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Abstract 

Background Interest in the study of type 1 diabetes mellitus (T1DM) and multiple sclerosis (MS) has increased 
because of their significant negative impact on the patient quality of life and the profound implications for the health 
care system. Although the clinical symptoms of T1DM differ from those of MS, such as pancreatic β‑cell failure 
in T1DM and demyelination in the central nervous system (CNS) in MS, both pathologies are considered as autoim‑
mune‑related diseases with shared pathogenic pathways, which include autophagy, inflammation and degeneration, 
among others. Considering the challenges in obtaining pancreatic β‑cells and CNS tissue from patients with T1DM 
and MS, respectively, it is fundamental to explore alternative methods for evaluating disease status. Proteomic analysis 
of peripheral blood mononuclear cells (PBMCs) is an ideal approach for identifying novel and potential biomarkers 
for both autoimmune diseases.

Methods We conducted a proteomic analysis of PBMCs from patients with T1DM and relapsing remitting Multiple 
Sclerosis (herein forth MS) patients (n = 9 per condition), using a label‑free quantitative proteomics approach. The 
patients were diagnosed following the American Diabetes Association (ADA) criteria for T1DM and McDonald criteria 
for MS respectively, and were aged over 18 years and more than 2 years from the onset respectively.

Results A total of 2476 proteins were differentially expressed in PBMCs from patients with T1DM and MS patients 
compared with those form healthy controls (H). Predictive analysis highlighted 15 common proteins, up‑ or downreg‑
ulated in PBMCs from patients with T1DM and MS patients vs. healthy controls, involved in the immune system activ‑
ity (BTF3, TTR, CD59, CSTB), diseases of the neuronal system (TTR), signal transduction (STMN1, LAMTOR5), metabolism 
of nucleotides (RPS21), proteins (TTR, ENAM, CD59, RPS21, SRP9) and RNA (SRSF10, RPS21). In addition, this study 
revealed both shared and distinct molecular patterns between the two conditions.
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Conclusions Compared with H, patients with T1DM and MS presented a specific expression pattern of common 
proteins has been identified. This pattern underscores the shared mechanisms involved in their immune responses 
and neurological complications, alongside dysregulation of the autophagy pathway. Notably, CSTB has emerged 
as a differential biomarker, distinguishing between these two autoimmune diseases.

Introduction
Type 1 diabetes mellitus (T1DM) and multiple sclerosis 
(MS) are severe autoimmune diseases with strong nega-
tive impacts on patients and profound implications for 
the health care system and society at large. Interest in 
the study of both diseases has increased, owing to the 
rapid increase in the prevalence of these pathologies 
over the past decades (Maahs et al. 2010; Walton et al. 
2020; Gregory et  al. 2022). Some studies have demon-
strated that T1DM and MS share certain features and 
involve organ-specific mechanisms affecting various 
tissue targets (Pozzilli et al. 2022). In the case of T1DM, 
the immune system attacks pancreatic β-cells, leading 
to a failure in normal insulin production and eventu-
ally affecting glucose homeostasis (DiMeglio et  al. 
2018). Glucose regulation in these patients, which can 
be monitored by measuring HbA1c levels, is crucial in 
the progression of the inflammatory process and, con-
sequently, in β-cell destruction (Bending et  al. 2012) 
and the development of future peripheral complica-
tions, such as neurological complications or diabetic 
retinopathy among others (Melendez-Ramirez et  al. 
2010; Galiero et  al. 2023; Perais et  al. 2023). In MS, 
the autoimmune process induces a reactive response 
against antigenic elements of the central nervous sys-
tem (CNS), leading to substantial disability in most 
patients (Cotsapas et al. 2018), which can be monitored 
by the Expanded Disability Status Scale (EDSS) and it is 
also related to the inflammatory process (Mungan et al. 
2023). Previous data have provided evidence of the 
connection between demyelination, tissue injury and 
inflammation in all states of MS (Lassmann 2018).

The use of several omics technologies, such as 
high-throughput proteomics, constitutes an opti-
mal approach to explore novel biomarkers, providing 
an enhanced understanding of disease mechanisms, 
insights into a etiology, and multifactorial pathophysi-
ological processes (Zhi et  al. 2011; Del Boccio et  al. 
2016). These advancements could contribute signifi-
cantly to the development of therapeutic tools. Studies 
on the molecular basis of both autoimmune diseases, 
T1DM and MS, have demonstrated the involvement of 
various pathways, including autophagy, inflammation 
and degeneration, among others (Bending et  al. 2012; 
Ruiz et  al. 2019; Canet et  al. 2022; Al-kuraishy et  al. 
2024). Evidence supports the roles of similar pathways 

and comparable responses that contribute to the patho-
genic mechanisms of the diseases (Handel et  al. 2009; 
Pozzilli et al. 2022).

Given the inherent difficulty in obtaining pancreatic 
β-cells from patients with T1DM and CNS tissue from 
patients with MS, there is a pressing need to develop 
noninvasive sampling techniques capable of accurately 
reflecting status. Because immune cells initiate the auto-
immune and inflammatory processes against the cor-
responding target organs, the use of peripheral blood 
mononuclear cells (PBMCs) has emerged as ideal can-
didates for identifying new and potential biomarkers for 
both T1DM and MS. In addition, studying the proteomic 
signatures of both diseases could uncover underlying 
correlations, providing insight into their casualty.

