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Abstract

Amyotrophic lateral sclerosis (ALS) is a complex neurodegenerative disorder characterized by
progressive upper and lower motor neuron loss, marked clinical heterogeneity, and a lack of specific
diagnostic and prognostic biomarkers. Due to altered blood-brain barrier permeability, circulating
immune cells infiltrate the neuronal space, yet their precise pathophysiological role in modulating
disease kinetics remains poorly understood. Concurrently, identifying reliable, blood-based
immunophenotypic biomarkers represents an urgent clinical need to improve diagnosis and patient
stratification. To address these challenges, the study was structured in two sequential phases: first, to
identify candidate prognostic and diagnostic immunophenotypic signatures via high-dimensional
unsupervised analysis of peripheral blood from ALS patients; second, to design, optimize, and
validate a highly sensitive flow cytometry panel, establishing a standardized methodological

framework to deeply characterize the targeted populations identified in the first phase.

To discover novel candidate biomarkers, phase one employed a broad, unsupervised 19-color flow
cytometry analysis on whole blood from 24 ALS patients and 15 healthy controls. This screening
successfully revealed a statistically significant expansion of peripheral basophils (CD123" HLA-
DR") in ALS patients versus controls (p<0.05). Furthermore, patient stratification by progression rate
demonstrated that slow progressors exhibited significantly higher levels of basophils and classical
monocytes (CD14" CD16"), alongside a marked reduction in CD4" naive T cells, compared to fast
progressors (p<0.05).

Driven by the biological relevance of these findings, phase two focused on the technological
development of the 22-color flow cytometry panel in order to deeply study the biology of the
basophils. Developed through rigorous antibody titration to ensure methodological standardization,
the protocol was further optimized to overcome technical challenges associated with tracking rare
cell populations and preventing IgE cross-interference. This dedicated tool successfully resolved
seven non-mutually exclusive basophil subsets defined by immediate (CD203c, CD13, CD164),
intermediate (CD63, CD107b), and delayed (CD69) activation and degranulation kinetics.

In conclusion, this study bridges an initial immunophenotypic discovery with targeted
methodological innovation. The identification of a distinct peripheral immune profile that directly
correlates with the rate of disease progression provides new insights into ALS systemic cellular
heterogeneity. Ultimately, the optimized 22-color panel delivers a robust, validated technical tool. Its
future translation to large patient cohorts will be essential to track altered basophil kinetics, dissect
their specific involvement in ALS physiopathology, and evaluate their concrete utility as novel,

minimally invasive biomarkers.



Introduction

Amyotrophic Lateral Sclerosis Overview

Amyotrophic lateral sclerosis (ALS) is a rare neurodegenerative disorder of adulthood, characterized
by the progressive involvement of lower motor neurons (LMN) and upper motor neurons (UMN).
The degeneration of these specific neuronal populations disrupts the communication between the
central nervous system and skeletal muscles, leading to progressive denervation, muscle atrophy and,
ultimately, respiratory failure. Notwithstanding the common endpoint of motor neuron degeneration,
the pathophysiological mechanisms underlying ALS are complex and not yet fully elucidated. As
reviewed by Hu and colleagues, rather than a single causative factor, motoneuronal death is likely the
result of the interaction among various environmental, genetic, and molecular factors. Together, these
factors can trigger neurotoxicity through various proposed mechanisms (Figure 1), including
glutamate excitotoxicity, abnormalities in both mitochondrial structure and function, impaired RNA
metabolism and DNA repair, protein accumulation within the cytoplasmic environment and axonal

transport defects (Hu et al., 2024).
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Figure 1: possible proposed mechanisms leading to motoneuron death characteristic of ALS pathology. (Hu et
al., 2024)



Approximately 85-90% of cases are classified as sporadic ALS (sALS), arising from a combination
of environmental factors and genetic susceptibility. The remaining 5-10% of cases are defined as
familial ALS (fALS), linked to mutations in specific genes. Among these, the most frequently
identified are mutations in TARDBP (encoding TDP-43), C9orf72, SOD1, and FUS (Goutman et al.,
2022a). Crucially, the formation of intracellular aggregates containing TDP-43 represents the
pathological hallmark in over 95% of all ALS cases. The displacement of this protein from the nucleus
to the cytoplasm and its subsequent ubiquitination and phosphorylation are thought to trigger a feed-
forward cycle of proteotoxicity and neurodegeneration (Neumann et al., 2006). Interestingly, certain
mutations (e.g. C9orf72 repeat expansions and FUS mutation) are strongly associated with rapid
disease progression and short survival, whereas other variants (e.g. SOD1 mutations) are equally

frequent in both slow and fast progressors (Witzel et al., 2022).

Beyond differences in neurotoxic mechanisms and progression rate, ALS is a highly heterogeneous
disease also regarding its clinical manifestation. As reported by Chio et al. (2011), spinal and bulbar
onsets are the most frequent, whereas flail arm, flail leg, pyramidal, respiratory onset, pure lower
motor neuron (PLMN), and pure upper motor neuron (PUMN) phenotypes are rarer. Although ALS
generally exhibits a higher frequency in men than in women (1.29:1), different phenotypes show
distinct gender distributions. For instance, while classic and flail arm phenotypes are more prevalent
in men (1.65:1 and 4.00:1, respectively), other phenotypes, such as bulbar or flail leg, show a more

balanced distribution (0.98:1 and 1.03:1, respectively) (Chio et al., 2011).

Moreover, ALS symptoms extend beyond motor neuron degeneration and muscular atrophy. As
reported by Beeldman et al. (2020), cognitive and behavioral decline are widespread features of ALS
that emerge even during early symptomatic stages, affecting more than one-third of patients. This
impairment is independent of physical or respiratory deterioration and highlights the early relevance
of frontotemporal dysfunction within the ALS syndrome. Crockford et al. (2018) further
demonstrated that this decline is localized to specific cognitive domains, particularly verbal fluency
and executive functions. Conversely, non-specific functions, such as memory and visuospatial skills,
do not show a significant correlation with disease progression. In addition, metabolic alterations are
often observed in association with the pathology. ALS patients often exhibit hypermetabolism and
mitochondrial dysfunction, leading to a loss of muscle mass and subcutaneous fat. Paradoxically, a
redistribution of fat toward the visceral area is observed. Hypercholesterolemia is also common and
frequently associated with longer survival and better respiratory function (Ahmed et al., 2016).
Consequently, ALS is increasingly recognized as a systemic syndrome where metabolic shifts are

closely intertwined with a chronic, low-grade inflammatory state.



Diagnostic Criteria and Biomarkers in ALS

Because of the complexity of the not-fully understood ALS mechanisms, the multifactorial origin of
the disease, and its phenotype heterogeneity, ALS diagnosis remains complicated and is mainly based
on the exclusion of other pathologies. For the majority of patients, the diagnostic pathway is long and
complex, due to the lack of reliable biomarkers and a high dependency on clinical evaluation. The
most well-established criteria for ALS diagnosis are the Revised El Escorial, but their impact has
been greater in clinical research than in clinical practice. As reported by Agosta and colleagues, the
El Escorial criteria did not reduce the diagnostic delay (from 12 to 11 months), nor did they increase
the accuracy of the diagnosis (which ranged from 37% to 30% of false-negative cases) (Agosta et al.,
2015). The Awaji criteria only partially resolved the limitations of the Revised El Escorial, although
they enhanced the overall sensitivity in ALS diagnosis up to 70% (Geevasinga et al., 2016).

