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Abstract

Background: Systemic inflammation has been proposed as a relevant mecha-

nism in amyotrophic lateral sclerosis (ALS). Still, comprehensive data on ALS

patients’ innate and adaptive immune responses and their effect on the clinical

phenotype are lacking. Here, we investigate systemic immunity in a population-

based ALS cohort using readily available hematological indexes. Methods: We

collected clinical data and the complete blood count (CBC) at diagnosis in ALS

patients from the Piemonte and Valle d’Aosta Register for ALS (PARALS) from

2007 to 2019. Leukocytes populations, neutrophil-to-lymphocyte ratio (NLR),

platelet-to-lymphocyte ratio (PLR), systemic-immune-inflammation index (SII),

and lymphocyte-to-monocyte ratio (LMR) were derived from CBC. All vari-

ables were analyzed for association with clinical features in the entire cohort

and then in sex- and age-based subgroups. Results: Neutrophils (P = 0.001)

and markers of increased innate immunity (NLR, P = 0.008 and SII, P = 0.006)

were associated with a faster disease progression. Similarly, elevated innate

immunity correlated with worse pulmonary function and shorter survival. The

prognosis in women also correlated with low lymphocytes (P = 0.045) and a

decreased LMR (P = 0.013). ALS patients with cognitive impairment exhibited

lower monocytes (P = 0.0415). Conclusions and Relevance: The dysregulation

of the systemic immune system plays a multifaceted role in ALS. More specifi-

cally, an elevated innate immune response is associated with faster progression

and reduced survival. Conversely, ALS patients with cognitive impairment

showed a reduction in monocyte count. Additionally, immune response varied

according to sex and age, thus suggesting that involved immune pathways are

patient specific. Further studies will help translate those findings into clinical

practice or targeted treatments.
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Introduction

Neuroinflammation has been postulated to be a relevant

mechanism in the neurodegenerative process in amyo-

trophic lateral sclerosis (ALS).1 Previous studies found

that the frequency and activation of immune cell popula-

tions such as T cells, monocytes, and neutrophils have

been associated with disease severity and rate of disease

progression.2–5 Innate immunity involves diverse types of

cells of the myeloid lineage, including dendritic cells,

monocytes, macrophages, polymorphonuclear cells, mast

cells, innate lymphoid cells, and natural killer (NK)

cells.6,7 Adaptive immunity is characterized by two types

of lymphocytes, T and B cells.6 The most easily and gen-

eralizable method to quantify peripheral immunity is

blood cell counting of differential leukocytes. Further-

more, derived ratios including neutrophil-to-lymphocyte

ratio (NLR), platelet-to-lymphocyte ratio (PLR), systemic

immune-inflammation index (SII),8 and lymphocyte-to-

monocyte ratio (LMR) were thought to even better reflect

the strength of peripheral immunity.9 There have been

studies suggesting that these ratios could serve as systemic

biomarkers of ALS prognosis,10–12 but whether they are

correlated with other specific features of ALS phenotype,

including lung function, is still unknown. Additionally,

the potential effect of peripheral immunity on non-motor

symptoms, such as cognitive impairment, has not been

explored so far. Because systemic inflammation is a com-

plex and a multifactorial process, however, a better inter-

pretation of the immune profile in ALS patients requires

the simultaneous study of different biomarkers.

Here, we describe the systemic immune role in ALS

patients by analyzing complete blood count (CBC)-

derived parameters in a large population-based cohort. A

better understanding of the systemic immune response in

the context of ALS and frontotemporal dementia (FTD)

is not only important to unravel disease mechanism, but

potentially to serve as biomarker of disease activity.