In this study, a label-free quantitation (LFQ) proteom-
ics approach was applied to identify common and differ-
entially expressed proteins in PBMCs from patients with 
T1DM and MS. Additionally, we identified potential cor-
relations and differences between these conditions. By 
leveraging this advanced analytical technique, we aimed 
to deepen our understanding of shared pathophysiologi-
cal mechanisms and contribute to the discovery of new 
biomarkers.

Methods
Experimental design
An overview of the experimental workflow is shown in 
Fig. 1A.

Study participants
In this study, 18 patients who were diagnosed with 
T1DM or relapsing–remitting Multiple Sclerosis (hence-
forth MS, n = 9 per condition) were recruited between 
2020 and 2022 from Puerta del Mar University Hospital 
of Cadiz. In addition, another 9 volunteers from the same 
area, age and ethnicity as the patients, with no history 
of neurological, psychiatric or immunological diseases, 
were also recruited as a healthy group (H). Some of the 
characteristics of the study population (sex and age) are 
graphically represented in Figs. 1B, C.

The patient recruitment process was carried out by 
qualified neurologists and endocrinologists from the 
same hospital, following the most widely used diagnostic 
criteria at the time of diagnosis: the ADA criteria (Care 
and Suppl 2021) for T1DM and the McDonald criteria 



Page 3 of 17Cano‑Cano et al. Molecular Medicine           (2025) 31:36  

(Polman et  al. 2011) for MS diagnosis. The following 
inclusion criteria were used for patients with T1DM: 
aged over 18 years; more than 2 years from disease onset; 
positive results for glutamic acid decarboxylase and 
tyrosine phosphatase auto-antibodies; and a continuous 
insulin treatment, with adequate glucose management, 
as reflected the HbA1c levels (Fig.  1D). The criteria for 
patients with MS were as follows: aged over 18  years; 
between 2 and 7 years from disease onset, experiencing 
mild physical disability (Fig.  1D); and having been free 

from relapses and steroid treatment for at least 2 months 
prior to the study, assuming the remission phase. In 
patients with MS, blood samples were routinely per-
formed in the middle or at the end of their respective 
treatment cycles.

PBMC isolation
Peripheral blood samples were collected in EDTA tubes, 
and PBMCs were isolated by a standard density gradient 
using Histopaquet 1077 (Sigma-Aldrich, Missouri, USA). 

Fig. 1 Experimental workflow and study population characteristics. A Schematic representation of the experimental assay. Healthy volunteers, 
patients with T1DM and MS were selected according to inclusion criteria. PBMCs were isolated from blood samples of each participant (n = 9 
per condition). Finally, a LFQ proteomic approach was applied, together with bioinformatics analysis (statistic and functional classification) 
to identify differentially expressed proteins between groups. Graphical representation of donors (B) age, C gender and D HbA1c (up), EDSS (down) 
measures. HbA1c, glycosylated hemoglobin. EDSS, Expanded Disability Status Scale
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Briefly, whole blood was extracted from EDTA tubes, 
diluted 1:1 in phosphate-buffered saline (PBS) and care-
fully layered over the same volume of Histopaquet. The 
tubes were centrifuged for 25 min at 1900 rpm with slow 
acceleration and no break to avoid disrupting the layers. 
After centrifugation, the interface layer was harvested 
and transferred to a new tube and the cells were washed 
twice in PBS (centrifugation; 10  min at 1500  rpm). The 
cells were counted using Trypan blue staining, ensuring a 
high viability rate (96–98%) at the time of freezing. In the 
last centrifugation, the supernatant was removed and the 
resulting cell pellet was snap-frozen and stored at -80°C 
until protein extraction.

Proteomic analysis
For the proteomic analysis a volume of 250 μL of extrac-
tion buffer (7  M urea, 2  M thiourea, 0.4% CHAPS, 
200 mM DTT) was added to each pellet for cell lysis and 
protein extraction. The samples were sonicated and cen-
trifuged (13,000  rpm for 15  min), and the supernatants 
were transferred to another tube for further protein pre-
cipitation overnight with a 5X volume of acetone were at 
– 20 °C. Next, the samples were centrifuged (13,000 rpm 
for 15  min), the supernatants were discarded, and the 
pellets were resuspended in 100 μL of extraction buffer. 
The protein content was quantified following the Brad-
ford method and 50 μg of protein from each sample were 
digested with trypsin (GOLD, Promega) following the 
FASP method with minor modifications (Wiśniewski 
et al. 2009).

The resulting peptides were speed vacuumed, resus-
pended in 0.1% trifluoroacetic and desalted and con-
centrated by using reverse-phase microcolumns (C18 
OMIX, Agilent). Thus, 200  ng from each sample was 
loaded on an EVOSEP ONE (Evosep) coupled online to 
a PASEF powered Tims tof Pro (Bruker) tandem mass 
spectrometer. Data-dependent acquisition (DDA-PASEF) 
was applied with the 30 SPD method.