Recently, the new Gold Coast criteria (GCc) were introduced to simplify and expedite the diagnosis
of ALS, moving past the ambiguous categories of "possible", "probable" or "definite" ALS used by
the previous criteria. As reviewed by Goutman et al., a GCc-based diagnosis requires progressive
motor impairment, upper and lower motor neuron dysfunction in at least one body region (or lower
motor neuron dysfunction in two body regions) and the exclusion of alternative diseases. Studies
conducted in Australia, Europe, and China confirm that these parameters offer superior diagnostic
sensitivity compared to the earlier El Escorial and Awaji criteria (Goutman et al., 2022). Despite the
fact that the GCc represent a significant step forward, they present several limitations. In particular,
the main one lies in the difficulty of objectively detecting upper motor neuron signs, which are often
masked by muscle atrophy and weakness. This clinical ambiguity reduces diagnostic sensitivity,

necessitating the integration of more objective techniques (Vucic et al., 2021).

To address the limitations in ALS diagnosis and staging, a wide expansion of methods and instruments
has been recently observed. Functional and metabolic imaging are now essential for detecting early
ALS alterations (van den Bos et al., 2019). Using magnetic resonance imaging (MRI) in combination
with texture analysis software, selective neuronal vulnerability regions have been mapped in the

corpus callosum of ALS patients (Miinch et al., 2022).



Beyond imaging techniques, the diagnostic landscape of ALS is increasingly integrating also fluid
biomarkers. In the cerebrospinal fluid, high levels of chitinases, namely CHIT-1 and CHI3L1 have
emerged as stable indicators of neuroinflammation, remaining constant over time and effectively
distinguishing ALS patients from healthy controls (Vu et al., 2020). Complementing this, non-
invasive analysis of urinary samples revealed high levels of neopterin and p755‘P in ALS patients
compared to healthy controls (HC). (Shepheard et al., 2022). Neurofilaments (NfL) have also
emerged as pivotal fluid biomarkers, acting as downstream integrators of various pathological
processes in ALS (Alshehri et al., 2024). Although levels are high in this disease, their dynamics are
complex: their release into biofluids may not simply be proportional to axonal degradation but could
reflect an adaptive response by motor neurons to conserve energy (Zucchi et al., 2018). In addition,
phosphorylation of the neurofilaments heavy chain (pNfH) enhances its structural stability and
solubility, directly modulating its axonal accumulation and subsequent detection within biofluids
(Zecca et al., 2022). However, neurofilaments cannot be considered specific ALS biomarker, since
increases in their concentrations is correlated with neuroinflammation and have been observed also
in other neurodegenerative diseases like Alzheimer’s disease and Multiple Sclerosis (Preische et al.,

2019; Bjornevik et al., 2020).

Although significant insights have been gained, the current diagnostic landscape for ALS remains
inadequate, underscoring an urgent and critical need to identify and validate novel biomarkers. While
a growing array of innovative tools is emerging, most remain confined to research phases; bridging
this gap is essential to transform these experimental methods into reliable clinical markers that can
finally ensure a fast and precise diagnosis (Goutman et al.2022). In this context, monitoring the
peripheral immune response represents a promising frontier, as disease progression has been closely
linked to chronic neuroinflammation driven by a dysfunctional crosstalk between motor neurons and
glial cells (Robberecht & Philips, 2011; Van Harten et al., 2021). Crucially, these neuroinflammatory
processes alter the permeability of the blood-brain barrier (BBB) and the blood-spinal cord barrier
(BSCB), which normally exert tight control over the influx and efflux of both cellular and molecular
components. As reviewed by Pan & Nicolazzo (2022), the functionality of these barriers is typically
compromised in ALS patients. This results in an increased leakiness of the BBB and BSCB, allowing

plasma proteins and peripheral immune cells to easily extravasate and infiltrate the neuronal space.



ALS and Peripheric Immune System

In the last two decades, evidence of peripheral immune system involvement in ALS has grown
significantly. While systemic alterations are now well-documented, contrasting results have been
reported by different study. Moreover, their precise role in the pathogenic process remains to be fully
elucidated; nonetheless, different peripheral cell populations may actively contribute to disease
progression, either by participating in neurodegeneration or by exerting potential neuroprotective

functions.

Lymphocytic infiltration in the spinal cord of a subset of patients was already observed during post-
mortem analysis by Troost et al. in the late 80s (Troost et al., 1989). Subsequently, researchers sought
to better elucidate the different behavior of the diverse immune populations. However, results differ
significantly among studies. As reported by Murdock et al. (2017) the total leukocyte count in ALS
patients showed higher values. According to the same study early-stage leukocytosis and neutrophilia
are predictive of a more aggressive disease course, while decline in CD4 T-cell populations was
positively correlated with a reduction in ALSFRS-R scores. Conversely, other studies evidenced
increased levels of CD4" cells (Gustafson et al., 2017; Mantovani et al., 2009). Furthermore, a shift
in T-cell subtypes towards pro-inflammatory T helper (Th)1 and Th17 cells has been observed by Jin
et al. (2020) , which correlated with disease severity and progression. Interestingly, an animal model
study by Chiu et al. (2008) confirmed a significant level of CD4" and CD8" T lymphocyte infiltration
in the spinal cord of SOD1%*# mice. In the same model, ablation of these T-cells led to clinical
worsening and reduced microglial activity. These findings support the hypothesis that certain T-cell
responses may exert a neuroprotective effect. In contrast, the recruitment of CD8" T lymphocytes into
the CNS has been documented during the symptomatic phase of this ALS mouse model (Coque et al.,
2019). According to the same study, increased motoneuron survival was observed after CD8" T cells
depletion, with MHC-I dependent interactions driving the neurotoxic effect. Furthermore, regulatory
T cells (Treg), which are known to suppress the immune response, are likely to be involved in ALS
pathogenesis. Dysfunctional Tregs have been observed in ALS patients, with reduced levels of these
cells negatively correlating with disease progression (Mantovani et al., 2009; Rentzos et al., 2012;
Henkel et al., 2013; Beers et al., 2017). The alteration of Treg cells and their neuroprotective effect
have also been demonstrated by Banerjee et al. (2008) in SOD1%%* mouse models.

A major role for B cells in ALS pathogenesis was excluded by Noar and colleagues in 2009. They

reached this conclusion after observing equal ALS development in both B-cell deficient SOD-1%%34

1G93A

mice and control SOD- mice (Naor et al., 2009). Although no apparent B-cell impairment has

been reported in ALS patients, there is evidence that suggests an involvement of the humoral



component, especially immunoglobulins. Specifically, they observed a significant increase in
circulating immune complexes (CICs) together with a higher concentration of IgG in patient serum;
IgM levels were comparable between the two groups instead. Interestingly, while both high and low
molecular weight CICs from controls were composed of IgG and IgM, high molecular weight CICs
in ALS patients were predominantly composed of IgG (Saleh et al., 2009). IgG deposition within
spinal motor neurons from ALS patients has previously been reported (Engelhardt & Appel, 1990).
Moreover, there is evidence identifying several intracellular proteins involved in cytoskeletal
architecture, RNA metabolism, and vesicular transport as targets of IgG autoantibodies in ALS
patients (May et al., 2014). In addition, in animal models, disease-associated phenotypes have been
induced through long-term serum administration, with increased animal weakness and significant loss
of motor neurons observed (Obal et al., 2019). While the primary autoimmune etiology for ALS
remains unproven, these findings strongly suggest an autoimmune-like involvement in promoting
neurodegeneration. As discussed by Obal and colleagues, the production of motor neuron-targeted
IgG could stem from two potential scenarios: a specific immune sensitization to neuronal proteins
that accelerates cell death, or a secondary immune response triggered by the release of intracellular
debris from independently degenerating neurons. In both cases, this humoral response likely acts as
a detrimental feedback loop, where circulating autoantibodies and local IgG deposition can

collectively aggravate neuroinflammation and exacerbate motor neuron damage.

