi.org/10.1016/j.cytogfr.2017.05.001
https://doi.org/10.1007/s10048-008-0164-y
https://doi.org/10.1111/j.1468-1331.1999.tb00019.x
https://doi.org/10.1177/096120339300200212
https://doi.org/10.1177/096120339300200212
https://doi.org/10.1186/s12974-021-02124-z
https://doi.org/10.1007/s00535-021-01784-1
https://doi.org/10.1136/gutjnl-2017-315666
https://doi.org/10.1001/jamaneurol.2018.0605
https://doi.org/10.1001/jamaneurol.2018.0605
https://doi.org/10.4103/1673-5374.317981
https://doi.org/10.1136/gutjnl-2020-320789
https://doi.org/10.1001/jamaneurol.2015.48
https://doi.org/10.1111/ene.12419
https://doi.org/10.1038/ajg.2018.27
https://doi.org/10.14309/ajg.0000000000000152
https://doi.org/10.1038/ajg.2015.233
https://doi.org/10.1016/j.cgh.2018.10.002
https://doi.org/10.1016/j.jcmgh.2018.04.003
https://doi.org/10.1007/s12035-018-1188-4
https://doi.org/10.1007/s12035-018-1188-4
https://doi.org/10.3389/fneur.2019.01021
https://doi.org/10.3389/fneur.2019.01021
https://doi.org/10.1080/19490976.2020.1854640
https://doi.org/10.1111/j.1468-1331.2009.02923.x
https://doi.org/10.3389/fimmu.2024.1356132
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Immune-mediated diseases are associated with a higher risk of ALS incidence: a prospective cohort study from the UK Biobank
	1 Introduction
	2 Methods
	2.1 Study population
	2.2 Ascertainment of ALS
	2.3 Ascertainment of immune-mediated diseases
	2.4 Baseline characteristics
	2.5 Statistical analysis

	3 Results
	3.1 Baseline characteristics
	3.2 The association of any IMD and organ-specific IMDs with ALS incidence.
	3.3 Sensitivity and stratified analyses

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