The raw mass spectra datasets were analysed using 
free MaxQuant (v1.6) software for protein identification 
and quantification (Cox and Mann 2008). To identify dif-
ferential proteins between conditions, Perseus software 
(Tyanova et  al. 2016) (https:// www. maxqu ant. org/ perse 
us/) was then employed to carry out LFQ analysis, con-
sidering proteins identified with at least one unique pep-
tide at an FDR of 1% (PSM-level).

Data processing and statistical rationale
Protein identification and quantification were conducted 
using PEAKS software (Bioinformatics Solutions Inc. in 
Waterloo, CA, USA). Searches were executed against a 
database that included canonical human UniProt/Swis-
sprot entries, excluding isoforms. The precursor and 

fragment tolerances were set at 20  ppm and 0.05  Da, 
respectively. The PEAKS Q module within the PEAKS 
software was utilized for area-based label-free protein 
quantification.

The data were uploaded onto the Perseus platform 
(Tyanova et al. 2016) for further analysis. The data were 
log2 transformed, 70% valid values were filtered, and 
missing values were imputed from a normal distribution 
and categorically annotated to define conditions. We also 
used filter rows based on categorical columns to elimi-
nate proteins identified only by site, reverse and potential 
contaminants. Two-sample student’s t-test for differential 
expression analysis were used with a p-value truncation 
(0.05 threshold p-value). The different protein expression 
levels were evaluated by comparing the healthy volun-
teer group against the T1DM and RRMS patient group, 
and comparing the patient groups against each other to 
determine the possible differences between the diseases. 
To discriminate between differentially expressed proteins 
(DEPs) between groups (patients with T1DM or RRMS 
and healthy controls), the p-value was set at < 0.05. Fur-
ther proteins were considered as significantly up- or 
downregulated when − log 10 (p-value) > 1.3 and the log2 
(fold change) rates) were > 1 for up-regulated or < − 1 for 
downregulated proteins, respectively. ROC curve analy-
sis was used to evaluate the predictive value of selected 
proteins by using SPSS software, indicating sensitivity 
and specificity percentages, the AUC and 95% confidence 
intervals. A p-value < 0.05 was considered to indicate sta-
tistical significance.

Additional data processing and graphing were per-
formed using Prism 8, R, Perseus, Circos and the image 
repository Smart Medical Art. The functional roles 
of proteins were analysed by using Ingenuity Pathway 
Analysis (IPA) (Qiagen) and Reactome (https:// react 
ome. org/) software, String and functional protein asso-
ciation networks were constructed in STRING software 
(https:// string- db. org/). The functional analysis was car-
ried out by considering the classification made in IPA 
software of canonical pathways and disease and function 
classifications.

Results
A LFQ proteomic analysis was carried out to investigate 
the differential proteomic expression of PBMCs from 
patients with T1DM and MS in the remission phase, and 
compared with healthy volunteers. On average, a total of 
2476 proteins were identified, among the comparisons of 
patients with T1DM and MS vs. the healthy volunteers, 
resulting in an overall total of 674 proteins with signifi-
cant differences (−  log 10 p-value > 1.3) in all the com-
parisons. Notably, the proteome profiles of the groups 
of patients with T1DM and MS were different between 

https://www.maxquant.org/perseus/
https://www.maxquant.org/perseus/
https://reactome.org/
https://reactome.org/
https://string-db.org/
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from those of healthy controls, as indicated by the prin-
cipal component analysis (Fig.  2A) and the hierarchical 
cluster (Fig. 2B) representations. Full information regard-
ing identification and normalized protein intensities for 
T1DM and MS vs. healthy comparisons can be found in 
Supplementary Table S1.

Differentially expressed proteins between T1DM and MS
Among the 674 DEPs, we focused on those with fold 
change rates ≥ 2, identifying in total 136 DEPs that were 
up- or downregulated between the patients with T1DM 
or MS and healthy controls group (H) (Fig. 3A–C). Nota-
bly, the number of DEPs found in patients with T1DM 
was greater (64.9%) than that found in patients with MS 
(35.1%), indicating that more proteins downregulated 

than upregulated in both cases. Additionally, the num-
ber of upregulated proteins in patients with MS vs. H 
was greater than that in patients with T1DM vs. H (21 vs. 
10 proteins, respectively), whereas more downregulated 
proteins were found in patients with T1DM vs. H (88 
downregulated) than in patients with MS vs. H (32 pro-
teins) (Fig. 3C, D).

Furthermore, we found 15 common proteins (12.1%) 
with differential expression in both diseases com-
pared with healthy controls, 2 of which were upregu-
lated and 13 of which were downregulated; these 
proteins presented similar expression patterns in 
both cases (Fig. 3E, F). Additionally, the protein tran-
sthyretin (TTR) was downregulated in both the T1DM 
and MS vs. H groups, and it was also significantly 

Fig. 2 Proteomic study population clustering. (A) Principal component analysis and (B) Hierarchical cluster, representing the differential protein 
profiles

Fig. 3 Protein changes in T1DM and MS. Volcano plots including the number of proteins up‑ (red) and down‑ (blue) regulated in (A) Patients 
with T1DM or (B) Patients with MS compared to Healthy controls. (C) Graphical representation of the number of differentially expressed proteins 
obtained from proteomic analysis in both diseases compared with healthy controls: Upregulated (orange) and downregulated (blue), DEPs 
without significant changes when compared with controls (yellow) and non‑significant proteins (grey). (D) Venn’s diagram showing DEPs in T1DM 
(purple) and MS (light orange) and common DEPs in T1DM and MS vs. Healthy controls. A schematic representation of the changes observed 
for the common DEPs found (E) up‑ or (F) downregulated are shown, together with graphical representations of the Log2 (LFQ intensities) recorded 
for selected proteins identified through predictive analysis. *p‑value < 0.05, p‑value < 0.01. ***p‑value < 0.001

(See figure on next page.)