Furthermore, monocyte infiltration has been observed in the spinal cord of patients (Zondler et al.,
2016). Zondler and colleagues also reported a different distribution of monocytes between patients
and controls. In particular, while in the healthy spinal cord the majority of CD169" monocyte-derived
cells were located perivascularly, in ALS patients they mainly localized deeper in the damaged tissue.
Moreover, ALS appears to be linked to changes in circulating monocytes’ functional and expression
profiles. A switch toward a pro-inflammatory state has been observed by Zhao et al. (2017) after RNA
sequencing of isolated peripheral monocytes. To support this finding, an increased expression of pro-
inflammatory cytokines has been observed after macrophage differentiation from ALS circulating
monocytes compared to healthy control macrophages (Du et al., 2020). Besides that, a possible
association between disease progression and different prevalence rate of monocytic subtypes has been
proposed. Zhang et al. (2005) observed a correlation between the number of CD14" HLA-DR"
activated macrophages and ALSFRS-R scores, where higher numbers were associated with faster
disease progression. However, conflicting evidence exists related to the abundance of monocytes
between ALS patients and controls. While some studies reported an increased monocytic fraction in
the presence of the disease (Mantovani et al., 2009), other authors claimed no major differences were

detected (Zhang et al., 2005).



Recently, granulocyte alterations have been observed in the context of ALS pathology, with patients
showing higher granulocyte levels compared to HC (Gustafson et al., 2017). According to the findings
reported by Murdock et al. (2016), even though the total leukocyte count remained comparable to
HC, ALS patients showed higher neutrophil percentages. Moreover, increased infiltration and
activation of neutrophils and mast cells have been observed in the quadriceps muscles from ALS
patients during autopsy analysis. In particular, the cytotoxic effect of neutrophil activation is
underlined by the increased formation of neutrophil extracellular traps in association with motor

endplates, suggesting a direct activity against neuromuscular junction elements (Trias et al., 2018).

NK cells contribute to ALS pathology, with evidence of NK alterations identified in both human
patients and animal models. Infiltration of this immune population has been noted in the motor cortex
and in the spinal cord of ALS patients and in SOD1%4 mice after post-mortem tissue analysis
(Garofalo et al., 2020). In the same animal model, Finkelstein and colleagues also observed increased
NK levels in the spleen and liver (Finkelstein et al., 2011). In a study regarding human ALS patients,
increased levels of NK cells were also reported after the analysis of immune cells isolated from
peripheral blood (Rentzos et al., 2012). Although the mechanisms remain partially unknown, the
negative contribution of this cellular population to ALS pathology has been clearly stated. A dual role
for NK cells has been reported in SOD1%*A mice: a direct neurotoxic effect on motoneuron, alongside
an indirect effect driven by cytokine release. In particular, interferon (IFN)-y expressed by NK cells
impaired Forkhead box P3 (FOXP3" Treg cell infiltration into the spinal cord and led to microglia
activation toward a pro-inflammatory phenotype (Garofalo et al., 2020). Interestingly, NK cells
apparently contribute to ALS progression in a sex-specific manner. This hypothesis is supported by
results obtained after depletion of this cellular population in ALS models, which extended the survival
time only in female mice (Murdock et al., 2021). According to the same study, increased expression
of homing and cytotoxicity surface markers has been observed in ALS patients. Moreover, this was

also associated with the ALSFRS-R score in an age- and sex-specific manner (Murdock et al., 2021).

Alterations in BBB/BSCB integrity together with changes in peripheral immune cell populations
support the existence of a systemic component of the disease, providing a strong rationale for the
identification of ALS-associated biomarkers in peripheral blood. The discovery of such biomarkers
would represent a significant step forward in ALS diagnosis, facilitating earlier and more accurate

disease detection as well as improved prognostic stratification of patients.



Objective of the Thesis

The objectives of this project are structured in two sequential steps. The first aim is to identify novel
cellular biomarkers associated with ALS through high-dimensional multiparametric flow cytometry.
Using an unsupervised analysis of the peripheral blood immune landscape, this discovery phase seeks

to uncover candidate immune signatures with potential diagnostic and prognostic relevance.

Based on these initial findings, the second aim is to develop and validate a dedicated flow cytometry
panel for in-depth characterization of the most relevant leukocyte subsets identified in the discovery
phase. This targeted panel will be optimized on healthy donor samples through systematic
fluorochrome selection and methodological refinement, establishing a robust framework for
subsequent functional and translational studies of these immune populations in the systemic

inflammatory context of ALS.



Material and Methods

Phase One: Immunophenotyping

Data Collection from the Cohort’s Patients

The study was conducted at the Expert ALS Center (CRESLA) of the 'Maggiore della Carita'
University Hospital in Novara, between January 2020 and October 2021. The cohort consisted of
twenty-four patients with a diagnosis of definite Amyotrophic Lateral Sclerosis (ALS) and fifteen
age-matched healthy controls (HCs). The mean age was 59 years for the ALS group and 61 years for
the HCs. At baseline, comprehensive demographic and clinical data were recorded, including age at
symptom onset, clinical phenotype, and disease severity as assessed by the ALS Functional Rating
Scale-Revised (ALSFRS-R). Additional parameters included Forced Vital Capacity (FVC%,
expressed as a percentage of the predicted value), Body Mass Index (BMI), comorbidities, and
cognitive status according to the Strong criteria (Strong et al., 2017). The presence of known genetic
mutations was also documented. Furthermore, clinical data were collected longitudinally throughout
the disease course to monitor progression. Survival time was defined as the interval from symptom
onset to death or tracheostomy. The HCs, primarily spouses or acquaintances of the patients, were

selected to ensure age-matching and the absence of neurological disorders.

The study received approval form the Ethics Committee of the “Maggiore della Carita” University
Hospital (CE No. 184/20). All enrolled subjects provided written informed consent for their

participation in the study and for the collection of blood samples.
Immunofluorescence Staining and Acquisition for Immunophenotyping

Peripheral blood samples were collected into K2EDTA tubes (BD Biosciences). Two hundred pL of
unmanipulated whole blood was incubated with 19 different fluorochrome-conjugated antibodies in
the same tube, all titrated to their optimal concentrations, in Brilliant Stain Buffer (BD Biosciences).
The antibody panel included CD183 (CXCR3) in APC, CD3 in BUV496, CD123 in PECYS5, CD196
(CCR6) in BV480, CD8 in BUV805, CD25 in APCR700, CD197 (CCR7)in BV711, CD20 in BV750,
CDllcin BUV661, CD24 in BB515, CD38 in BV650, CD16 in BB780, CD19 in BUV615, CD45 in
BUV395, CD45RO in PE-Cy7, CD194 in PE-CF594, CD4 in BUV737, CD45RA in BUV563, and
HLA-DR in BV605. The incubation lasted 20 minutes and underwent at RT in dark conditions.



To remove red blood cells after monoclonal antibody staining, PharmLyse™ lysing solution (BD
Biosciences) was used. Each sample received 2 ml of lysing solution and underwent lysis for 20
minutes at RT. Samples were then washed twice with 2 ml of 1X phosphate buffered saline (PBS)
containing 2 mM EDTA. After each 1x PBS 2mM EDTA addition, cell were centrifugated (1500 rpm;
5 minutes) and supernatant has been discarded. Subsequently, all samples were resuspended in 200

ul of 1X PBS 2mM EDTA solution and analyzed using the FACSymphony™ A5 flow cytometer.
Data Pre-Processing and Gating Strategy Prior Unsupervised Analysis

To ensure high data quality for downstream unsupervised analysis, a rigorous pre-processing cleaning
procedure was performed on all samples. Initially, cell doublets and aggregates were excluded using
an FSC-H vs. FSC-A plot (Figure 2A). Since single cells maintain a linear proportionality between
signal height and area, events deviating from this diagonal were discarded to prevent the algorithm
from misinterpreting aggregates as hybrid or novel cell populations. Morphological selection was
then performed using an SSC-A vs. FSC-A plot (Figure 2B) to identify the lympho-monocyte region.
This step excluded cellular debris, characterized by low FSC-A, and granulocytes, characterized by
high internal complexity (high SSC-A). To ensure the purity of the analyzed fraction, a pan-leukocyte
gate was applied using the CD45 marker in combination with SSC-A (Figure 2C). This further
differentiates white blood cells from CD45-negative contaminants, such as residual red blood cells,
platelets, and debris. Finally, the fluorescence signal stability of the gated CD45" population was
monitored over Time (Figure 2D). This final quality control step was performed to ensure that the
events were not affected by fluidic fluctuations, electronic noise, or laser instability during the entire

duration of the sample acquisition.
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Figure 2: Gating strategy adopted for cleaning samples. A. Singlets identification (FSC-H vs FSC-A). B.
Morphologic gate for lymphocytes and monocytes identification (SSC-A vs FSC-A. C. CD45 positive cells’ gating
(SSC-A vs CD45). D. Time gate of CD45 positive cells to exclude flow issues during the acquisition.