Page 6 of 17Cano‑Cano et al. Molecular Medicine           (2025) 31:36 

Fig. 3 (See legend on previous page.)
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downregulated in patients with T1DM compared with 
patients with MS (Fig. 3F).

Based on the information obtained from the Reac-
tome Pathway Database (Supplementary Table  2), the 
15 common DEPs identified in PBMCs from patients 
with T1DM and MS were involved in immune system 
activity (BTF3, TTR, CD59, CSTB), diseases of the 
neuronal system (TTR), signal transduction (STMN1, 
LAMTOR5), metabolism of nucleotides (RPS21), pro-
teins (TTR, ENAM, CD59, RPS21, SRP9) and RNA 
(SRSF10, RPS21) (see Supplementary Table 2).

Compared with healthy controls, differentially expressed 
proteins in patients with T1DM and MS are connected 
in several networks
A relationship network analysis revealed strong con-
nections between the 136 DEPs identified in both dis-
eases, T1DM and MS, and compared to healthy controls 
(Fig.  4). Indeed, the analysis showed that nodes related 
to T1DM (purple) were closely connected with those 
related to MS (orange), instead of having two separate 
networks for each disease. Furthermore, some of the 
commonly altered proteins found in patients with T1DM 
and MS patients vs. H (green) were highly connected 
with dysregulated proteins in both comparisons (see Sup-
plementary Table 3).

Fig. 4 Relationship network analysis. The network represents the association between DEPs in patients with T1DM and MS vs healthy controls. 
Proteins are symbolized by network nodes, protein–protein connections are denoted by edges, and the thickness of the lines signifies the level 
of data support. The edges indicate both functional and physical protein associations. The minimum interaction score was set at 0.4. Disconnected 
nodes were not included, to provide a better view of the network. Nodes color represent, dysregulated proteins in T1DM (purple), MS (orange) 
and both diseases (green)
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T1DM and MS share several functional and disease‑related 
pathways
According to the functional analysis performed with IPA, 
the protein changes detected in patients with T1DM 
or MS vs. healthy controls were related to several sig-
nificant canonical pathways, such as immunological, 

neurological, and cellular trafficking or signalling path-
ways, among others (Fig. 5A).

Thus, many of the protein changes observed in both 
diseases were associated with the immune system 
(approximately 50% of them) including immunological 
or inflammatory functions, with a significant presence of 

Fig. 5 Functional analysis comparison between T1DM and MS. A The chart shows the correlations between the DEPs in patients with T1DM 
and MS (compared to Healthy controls) and different canonical pathways, according to Ingenuity functional assays: IP immunological pathways, 
NP neurological pathways, CTP cellular trafficking pathways, SP signaling pathways, MP metabolic pathways, CP cardiovascular pathways, AD 
Autoimmune diseases, KP kidney pathways. B The chart shows the correlations between the number of DEPs in T1DM and MS and the disease 
and functions found by ingenuity: SF signaling functions, IIR immune or inflammatory response, ND neurological disease, CD cardiovascular disease, 
MT membrane trafficking, RF renal function, LM lipid metabolism. C Common canonical pathways identified for T1DM and MS. Pathways with more 
than two significant proteins are represented. D Common disease and function annotation between patients with T1DM and MS. Pathways 
with more than two significant proteins are shown
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proteins related to apoptosis or cell death of immune cells 
(mostly lymphocytes, ie. CD247, CD59, GSK3B, ITPR1, 
or PRKCQ) as shown in Table 1. In addition, other pro-
cesses, such as membrane trafficking and metabolic or 
signalling pathways were also found to be commonly 
linked to the DEFs observed in patients with T1DM and 
MS compared with Healthy controls (Fig.  5A). Further-
more, in T1DM, many DEPs were related to lipid metab-
olism (33% T1DM, 0% MS), and in MS the majority of 
them were related to signalling functions (14% T1DM, 
60% MS) (Fig.  5B). Notably, 10–15% of the altered pro-
teins were also involved in neurological pathways in both 
diseases (Fig. 5A). Indeed, a greater number of proteins 
related to the neurological system were found in patients 
with T1DM than in patients with MS vs. H. In this sense, 
despite T1DM not being considered a neurological dis-
order, this disease has already been related to specific 

neurological complications and predisposes individuals 
to develop other neurological disorders (Chou et al. 2016; 
Ding et al. 2019; Jin et al. 2022). In T1DM, some of the 
terms annotated were related to myelin dysregulation 
(ARHGEF6, CNP, NADK2, PSAP, SLC25A12) and other 
neurological disorders, such as Alzheimer’s disease (i.e., 
POA2, APOC1, APOC3, CNP, GSK3B, PON1, PSAP, 
SELENBP1) or movement disorders (Table 2).

The analysis also revealed common functional annota-
tions between the two diseases, and there were several 
canonical pathways, such as those related to CXCR4, 
CDC42, FAK, axonal guidance or insulin secretion were 
shared among these pathologies (Fig.  5C). There were 
also some common annotations related to disease and 
function, most of which were related to cell death pro-
cesses, such as necrosis or apoptosis, specifically the 
apoptosis of T cells (Fig. 5D).

Table 1 Functional classification of protein changes due to immunological or inflammatory systems

Protein classification was made with IPA software, showing the most probable functions of the proteins of interest, with at least two proteins related to the function. 
The table includes the p‑values, molecule names and protein numbers included per disease or function annotation. Legend, ↑ up‑regulated protein, ↓ down‑regulated 
protein

Disease Diseases or Functions Annotation p‑value Molecules Proteins

T1DM Apoptosis of lymphocytes 3,96E‑04 CD247↓, CD59↑, GSK3B↓, ITPR1↓, PRKCQ↓ 5

Apoptosis of leukocytes 5,62E‑04 CD247↓, CD59↑, GSK3B↓, HBB↓, ITPR1↓, PRKCQ↓ 6

Complement activation 8,07E‑04 C1R↓, CD59↑, RGCC↓ 3

Apoptosis of T lymphocytes 9,68E‑04 CD247↓, CD59↑, GSK3B↓, PRKCQ↓ 4

Cell death of immune cells 1,16E‑03 CD247↓, CD59↑, GSK3B↓, HBB↓, ITPR1↓, PRKCQ↓, SH3KBP1↓ 7

MS Apoptosis of leukemia cell lines 2,61E‑03 CD59↑, CXCR4↑, RAD21↑, STMN1↓, VPS13A↑ 5

Cytotoxicity of lymphocytes 2,25E‑02 CD59↑, WIPF1↓ 2

Apoptosis of T lymphocytes 2,39E‑02 CD59↑, CXCR4↑ 2

Table 2 Functional classification of protein changes related with neurological system

According to IPA database platform, some of the proteins changes were associated with several processes related to several neurological functions and/or related 
diseases, as shown. The table includes the p‑values, molecule names and protein numbers included per disease or function annotation. Legend, ↑ up‑regulated 
protein, ↓ down‑regulated protein

Table Neurological functions

Disease Diseases or Functions Annotation p‑value Molecules Proteins

T1DM Dysmyelination 3,90E‑05 ARHGEF6↓, CNP↓, NADK2↓, PSAP↑, SLC25A12↓ 5

Leukodystrophy 2,28E‑04 ARHGEF6↓, CNP↓, NADK2↓, PSAP↑ 4

Abnormal brain myelination 1,28E‑03 CNP↓, PSAP↑, SLC25A12↓ 3

Hereditary myelin disorder 1,61E‑03 ARHGEF6↓, NADK2↓, PSAP↑ 3

Hypomyelination of brain 6,41E‑03 CNP↓, SLC25A12↓ 2

Alzheimer disease 6,85E‑03 APOA2↓, APOC1↓, APOC3↓, C1R↓, CNP↓, GLRX↓, 
GSK3B↓, PON1↓, PSAP↑, SELENBP1↓

10

Quantity of Ca2 + 2,16E‑02 APOC3↓, CD59↑, F2RL3↑, ITPR1↓ 4

Outgrowth of neurites 3,60E‑02 GSK3B↓, PSAP↑ 2

Movement Disorders 4,67E‑02 AP1S1↓, ARHGEF7↓, CNP↓, CSTB↓, CYTH1↑, GSK3B↓, 
ITPR1↓, PON1↓, PSAP↑, SEC11A↓, STMN1↓

11

MS Quantity of Ca2 + 2,01E‑02 CD59↑, CXCR4↑, ORM1↑ 3

Formation of focal adhesions 2,25E‑02 SLC9A1, STMN1↓ 2
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The predictive value of the TTR for the differential 
diagnosis of autoimmune diseases: T1DM and MS
To evaluate the diagnostic efficacies of specific proteins, 
receiver operating characteristic (ROC) curves were 
constructed utilizing the protein common or different 
protein sets (Table  3) previously identified in Fig.  3E–F. 
In the data obtained from the cohort, proteins such as 
TTR, SRSF10, RPS21, SRP9, DBI, BTF3, GZMK, RO60, 
STMN1, ENAM and CD59 had significant prognostic 
value in both the T1DM and MS groups. Furthermore, 
the proteins CSTB and RASSF2 presented a significant 
predictive value for differentiating between T1DM and 
MS (Table  3). These findings indicate that CSTB and 
RASSF2, as biomarkers, have a good diagnostic value for 
autoimmune disease and distinguishing between T1DM 
and MS, with a similar autoimmune profiles.