Unsupervised Analysis of Flow Cytometry Data

For the unsupervised analysis, a down-sampling procedure was performed to randomly select 10*
CD45+ events per sample. This step was crucial to ensure an equal statistical contribution from each
patient and to maintain computational efficiency during data processing. The resulting file were
concatenated into a single dataset and analyzed using the OMIQ data analysis software (OMIQ, Inc.,
Santa Clara, CA, USA).

To visualize the high-dimensional immune landscape in a 2D space, the PaCMAP (Pairwise
Controlled Manifold Approximation) algorithm was applied. Automated clustering was then
performed using the FlowSOM algorithm. A self-organizing map was generated and subsequently
subjected to meta-clustering with a predefined value of k = 30. This number of clusters was selected
to provide sufficient resolution for identifying rare sub-populations (such as basophils and specific

dendritic cell subsets) while avoiding over-segmentation of major lineage groups.

Finally, the resulting meta-clusters were backgated and visualized on traditional dot plots to validate
their phenotype. This manual confirmation ensured that the automated clusters corresponded to
consistent biological populations, which were then named according to their specific marker

expression profiles.
Statistical Analysis

Statistical processing of flow cytometry data was performed using FlowJo, for manual gating and
validation, and OMIQ software, for high-dimensional unsupervised analysis. All downstream
statistical evaluations and data visualizations were conducted using GraphPad Prism (version 10,

Boston, MA, USA) and R-based computational tools.

To evaluate differences in immune cell subsets between ALS patients and Healthy Controls, the non-
parametric Mann-Whitney U-test was employed. For clinical comparisons an unpaired Student’s T-

test was used. Throughout the study, statistical significance was defined as a p-value < 0.05.



Phase Two: New Panel for Basophils

Marker Selection for Specific Panel Constitution

In the previous immunophenotyping analysis, the panel was designed to broadly characterize multiple
immune cell populations within the cohort. However, basophils were not extensively investigated, as
their identification relied on a limited set of markers, namely CD123 in combination with HLA-DR
negativity. Although this strategy is commonly used for basophil detection, the restricted phenotypic
characterization did not allow for an in-depth evaluation of basophil heterogeneity or activation states.
The selection of markers was based on a comprehensive review of current literature, prioritizing
antigens that allow for the identification and functional assessment of this rare cell population. To
ensure high purity, a 'Dump Channel' strategy was implemented; this included antibodies against
CD3,CD14, CD16, CD19, and CD56 to exclude T cells, monocytes, B cells, and NK cells. Basophils
are characterized by strong expression of CD38 and CD11c, while they generally display intermediate
positivity for CD45 and CD11b. Another established strategy to identify basophils is the use of CD123
in combination with HLA-DR (negative selection). Alternatively, FceRI can be employed in
combination with CD123, CD203c, or IgE. Furthermore, CD193 can be used alongside CD3 to
distinguish basophils from Th2 cells. CD294 is also valuable for discriminating between basophils
and eosinophils; indeed, while both populations are positive for this marker, they can be distinguished

by their different SSC (Side Scatter) signals, which reflect their distinct internal complexity.

Moreover, the panel incorporated several markers to evaluate cellular activation and degranulation
dynamics. CD63 and CD203c were selected as primary indicators of activation. Additionally, markers
such as CD13, CD107a, CD107b, CD69, and CD164 were included to capture a broad spectrum of
the basophil activation profile. Finally, CD244 was added to investigate its potential role in immune
modulation, given its reported association with disease progression in autoimmune and inflammatory

contexts.

A comprehensive summary of the selected markers, along with the rationale for their use and

corresponding bibliographic references, is provided in the Table 1 in the next page.



Presence on

Category Marker Basophils Rationale of the choice References
CD3, CD14,
Lineage CD16, ) Dump channel for exclusion
Exclusion CD19, Negative of T, B, NK cells, .
CD56 monocytes, and neutrophils.
CD123 High Positive | P rimary marker for basophil | gonder et al., 2023
identification.
} Combined with CD123 to
HLA-DR Negative distinguish basophils from Sonder et al., 2023
DCs.
» High-affinity IgE
Identification | FCeRI/IGE | Positive receptor/surface IgE for Sonder et al., 2023
p g
basophils identification.
CDllc/ Positive Supporting markers for -
CD38 lineage confirmation.
CD193 . Differentiation from Th2
(CCR3) Positive cells (when combined with Sonder et al., 2023
CD3).
CD63 / ] ] Primary markers for )
CD203c Inducible/High degranulation and activation Kim et al., 2016
monitoring.
Activation CD13,
CD69, fotal
CDI107a, Inducible Broad-spectrum assessment | Hennersdorfetal,,
CD107b, of activation dynamics. 2005
CD164

Berger et al., 2021 ;
Modulation | CD244 Positive Modulated in basophils Sun et al., 2021 ;
subsets

Munitz et al., 2005

Table 1: Selection and rationale of the markers included in the basophil-focused antibody panel. The selected
markers are categorized based on their specific role in the immunophenotyping strategy. The Lineage Exclusion group
defines the "Dump Channel" used to eliminate non-target populations. The Identification category includes primary
and supporting markers for the definitive isolation of basophils and their discrimination from phenotypically similar
subsets (e.g., pDCs, eosinophils, and Th2 cells). Activation and Modulation markers were selected to monitor
degranulation dynamics and immune-modulatory profiles, respectively. Expected expression patterns on basophils
and supporting bibliographic references are provided for each antigen.



Antibody Titration Procedure

Each antibody-fluorochrome conjugate has been individually titrated to optimize its concentration, in
order to achieve the better acquisition performance achievable. Starting with the manufacturer’s
recommended concentration, a series of four two-fold serial dilutions (1X; 0,5X 0,25X; 0,125X) were
prepared in Pharmigen™ Stain Buffer (BD Bioscences). Twenty pL of Brilliant Stain Buffer (BD
Bioscences) were added to each dilution. Subsequently, peripheral whole blood collected from
healthy volunteer has been lysate to isolate leukocytes. Lysing solution has been prepared by diluting
PharmLyse™ lysing solution (BD Biosciences) 1:10 in deionized water (mqH20O). Three and half mL
of peripheral whole blood have been added to 45 mL of the lysing solution and incubated on rocking
platform for 15 minutes at room temperature. The resulting cell suspension was centrifugated at 423
g for 5 minutes (this setting has been maintained for all subsequent steps) and washed twice with 50
mL of staining buffer (1X PBS supplemented with 2mM EDTA and 1% FBS). After each

centrifugation, the supernatant was discarded and cell pellet was gently resuspended by vortexing.

Two million of cells have been incubated with a single antibody dilution for 20 minutes at RT in dark
conditions. Samples were then washed with 2 mL of staining buffer (1X PBS supplemented with
2mM EDTA + 1% FBS) and resuspended in 300 pL of the same media for the acquisition process.
(FACSymphony™ A5 flow cytometer).