Discussion
In this study, we have described the involvement of the 
immune system through common signalling pathways in 
both T1DM and MS, despite their differing pathophysiol-
ogies, providing a new perspective on the molecular basis 
underlying these diseases. The connections observed 
between the proteins involved and the mechanisms acti-
vated in both immunological and neurological contexts 
allow for the establishment of differential and/or simi-
lar profiles in the diagnosis and progression of T1DM 
and MS. In this study, we employed an LFQ proteomics 
approach to identify DEPs in PBMCs from individuals 
diagnosed with T1DM or MS compared with those from 
healthy controls. Furthermore, we have discerned the 
potential correlations and differences existing between 
these two conditions. Both autoimmune diseases pre-
sented a high number of common proteins involved 
in the development of T1DM and MS; however, our 
results have identified two specific proteins with signifi-
cant profile changes compared with those in the healthy 
population, and with a potential diagnostic value for dif-
ferentiating both pathologies: CSTB and RASSF2.

The co-occurrence of different autoimmune diseases 
has been a matter of interest in several studies as a way of 
understanding the autoimmune process (Cojocaru et al. 
2010; Fidalgo et al. 2023). In the case of T1DM, there is a 
threefold greater risk of developing MS as a comorbidity 
than in the general population (Bechtold et al. 2014). This 
increased risk could be connected with the common rela-
tionship of both diseases with T-cell mediated autoim-
munity. T-cell responses appear to be less organ-specific 
than might be anticipated from the two different condi-
tions, as cross-reactivity between their tissues has been 
demonstrated. Indeed, T-cells from patients with T1DM 
present reactivity against pancreatic islet and CNS anti-
gens, and this phenomenon takes place similarly in 

patients with MS (Winer et al. 2001; Banwell et al. 2008). 
This fact, combined with previous evidence (Marrosu 
et al. 2002; Zoledziewska et al. 2009; Pozzilli et al. 2022), 
clearly indicates the plausible correlation between the 
two diseases and how alterations in the immune system 
significantly impact them. The data analysed in this work 
reflect an established connection between the immune 
system modulation and neurological involvement. Fur-
thermore, comprehending these correlations might con-
tribute to explaining causality for both T1DM and MS. In 
this autoimmune and inflammatory context, it seems rea-
sonable to study PBMCs, as precursors of immune cells, 
to unravel the underlying mechanisms involved.

In agreement with previous studies showing the exist-
ence of a differential transcriptional expression pro-
file in PBMCs between healthy controls and those with 
T1DM and MS when analysed separately (Brynedal 
et al. 2010; Safari-Alighiarloo et al. 2017), our investiga-
tion revealed a discernible differential proteomic pro-
file not only between healthy controls and individuals 
afflicted with either T1DM or MS but also between the 
two patient groups. Indeed, the results reflect a specific 
protein expression pattern for each pathological group, 
despite their similar autoimmune origin. These findings 
could contribute to the identification of potential protein 
biomarkers (CSTB and RASSF2) that are either shared 
between T1DM and MS or specific to each disease. 
Furthermore, patients with T1DM presented a greater 
number of DEPs than patients with MS did, with the for-
mer presenting nearly twice as many DEPs as the latter 
(98–53 proteins, respectively). This phenomenon may 
be linked to the disease, as evidenced by the observed 
discrepancy in the number of dysregulated genes within 
PBMCs during relapse or remission periods in MS in 
previous studies (Brynedal et al. 2010). These fluctuation 
periods have also been described in T1DM as part of the 
immunomodulatory process that occurs during β-cell 
destruction, resulting in a distinct signature throughout 
T1DM progression. Moreover, some investigations have 
suggested that this process contributes to the existence 
of a continuous relapsing remitting profile of β-cell mass 
and variations in the destructive autoreactive response 
(von Herrath et al. 2007; Van Belle et al. 2011; van Megen 
et  al. 2017). The oscillations in the immunological and 
inflammatory processes during the course of each dis-
ease, could influence the abundance of DEPs present in 
PBMCs at each time point of these pathologies.

The analysis of common dysregulated proteins between 
both pathologies, revealed the relationships of those 
proteins with the immune system activity, diseases of 
the neuronal system, signal transduction, metabolism of 
nucleotides, proteins and RNA processing. With respect 
to immune system activity, we found a connection with 
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two different pathways, interactions with the butyrophi-
lin (BTN) family and neutrophil degranulation (Supple-
mentary Table  S2). The BTN family has been linked to 
both stimulatory and inhibitory effects on cells within 
the immune system, especially T lymphocytes (Malinow-
ska et al. 2017). More specifically, BTF3 down-regulation 
(Fig. 3F) has been connected with the inhibition of tran-
scription and protein synthesis in apoptotic K562 cells 
and is involved in the regulation of apoptosis in animal 
models (Jamil et  al. 2015), suggesting that BFT3 down-
regulation could compromise cell viability in specific 
target organs to both T1DM and MS. The recruitment 
and activity of different immune cells during T1DM and 
MS contribute to disease development. Furthermore, 
the role of neutrophils has been proposed to be crucial 
in the onset and progression of both diseases, because 
of their capacity for degranulation and heightened pro-
duction of reactive oxygen species (ROS) in target tissues 
(Huang et al. 2016; De Bondt et al. 2020). ROS produc-
tion is related to the death of pancreatic β-cells in T1DM 
(Obeagu and Obeagu 2023), and is also being associated 
with demyelination and damage to astrocytes and axons 
in MS (Larochelle et  al. 2011). There is substantial evi-
dence of oxidative and nitrosative stress in patients with 
MS, as demonstrated by elevated serum levels of ascor-
bic acid, nitrites, and malondialdehyde compared with 
those in the healthy population. These findings suggest 
that increased lipid peroxidation is a consequence of 
exacerbated ROS production (Rispoli et  al. 2021). Lipid 
peroxidation exerts its pathological effects by modify-
ing specific proteins in patients with MS, which leads 
to the generation of autoantibodies against these lipid 
peroxidation-modified proteins (Gonzalo et  al. 2012). 
Furthermore, oxidative and nitrosative stress have been 
associated with increased disability in patients with MS 
(Kallaur et al. 2017). In contrast, our results indicate the 
downregulation of RPS21, which may possibly indicate 
an activation of autophagy processes (Al-kuraishy et  al. 
2024), potentially linked to the remitting phase of MS.

Notably, we detected lower levels of TTR protein in 
PBMCs from patients with both diseases than in those 
from healthy controls. TTR plays a role in various neu-
ronal processes, including the transport of retinol and 
thyroid hormones (Ueda 2022), which could be affected 
in both diseases (Lehmensiek et  al. 2007; Forga et  al. 
2016). Furthermore, TTR has been shown to play roles in 
oligodendrocyte development and the process of myeli-
nation, by producing hypermyelination in TTR-null 
mice (Alshehri et  al. 2020). Microstructural abnormali-
ties in the white matter of the brain have been found in 
patients with T1DM, suggesting the presence of injury 
in myelinated fibres or axonal degeneration (Toprak 
et al. 2016; Muthulingam et al. 2022). TTR is involved in 

oligodendrocyte development and myelination processes 
(Alshehri et al. 2020), where its absence or low levels are 
associated with enhanced and faster remyelination. This 
implies that TTR might act as a modulator that, when 
absent, allows for improved remyelination (Pagnin et al. 
2022), during the remission phase of patients with MS.

Notably, TTR levels were significantly lower in patients 
with T1DM than in patients with MS, underscoring the 
potential importance of this protein in the nervous sys-
tem. This reduction in TTR could be associated with 
the prevalence of developing diabetic retinopathy (DR), 
and it has been proposed as a potential marker for the 
diagnosis and treatment of DR (Sun et al. 2022), justify-
ing its crucial role in the development of neurological 
alterations.

Additionally, we observed alterations in the ERBB4 
signalling pathway in both diseases (Supplementary 
Table  2). There is some evidence of reduced ERBB4 
expression in the immune cells of patients with MS, sug-
gesting that this protein is involved in the proliferation of 
oligodendrocyte progenitor cells, the differentiation of 
oligodendrocytes and remyelination (Tynyakov-Samra 
et  al. 2011). However, evidence regarding the involve-
ment of this pathway in typical neurological alterations in 
T1DM is currently limited. Furthermore, it is noteworthy 
that our analysis of pathways implicated in each disease, 
with respect to neurological functions, revealed several 
pathways linked with myelin dysregulation in T1DM 
(Table 2). These include dysmyelination, abnormal brain 
myelination or hypomyelination of the brain in T1DM, as 
well as axonal guidance in both patients with T1DM and 
MS (Fig.  5C). Although dysregulations in axonal guid-
ance and myelin metabolism have been extensively stud-
ied in MS (Berg et al. 2017; Lemus et al. 2018), evidence 
in T1DM is limited. Therefore, further research is war-
ranted to elucidate potential myelin-related dysregula-
tions in T1DM.

Among the proteins associated with these pathways, 
ribosomal protein S21 (RPS21) protein, which is related 
to dysregulation of the translation process, was down-
regulated (Wang et  al. 2020; Pöll et  al. 2023). Notably, 
this protein is important not only because of its dysregu-
lation in both diseases, but also because it presented the 
greatest number of connections (11 connections) in the 
network analysis. Moreover, the presence of numerous 
connections between proteins highlights their possible 
involvement in several pathways essential for normal 
cellular function. Specifically, RPS21 alteration could 
be related to alterations in several pathways, such as ER 
stress, and consequently, it may play a role in the regula-
tion of autophagic processes in both diseases. The expres-
sion of this protein has not been studied before in either 
of the two pathologies, underscoring the importance of 
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investigating its role in elucidating its implications in 
both.

Additionally, we analysed the altered pathways by 
incorporating all the dysregulated proteins in each dis-
ease separately. With respect to functional pathways, our 
results revealed that a high proportion of proteins were 
associated with lipid metabolism in T1DM, as shown in 
Fig. 5 (33% in T1DM, 0% in MS), whereas signalling func-
tions predominated in MS (14% in T1DM, 60% in MS). 
Lipid metabolism is related to a switch in metabolic sig-
natures in T-cells and macrophages (Catarino et al. 2020; 
Villoria-González et  al. 2023) during differentiation and 
activation (Endo et  al. 2022). Similarly, these processes 
may be implicated in both diseases, as has been previ-
ously studied in MS (Pompura et  al. 2022). However, 
further evidence is needed to understand its role dur-
ing the relapse and remission periods in MS and the 
subjacent mechanisms involved in T1DM. Notably, the 
primary signalling functions analysed were involved in 
survival and apoptotic processes. These results empha-
size the critical role of controlling cell viability during the 
immune response in both chronic autoimmune diseases.