Immunofluorescence Staining Protocol for Basophils Identification

Peripheral blood samples were collected in K2EDTA tubes and lysed as described previously.
Following the second wash, cells have been resuspended in 1 mL of staining buffer and quantified.
For each immunofluorescence staining, 2 x 10° cells were used. Cells were transferred into a flow
cytometry tube and washed with 2 mL of protein-free PBS (1X PBS supplemented only with 2 mM
EDTA) to remove residual FBS, which could interfere with the subsequent viability staining. The cell
pellet was then incubated with 500 uL of Fixable Viability Stain 780 (BD Biosciences), diluted 1:1000
in protein-free PBS, for 20 minutes at 4°C. After incubation, cells were washed with 2 mL of staining

buffer; the inclusion of 1% FBS in this step ensured the neutralization of any unbound viability dye.

The antibody mix was then prepared. To prevent non-specific interaction between fluorochromes and
to reduce spreading error, 20 pL of Brilian Stain Buffer (BD Biosciences) per sample were added as
first component of the antibody mix. Cells were incubated with the antibodies for 20 minutes at room
temperature in dark conditions. Finally, samples were washed with 2 mL of staining buffer and
resuspended in 300 pL of staining buffer for flow cytometry acquisition (FACSymphony™ AS flow

cytometer).



Results

Immune Signature of ALS Patients

Characterization of the Cohort

The study cohort consisted of 24 ALS patients (13 males and 11 females), with a mean age at onset
of 58 years and an average diagnostic delay of 11 months. Regarding clinical history, significant
comorbidities were identified in two patients, specifically diabetes and hypothyroidism. In another
instance, while diabetes was clinically excluded, additional endocrine data remained unavailable.
Genetic screening revealed that the majority of the cohort consisted of sporadic cases (n=18), whereas
the remaining six patients carried known ALS-related mutations, specifically in C9orf72 (n=5) and

KIF5A (n=1).

In terms of clinical presentation, the majority of the cohort (71%) exhibited spinal onset, while seven
patients presented with bulbar symptoms. Phenotypic classification showed that 12 patients had
classic ALS; the remaining cases were characterized by bulbar (n=7), flail arm (n=1), or upper motor
neuron-dominant (n=4) forms. Cognitive function was preserved in the majority of the group (79%),
although five patients exhibited ALS-related cognitive impairment. To evaluate disease dynamics,
patients were stratified by their ALS Functional Rating Scale-Revised (ALSFRS-R) progression rate:
10 were classified as slow progressors (SPs) and 14 as fast progressors (FPs), based on a standard
cutoff of 0.8 points/month. At baseline, the cohort showed a median BMI of 23.2, an FVC% of 89%,
and a median ALSFRS-R score of 41.5.

Immunophenotypic Comparation Between ALS Patients and HC

Flow cytometry data were pre-processed and cleaned following the procedures detailed in the
Materials and Methods section. To identify high-dimensional relationships and uncover novel cell
populations, the cleaned data underwent unsupervised computational analysis. Based on the
differential expression of markers, 21 distinct cell clusters were identified; these have been then
visualized in a two-dimensional space using the PACMAP algorithm. This method has been chosen
because it ensures the preservation of the global and local landscape topology. As shown in Figure 3,
the algorithm was able to precisely resolve the different leukocyte lineages, from T and B cells
compartments to myeloid subpopulations that appear as phenotypically distinct and well-separated

aggregates.



Subsequently, a heatmap was generated (Figure 4) to analyze the expression profile of phenotypic
markers across the identified clusters. This representation allows for the validation of the
immunological identity of each population based on differential protein expression, providing
biological confirmation of the unsupervised clustering. The expression profile faithfully reflects the
organization of the major leukocyte lineages: T cells compartments are clearly defined by CD3
positivity and the mutual exclusion of CD4 and CDS8, while B cells are identified by the co-expression
of CD19 and CD20. NK populations show expression of CD16 in absence of CD3. Similarly, the
myeloid compartment shows accurate segregation of CD14 positive monocytes. Basophils also
emerged as a distinct phenotypic entity, uniquely characterized by high expression of the CD123 in
absence of HLA-DR expression.

Comparing the abundance of the different immune population within patients and healthy controls
(HC) revealed that basophil levels were significantly elevated in ALS patients. This finding was
further supported by volcano plot analysis (Figure 5), which emphasized the statistical significance

and fold-change relevance of this population in the disease context.
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Figure 3: Two-dimensional visualization of cell clusters using the PACMAP algorithm. Projection of pre-
processed flow cytometry data where 21 distinct clusters have been identified based on differential marker expression.
The spatial arrangement along the pacmap I and pacmap 2 axes demonstrates the phenotypic resolution of various
leukocyte lineages. Each dot represents a single cell, color-coded according to its assigned cluster via unsupervised
computational analysis.
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Figure 4: Hierarchical clustering and heatmap of phenotypic marker expression. Heatmap showing the
differential expression profiles of protein markers across the identified leukocyte clusters. The dendrogram represents
the hierarchical relationship between clusters based on marker expression levels. The color scale indicates the relative
expression levels of markers, ranging from blue (low expression, -4) to red (high expression, +4). The blue box
highlights the specific phenotypic profile of the basophil cluster.
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Figure S: Volcano plot showing the difference in abundance of immune cell populations between ALS patients
and HC. The plot illustrates the relationship between statistical significance (—log,o p value) and the magnitude of
change (log FC) . The dotted horizontal line represents the threshold of p = 0.05 (—log,, 0.05 = 1.3) for statistical
significance. Positive log FC (right side of the plot) indicates an increase in ALS patients, while a negative log FC
(left side) would indicate a decrease. The red dot identifies the basophil population, which is significantly elevated in
ALS patients compared to HCs, demonstrating both high statistical significance and a positive fold-change. Mann-
Whitney test T test were used.



In order to ensure that the populations identified through unsupervised clustering reflected
biologically meaningful and not purely algorithm-driven structures, a validation step based on
traditional flow cytometry principles was required. While high-dimensional clustering approaches
enable an unbiased exploration of cellular heterogeneity, they may occasionally generate partitions
that are difficult to directly interpret in conventional cytometric terms. For this reason, a back-gating
approach was implemented to project the identified clusters onto classical two-dimensional marker
spaces. This step allows direct assessment of their spatial distribution within established
immunophenotypic frameworks. In particular, it provides a critical bridge between data-driven
classification and standard gating strategies. Thus, a retrospective back-gating strategy specifically
targeting basophils was performed. This manual validation confirmed the significant expansion of
basophils in the ALS cohort, demonstrating high consistency between unsupervised clustering and

traditional gating (Figure 6).
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Figure 6: Validation of basophil expansion via manual back-gating. (On the left) Representative dot plot showing
the gating strategy used to identify the basophil population, defined by high CD123 expression and the absence of
HLA-DR. (On the right) Comparison of basophil frequencies between healthy controls (HC) and ALS patients. The
analysis demonstrates a significant increase in the percentage of basophils in the ALS cohort, with high consistency
between the results obtained through manual back-gating and those from the unsupervised computational analysis.
Mann-Whitney U test was used. * p<0.05.



Immune Signature Differences Between Slow and Fast Progression in ALS Patients

We subsequently investigated potential associations between the 21 identified clusters and clinical
parameters, including phenotype, disease progression, and cognitive status. While genetic
background and cognitive impairment showed no significant correlation with cluster distribution, a
robust association emerged regarding disease progression. Specifically, slow progressors (SPs)
exhibited significantly higher levels of two myeloid subtypes: basophils (Figure 7A) and classical
monocytes (Figure 7B). Conversely, a reduction in CD4+ naive T cells was observed in the same
patient group (Figure 7C), suggesting the presence of divergent immune signatures distinguishing

SPs from fast progressors (FPs).

To ensure these immunological differences were not influenced by baseline clinical disparities, we
compared SPs and FPs at the time of diagnosis. The two groups were comparable across all primary

variables, including sex, phenotype, cognitive status, ALSFRS-R score, BMI, and FVC% (p>0.05).
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Figure 7: Correlation between leukocyte cluster frequencies and ALS disease progression. Scatter dot plots
comparing the percentages of specific cell populations between SP (slow) and FP (fast). (A) Basophil levels are
significantly higher in the slow progressor group compared to fast progressors. (B) Similarly, classical monocytes
exhibit a significant increase in slow progressors. (C) In contrast, the percentage of CD4+ naive T cells is significantly
reduced in slow progressors compared to fast progressors. Horizontal lines represent the mean with error bars. Mann-
Whitney test was used; * p<0.05.



Panel Set Up for Basophils Subpopulation Identification
Antibody Titration and Preliminary Panel Setup

Because the most significant alterations in the immune signature of ALS were identified within the
basophil compartment, a dedicated antibody panel was subsequently developed to further characterize
this cellular population. Moreover, the panel has been designed also for T and B cells identification,
and for distinction of different monocytes subpopulation (Classical, Non-classical and Intermediate
monocytes respectively). Markers have been selected as described in the Material and Methods

section.

Prior to final panel constitution, each marker has been individually titrated to optimize its
visualization. This passage is fundamental during a panel setup; an insufficient antibody
concentration precludes the effective discrimination between positive signals and background noise,
whereas an excessive concentration increases the risk of signal saturation and non-specific binding.
Individual dilutions of each antibody have been prepared as described in the Materials and Methods
section. The stain index (SI) was then calculated for each dilution (Table 3) and an antibody titration
multigraph (Figure 8) was generated to visually evaluate acquisition performance across the dilution
range. The optimal concentration was determined by maximizing the SI and ensuring the clearest

separation between positive and negative populations.

Vitest MFI(+) |MFI(-) |[rSD(-) |SI

5L 1899 86.1 74.2 12.21630728
2.5 uL 1445 44.9 57.8 12.1115917
125uL | 1136 24.4 46.2 12.03030303
0.625 L | 767 10.3 34 11.2794118

Table 3: Quantitative parameters for the evaluation of staining efficiency across a range of FceRI volumes.
Data include Median Fluorescence Intensity (MFI) for positive and negative populations, robust Standard Deviation
(rSD), and the calculated SI. MFI and rSD values were automatically generated by FACSDiva™ software (BD

Biosciences). The green row indicates the antibody concentration selected for the final staining protocol. SI =
[MFI(H] - [MFI(=)]
2%[rSD(-)]
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Figure 8: Visual assessment of signal resolution for the BUV395-A channel (FceRI). The graph displays the
different ability to discriminate positive and negative populations across the dilution range described in Table 2,
supporting the selection of 5 uL as the optimal volume for the final panel.

Following the optimization of individual antibody concentrations, a preliminary multi-color panel
was created. This initial configuration combined lineage markers for broad population identification,
specifically CD3; CDI11b; CDll1c; CDI14; CD16; CD19; CD45; CD56; and HLA-DR, with a
specialized subset designed for basophil characterization and activation monitoring, including
CD123; FceRI; IgE; CD63; CD69; CD193; and CD203c. To complete the functional profile of the
panel, additional markers were integrated, namely CD13; CD38; CD107a; CD107b; CD164; and
CD244.



Evaluation of Spectral Overlap and Panel Refinement

The optimized panel, summarized in Table 4, was standardized for the staining of 2 x 10° cells per
sample, providing a robust tool for the simultaneous characterization of leukocyte lineages and the

deep phenotyping of the basophil compartment.

Antibody Fluorochrome nL per
sample

L/D (Fixable
Viabglity Stain 780) | ATC YA 5007
Brilliant Stain
Buffer i 20
CD14 AF647 20
CDl164 RB744 20
CD3 BUV496 10
CD107b BV786 10
CDllc PerCP-CY5-5 | 10
CD107a RB780 7
CD123 RY610 5
CD244 BV421 5
CD69 RB613 5
FceRI BUV395 5
CD38 BV510 2,5
CD11b AF488 2,5
IgE BUV563 2,5
CD13 BUV661 1,25
CD16 BUVG615 1,25
CD19 BV605 1,25
CD193 BV711 1,25
CD203c¢ R718 1,25
CD56 PE-Cy7 1,25
CD63 BV650 1,25
CD45 BUV737 0,625
HLA-DR BUV805 0,625

Table 4: Final optimized panel for monocytes and basophil phenotyping. The table summarizes the definitive
antibody and reagent configuration. For each target, the associated fluorochrome and the optimized volume per test
are reported. The configuration reflects the final refinement steps, including the exclusion of the CD294 marker and
the inclusion of Brilliant Stain Buffer (BD Bioscences) to prevent polymer-dye interactions. (*) The Fixable Viability
Stain 780 was used in a separate incubation step prior to the addition of the antibody mix, as indicated in the section
“Immunofluorescence Staining Protocol for Basophils Identification”.



HD have been fundamental also for the validation of the gating strategy (illustrated in detail in Figure
9). By employing this specific antibody panel, we successfully identified the following major immune
cell populations: T cells, B cells, NK cells, monocytes, and basophils. Monocytes were further
characterized into three distinct subsets based on their CD14 and CD16 expression, respectively
Classical Monocytes (CD14" CD16"), Intermediate Monocytes (CD14" CD16") and Non-classical
Monocytes (CD14~ CD16"). Regarding basophils, the identification approach was based on a four-
round gating strategy (specifically HLA-DR 'FceRI", HLA-DR /CD123*, HLA-DR/IgE*, and
FceRI'/IgE" respectively) in order to achieve the highest possible purity for subsequent analysis.
Consequently, based on their functional characterization, we were able to identify seven basophil
subsets (Figure 10), respectively CD63" basophils (Figure 10A), CD69" basophils (Figure 10A),
CD107b" basophils (Figure 10B), and CD203c¢" basophils (Figure 10C). Interestingly, the different
level of CD164 expression allowed for the subclassification within three different subsets (Figure
10D), namely CD164"¢ basophils, CD164™ basophils, and CD164"¢" basophils. It is worth noting
that these seven functional subsets are not mutually exclusive, as individual basophils can co-express

multiple activation markers depending on their functional state.
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Figure 9: Hierarchical gating strategy for the identification of major leukocyte populations including NK
cells, monocytes, and basophils. Representative flow cytometry plots illustrating the multi-step gating strategy.
The arrows indicate the hierarchical progression of the gating logic. The analysis begins with an initial doublet
exclusion (Singlets FSC-H/A) followed by a morphological selection of the lympho-monocyte population. Within
this gate, viable leukocytes are identified as Live-CD45+ events. To ensure maximum data stringency, two additional
consecutive doublet exclusion steps are performed using side scatter (Singlets SSC-W/CD45) and forward scatter
(Singlets FSC-W/CD45) in combination with the pan-leukocyte marker. This refined population is then used for the
downstream identification of T cells, B cells, and subsequent myeloid subsets, including the four step strategy for
basophil identification.
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Figure 10: Functional characterization of basophil activation subsets. Representative flow cytometry contour
plots showing the identification of seven distinct basophil subpopulations based on activation and degranulation
markers. (A) Gating strategy for CD63" and CD69" activated basophils. (B) Identification of the CD107b"
degranulating subset. (C) Selection of the CD203¢” population. (D) Subclassification into CD164"2, CD164™¢, and
CD164"2" basophils based on expression levels.



Discussion

ALS is a neurodegenerative disease of the adulthood, primarily distinguished by the progressive
dysfunction of both LMN and UMN. While the underlying pathological mechanisms remain largely
unknown, recent evidence has shifted the perspective of ALS towards a more systemic view of the
disease. It’s now clear that the immune system is involved in the pathology, although the neurotoxic
or neuroprotective effects of different cellular populations remain to be fully elucidated. In this
context, the alterations in the peripheral immune system represent a promising field for the
identification of novel biomarkers to improve the diagnostic accuracy for ALS patients. To address
this need, this study investigated immune differences between ALS patients and HC combining high-
dimensional immunofluorescence staining of whole peripheral blood samples with unsupervised data
analysis. Moreover, immune signatures were also investigated within the patient cohort, in order to

identify possible prognostic biomarkers related to the progression rate of the pathology.