In addition, we observed alterations in several path-
ways, including mTORC1-mediated signalling, the cel-
lular response to starvation and the GCN2 response to 
amino acid deficiency, all of which have been linked to 
autophagy activation (Hamasaki et  al. 2005; Singh and 
Cuervo 2011; Masson 2019). Autophagy plays an impor-
tant role in cell survival under certain conditions, such as 
inflammation, neurodegeneration and starvation (Chat-
terjee et al. 2019). Suggestions have been made that pro-
longed and excessive exposure to glucose and fatty acids 
might block the natural adaptive mechanisms, such as 
autophagy, within β-cells to protect themselves from the 
toxicity and stress associated with the T1DM environ-
ment (Marasco and Linnemann 2018). In the context of 
MS, neuronal loss may be linked to the normal function 
of neuronal autophagy, as well as other surrounding cells, 
such as microglia and oligodendrocytes. Both cell types 
are involved in myelin debris clearance and impaired 
remyelination, respectively, potentially contributing 
to neuronal death (Misrielal et  al. 2020). In addition to 
autophagy dysregulation in target tissues, dysregulation 
of autophagy has also been identified in the PBMCs of 
both diseases (Canet et al. 2022; Al-kuraishy et al. 2024). 
This promotes autophagy activation in PBMCs, protect-
ing them from an inflammatory environment (Chat-
terjee et al. 2019) and assisting in their survival through 
protein turnover associated with cell death (Botbol et al. 
2016). The survival of these immune cells may trigger a 
sustained immune response. Moreover, we identified sev-
eral dysregulated pathways associated with various stages 
of protein translation, potentially linked to the presence 

of endoplasmic reticulum (ER) stress in PBMCs, which 
plays a crucial role in autophagy activation(Deegan et al. 
2013), such as EIF2 signalling. EIF2 has been associated 
with ER stress, as it prevents ribosome assembly, lead-
ing to the global downregulation of protein translation 
(B’chir et al. 2013). This finding supports the down-reg-
ulation of the RPS21 protein in our patients with T1DM 
and MS, potentially indicating a decrease in protein 
translation due to autophagy activation in PBMCs.

Moreover, our analysis revealed numerous dysregu-
lated pathways associated with immune cell apoptosis 
and cell death, which are linked mainly to lymphocyte 
apoptosis. As mentioned previously, the activation of 
autophagy mitigates cellular stress, thereby preventing 
apoptosis and promoting cell survival. There is evidence 
of apoptosis in PBMCs in both patients with T1DM (Hu 
et  al. 2020) and patients with MS (Mandel et  al. 2012), 
supporting that increased tolerance to the apoptosis of 
autoimmune cells underlies the pathogenesis of these 
diseases.

Study limitations
Some limitations should be considered. First, the influ-
ence of disease-modifying therapies (DMTs) in patients 
with MS represents a potential confounding factor. Dif-
ferent DMTs have varying mechanisms of action—rang-
ing from immunomodulation to selective immune cell 
depletion—and may influence proteomic profiles (Oreja-
Guevara et  al. 2024). To mitigate long-lasting effects on 
the immune system, blood samples from MS patients 
were always obtained mid-to-end of of the correspond-
ing treatment cycles, when a gradual reconstruction or 
complete recovery of the immune system is assumed. 
And we included patients with T1DM, who were not 
receiving immunomodulatory or immunosuppressive 
treatments, as a comparator group. This allowed us to 
identify proteins and pathways that remain consistently 
dysregulated under both conditions, potentially reflect-
ing robust autoimmune-related mechanisms rather than 
treatment-induced effects. Second, our study is limited 
by a small sample size (n = 9 per group), which, although 
sufficient to reveal significant proteomic differences, may 
reduce the generalizability of our findings. Larger cohorts 
will be necessary to validate the identified biomarkers 
and ensure their reproducibility across diverse patient 
populations and clinical settings. Third, although bio-
informatics tools such as Reactome and IPA enabled us 
to integrate and interpret the high volume of proteomic 
data, these analyses primarily highlight associations 
between proteins and specific pathways. Such tools indi-
cate pathway involvement but do not provide informa-
tion regarding pathway activation or suppression. Future 
experimental studies, including functional assays, are 
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needed to delineate the orientation and impact of these 
pathways in autoimmune conditions such as MS and 
T1DM. Notwithstanding these drawbacks, our study may 
represent an important step toward for comprehending 
both common and disease-specific mechanisms in T1DM 
and MS. This study highlights key proteins and pathways 
that may serve as potential biomarkers of immune dys-
regulation and neuroinflammatory processes, laying the 
groundwork for future studies aimed at confirming and 
expanding upon these findings.

Conclusions
During T1DM and MS, similar immune and neurological 
processes occur with distinct pathological implications 
and differential protein expression. The identification of 
specific expression patterns for common proteins in both 
autoimmune diseases suggest that the underlying mech-
anisms involved in the immune response are linked to 
the development of various neurological complications, 
accompanied by autophagy pathway dysregulation. Thus, 
our results revealed that two of the common proteins for 
T1DM and MS, CSTB and RASFF2, are potential bio-
markers for differentiating between these autoimmune 
diseases.
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