This study revealed increased basophils levels in ALS patients compared to HC. This finding is
consistent with the work of Greco et al., who observed elevated basophil counts in blood samples
from SP patients by leveraging a decade of longitudinal, routinely collected clinical data (Greco et
al., 2021). Conversely, another study reported decreased basophils number, together with other
alteration in the granulocytic compartment (Yang et al., 2023). Furthermore, in our study, specific cell
clusters were associated here with clinical progression: while CD4" naive T cells were decreased in
SPs compared to FPs, basophils and classical monocytes were increased in SPs. Taken together, these
results highlight the potential of specific immune signatures to act as both diagnostic and prognostic

biomarkers.

Basophils are a type of innate immune cell primarily associated with allergic responses and parasitic
infections. Through cytokine secretion, activated basophils are able to support the development of
CD4" T cells and B cells secreting IgE, associated with the Th2 immune response (Chirumbolo,
2012). However, recent research has shed light on their potential roles in broader immune responses.
Emerging studies highlight basophil involvement also in non-allergic and immune-mediated
inflammatory diseases. A significant role of this cellular population has been observed in both local
and systemic responses to atopic dermatitis. Upon rapid infiltration into inflamed skin, activated
basophils release IL-4 and IL-13 alongside proinflammatory mediators like leukotrienes and IL-31,
which collectively exacerbate tissue inflammation (Das & Geha, 2025). Moreover, according to the
same study, basophil-derived IL-4 functions as a critical immunomodulator that directs T cell
polarization and facilitates B cell class switching. In murine models, basophils facilitate TH17 cell

differentiation via the secretion of IL-6. Consequently, in a neurodegenerative condition such as the



ALS, the depletion of basophils has been shown to ameliorate the clinical severity of experimental

autoimmune encephalomyelitis (EAE), mouse model of multiple sclerosis (Yuk et al., 2017).

As stated previously, our study reported a significant increase in basophil levels in ALS patients
compared to healthy controls, suggesting they may have a wider impact beyond allergy and parasitic
infection. Although only in a preliminary form, an increased basophils number has been observed
also in other pathological contexts, such as ulcerative colitis and Crohn disease (Badalyan et al.,
2014). While in the aforementioned inflammatory or autoimmune diseases (such as atopic dermatitis
or EAE) basophils often drive progression, in the context of ALS they might exert a more
neuroprotective role, as supported by the higher basophil numbers that we observed in SPs. This
protective role is possibly linked to histaminergic signaling. Genome-wide association studies have
indicated that histamine-related genes may act as modifiers in ALS (Volonté et al., 2019), supporting
the idea that both basophils and histaminergic pathways could serve as potential disease biomarkers
and therapeutic targets. By interacting with astrocytes, histamine is able to inhibit glial scar formation
and promote neurological function recovery, inhibiting neuroinflammation and participating in CNS
homeostasis maintenance. (Zhou et al., 2024). Apolloni et al. have shown that histamine acts as an
anti-inflammatory agent in microglia, suggesting that dysregulated this histaminergic signaling could

have a detrimental effect in ALS (Apolloni et al., 2017; Mentis et al., 2021).

Besides the genetic background, environmental factors, such as infections, may play a role in ALS
progression. Indeed, various parasite infections, including cerebral malaria, cerebral toxoplasmosis,
and neurocysticercosis, have been associated with acute or chronic brain inflammation, leading to the
disruption of the brain blood barrier and deregulation of glial activity. The resulting cytotoxic effect
appears to be triggered by a substantial release of nitric oxide, oxygen reactive species, and pro-
inflammatory mediators (Alloo et al., 2022). Moreover, David and colleagues have shown that
Toxoplasma gondii infection in mouse models can disrupt CNS glutamate homeostasis by reducing
GLT-1 transporters, leading to a robust increase in extracellular glutamate levels (David et al., 2016),
which in turn may have a toxic effect on the CNS, potentially resulting in astrocyte death, a hallmark
of ALS. We identify basophils as major contributors to the ALS immune profile, a phenomenon that
may be ascribed to their classic role in mediating responses to parasitic threats. IL-3 is required for
blood basophils expansion after parasitic infection. Moreover, the presence of IL-3 increases the in
vitro IL—4 secretion from this cellular population (Lantz et al., 2008). Notably, the overexpression of
IL-3 in transgenic models has been shown to induce motor neuron pathologies characterized by lower

motor neuron deficits, further supporting a link between IL-3 signaling and the pathogenesis of ALS.



However, IL-3-treated MNs were affected neither in their survival nor in their differentiation,
suggesting that the onset of symptoms does not result from a direct effect of IL-3 on motoneurons

(Chavany et al., 1998).

While no major differences were noted between ALS patients and healthy controls, our findings also
indicate a higher frequency of classical monocytes (CD14" CD16") in SPs compared to FPs. This
cellular population is usually known to be pro-inflammatory. Recently, their anti-inflammatory
potential has been recognized because of their ability to contribute to resolution of inflammation and
tissue repair. In facts, while non-classical monocytes are more prone to differentiate into pro-
resolutive CD206" M2 macrophages, classical monocytes are able to differentiate into both M1 and
M2 macrophages (Olingy et al., 2017). More specifically, research has shown that these cells are
recruited at the site of injury while possessing a pro-inflammatory state and later switch towards a
more aini-inflammatory phenotype (Arnold et al., 2007). In our cohort, the increase in classical
monocytes suggests a protective role of this population in ALS pathology, possibly linked with their
anti-inflammatory ability. This hypothesis is in line with the study by Mantovani et al., which
observed increased abundances of CD14" cells in earlier stages of ALS disease (Mantovani et al.,

2009). Nonetheless, further functional studies are needed to clarify the mechanism of interactions.

Interestingly, an interaction between monocytes and basophils has been reported in other contexts,
such as allergic responses. In particular, monocytes with an inflammatory phenotype are recruited to
the site of inflammation and, reacting to basophil-derived IL—4, exert anti-inflammatory functions by
differentiating into M2 macrophages (Egawa et al., 2013). The finding of both increased monocyte
and basophil levels in ALS patients suggests that an interplay between these populations is possible
also in context other than allergies. For this reason, we consider the analysis of these two populations

a new approach that can help in better understanding ALS pathological mechanisms.

Another key finding is the increase in CD4" naive T cells in FPs. These antigen-inexperienced cells
are central to initiating immune responses and may reflect a heightened immune readiness.
Paradoxically, this state could contribute to faster ALS progression by amplifying inflammation. On
the other hand, this increased levels of CD4" naive T cells may not be the results of an expansion of
this cellular population, but a consequence of an impaired ability to differentiate of CD4" naive T
cells. Differences in the levels of expression of FoxP3 have been observed in ALS patients. In
particular, low expression of this gene inversely correlate disease severity and progression rate
(Henkel et al., 2013b). Fittingly, FoxP3 is required for differentiation of CD4" regulatory T cells.
Considering that the neuroprotective effects of Treg cells has been observed in mouse models

(Banerjee et al., 2008) and the abundance of these population has been negatively correlated with



disease progression (Mantovani et al., 2009; Rentzos et al., 2012; Henkel et al., 2013; Beers et al.,
2017), it is possible that impaired differentiation determine both Treg decrease and CD4+ naive T

cells accumulation.

Given the prominent role of basophils emerged from our preliminary analysis, a deeper
characterization of this population becomes essential. Therefore, the second part of this study focused
on the design and optimization of a high-dimensional flow cytometry panel specifically tailored to
dissect the basophil compartment, aiming to identify specific activation states or subsets associated

with the different stages of ALS progression.

In the first phase, two hundred puL of whole blood were previously stained with antibodies and
subsequently lysed to remove red blood cells. Instead, for the second phase, this approach was not
suitable anymore because of the inclusion of an antibody directed against the IgE immunoglobulin
within the immunofluorescence panel. IgE molecules are not exclusively present on the surface of
the basophils compartment; they are also normally present at different concentration inside the blood
flow in their circulating form and this can cause interference in the staining procedure if whole blood
sample are used. In addition, basophils are the least abundant leukocyte population among peripheral
blood cells, with standard physiological ranges between 0.5% and 1%. For this reason, the staining
protocol has been partially modified in order to optimize it for the analysis of this rare population.
Consequently, for the second phase of the study, 3.5 mL of whole blood were lysed prior to staining,
and then 2 x 10° cells were subsequently used for the procedure. This approach allowed us to stain a
significantly higher number of cells, facilitating the identification of different basophils
subpopulation. Moreover, these modifications improved the standardization of the method, as a fixed
number of cells were subjected to the staining procedure, regardless of the initial cell concentration

in the whole blood.

Consistent with this tailored approach, the antibody panel was specifically designed and titrated for
the staining of 2 x 10° cells. This setup was optimized to provide the high signal-to-noise ratio
necessary for detecting precise functional markers within the basophil compartment. Markers such as
CD3, CD19, and CD56 were used for lineage exclusion of respectively T cells, B cells and NK cells,
while neutrophils and eosinophils granulocytes were excluded on the basis of their morphological
characteristics. The rationale for CD14 and CD16 inclusion in the panel was twofold. On one hand,
they were essential to the cleaning strategy for basophils identification, allowing for the exclusion of
monocytes and residual neutrophils. On the other hand, these two markers enabled the
characterization of different monocyte subpopulations, specifically classical (CD14" CD16°), non-

classical (CD14  CD16") and intermediate (CD14" CD16") monocytes.



Four specific markers were employed to accurately identify basophils: CD123, HLA-DR, IgE, and
FceRI (Sonder et al., 2023). From a technical standpoint, a rigorous sequential gating strategy based
on multi-marker cross-validation was applied to ensure the highest possible phenotypic consistency
and eliminate any potential contaminating populations. As illustrated in Figure 9, the basophil
population was progressively refined through complementary marker combinations: HLA-DR™ /
FceRI', HLA-DR / CD123", and HLA-DR™ / IgE", ending with the selection of the FceRI" / IgE"
double-positive cells. Moreover, several activation and degranulation markers were included in the
panel to classify this population from a functional perspective, as they are either unexpressed or

weakly expressed on the surface of resting basophils.

In particular, CD203c is a basophil-specific marker, associated with histamine release, it is expressed
in the resting basophils, but following activation is rapidly and significantly upregulated (Biihring et
al., 2004). The same expression pattern is observed for CD13 and CD164, which normally reach the
maximum expression level from five to fifteen minutes after basophil activation (Hennersdorf et al.,
2005). A similar behavior, albeit with important differences, was observed for CD63. Indeed, this
marker is highly upregulated following cellular activation, reaching a 100-fold increase compared to
resting basophils. However, this event takes a longer time, with detectable CD63 levels observed after
thirty minutes and a peak in expression reached after sixty minutes (Knol et al., 1991). A “CD63-
like” regulation was observed also for CD107a and CD107b. Specifically, both these markers are
upregulated in case of basophil activation, with CD107a reaching higher levels compared to its
homologous counterpart (Hennersdorf et al., 2005). Together, these different markers can be analyzed

to broadly investigate whether different basophil activation dynamics occur in ALS.

A third distinct behavior is observed for CD69. According to the work of Yoshimura and colleagues,
the presence of this marker is low in resting basophils and significantly increases after IL-3
stimulation. However, the rate of increase is even slower when compared to the other previously
mentioned, with complete expression reached only twenty-four hours after IL-3 induction. Even if
the functional role of this marker is only partially understood, it demonstrated high biological
relevance, with higher CD69 levels observed in basophils isolated from people affected by asthma
(Yoshimura et al., 2002). For this reason, we decided nonetheless to include this marker in our panel,

in order to evaluate a possible involvement in ALS pathology.



Lastly, CD244 was also included because of the recent advances in its localization and functional
understanding. Compared to any other leukocytic population, a higher level of expression of this
marker has been observed in basophils isolated from whole peripheral blood (Berger et al., 2021).
Considering the functional role of CD244, it acts as a key regulator of immune homeostasis in
autoimmune diseases and allergies, possessing the capacity to transmit both activating and inhibitory
signals. In systemic lupus erythematosus (SLE), it exerts a negative regulatory role, and its
downregulation exacerbates the pathology; conversely, in rheumatoid arthritis (RA) and allergic
disorders, its overexpression drives detrimental inflammatory responses, such as TNF secretion and
establishing the destructive crosstalk between eosinophils and mast cells (Sun et al., 2021). As
previously noted, the first part of our study revealed that basophils were generally increased in ALS
patients, a phenomenon that was particularly marked in SPs. This suggests a participation of this
population in the underlying pathological mechanisms, potentially linked to a protective role
regarding the rate of disease progression. We hypothesize that a thorough analysis of CD244
expression could provide crucial insights into the functional state of these cells. Given its dual,
context-dependent activity, an upregulation of CD244 in SPs could mirror the protective, negative
regulatory role observed in SLE, serving as an immunological brake against neuroinflammation.
Conversely, a divergent mechanism in FPs cannot be excluded, where CD244 overexpression might
instead drive detrimental inflammatory responses, akin to the patterns observed in rheumatoid

arthritis and allergic disorders.

As a proof of concept, we used peripheral blood from a healthy donor (HD) to set up and validate the
identification of these activation states. As shown in the Results section (Figure 10), this approach
successfully allowed us to divide the total basophil population into seven distinct subsets based on
the expression of CD63, CD69, CD107b, CD203c, and the three levels of CD164 (CD164neg,
CDI164med, and CD164high). Testing this panel on a healthy control was a necessary step before
analyzing the ALS cohort, being able to clearly separate these seven subsets proves our panel
sensitivity. This baseline characterization gives us the foundation to now investigate whether the

frequencies or activation dynamics of these specific subsets are altered in ALS patients.



Despite the promising insights provided by this study, several limitations must be acknowledged.
Firstly, despite the optimized high-dimensional approach combined with unsupervised analysis, the
small size cohort (24 ALS patients, 15 HC) may reduce statistical power and generalizability. This is
particularly impactful when patients are stratified according to different progression rate (SPs and
FPs). Validation in a larger, multi-center cohort is required to confirm the robustness of these
diagnostic and prognostic immune signatures. Secondly, the cross-sectional design of the study limits
insight into dynamic immune changes over time. Longitudinal monitoring of the same individuals
over multiple time points would provide a more precise understanding of how basophil abundances
and their activation states dynamically shift as ALS progresses. Thirdly, focusing solely on immune
cells may overlook other contributors to ALS progression. Moreover, this study in particular focuses
exclusively on whole peripheral blood samples. While peripheral immune alterations represent
excellent candidates for minimally invasive biomarkers, they may not fully or directly reflect the

complex neuroinflammatory microenvironment.

Despite the limitations specified above, these findings open up several intriguing avenues for future
research. Moving forward, the primary future direction will be to translate this newly optimized 22-
color flow cytometry panel into a first clinical, exploratory study. This will allow us to evaluate the
feasibility and technical reliability of the protocol when processing actual ALS patient samples.
Secondly, this exploratory phase will be crucial to uncover whether significant differences in basophil
subset are truly present between distinct patient subsets, providing the first direct experimental
evidence of their dynamic involvement in ALS pathogenesis. Hopefully, this pilot study will lay the
foundation for applying our newly designed panel to a larger and more substantial cohort of ALS

patients.
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