Materials and Methods

Study population

All patients with ALS in the Piemonte and Valle d’Aosta

regions of Italy (n = 1784) identified through the Pie-

monte and Valle d’Aosta Register for ALS and diagnosed

between January 1, 2007, and December 31, 2019, were

eligible for enrollment in the study. All patients met the

revised El Escorial diagnostic criteria for definite and

probable laboratory-supported ALS. A complete clinical

history, including previous disease (especially history of

cancer and inflammatory disease) and smoking habit

(current, past, or never smoker), was collected for each

patient. We restricted analyses to available blood count

data within 3 months of ALS diagnosis. In addition, par-

ticipants with morbidities that could influence leukocyte

differential counts, including malignant neoplasms, dis-

ease of the blood and blood-forming organs, autoimmune

disease, and chronic inflammatory diseases, were

excluded. To avoid the confounding effect of acute infec-

tion, blood tests executed during suspected infections

were detected and excluded. Additionally, we reviewed

clinical records and removed patients undergoing phar-

macological treatment at the time of diagnosis that could

alter leucocytes populations.

Peripheral immunity

Patients underwent hematological examinations as part of

the diagnostic workup. Peripheral blood sample was

drawn after overnight fasting, and the complete blood

count was quantified in the Department of Biochimica

Clinica, AOU Citt�a della Salute e della Scienza of Torino,

Turin, Italy, and the Department of Biochimica Clinica,

Maggiore della Carit�a Hospital, Novara, Italy. We

extracted baseline count data of neutrophils, monocytes,

platelets, and lymphocytes. Further we calculated four

ratios based on peripheral blood cell counts including

NLR (neutrophils/ lymphocytes), PLR (platelets/lympho-

cytes), SII (neutrophils*platelets/lymphocytes), and LMR

(lymphocytes/monocytes). The increased level of the neu-

trophils, monocytes, NLR, PLR, and SII reflects the rela-

tively higher peripheral innate immunity, while the

increased level of the lymphocytes and LMR reflects the

relatively higher peripheral adaptive immunity.

Clinical features

Disease severity was assessed with the Amyotrophic Lat-

eral Sclerosis Functional Rating Scale–Revised scale

(ALSFRS-R). In addition, the decline rate for ALSFRS-R

score and its four sub-scores (bulbar, fine motor, gross

motor, and respiratory) was calculated as the monthly

number of points lost from symptom onset to the time of

diagnosis. Pulmonary function tests, including forced vital

capacity (FVC), were performed at diagnosis. Respiratory

dysfunction was defined as FVC < 75% of the predicted

value. Body mass index (BMI) was calculated as weight in

kilograms divided by height in meters squared, and its

decline was calculated as monthly the difference in

premorbid BMI and BMI at diagnosis, divided by months

from symptom onset to diagnosis. Patients’ cognitive sta-

tus was classified as previously described according to the

revised ALS-FTD Consensus Criteria into five categories:

ALS with normal cognition (ALS-CN), ALS with behav-

ioral impairment (ALS-Bi), ALS with cognitive
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impairment (ALS-Ci), ALS with cognitive and behavioral

impairment (ALS-CBi), and ALS with FTD (ALS-FTD).

King’s staging, that categorizes ALS based on the

spread of motor symptoms in three body regions (bulbar,

upper limbs, and lower limbs) and the use of non-

invasive ventilation (NIV) and enteral nutrition, was cal-

culated from ALSFRS-R items as follows: bulbar region is

determined by a decrease in points related to speech, sali-

vation, or swallowing (items 1, 2, 3); the upper limb

region is considered involved if there is a decrease in

points for handwriting or ability to handle utensils (items

4, 5); the lower limb region is considered involved if there

is a decrease in points for walking (items 6); the presence

of gastrostomy is indicated by item 5B and NIV usage is

indicated by scoring 0 points in item 10 or less than 4

points in item 12. Patients are classified into four stages:

1 (one region involved), 2 (two regions involved), 3

(three regions involved), and 4 (requiring gastrostomy or

NIV). Survival was calculated from onset to death or cen-

soring date (December 31, 2019) using the Kaplan–Meier

method. Patients with tracheostomy were coded as

deceased on the date of the procedure.

Statistical analyses

Baseline characteristics of participants were analyzed as

mean and standard deviation (SD) for continuous vari-

ables and as numbers and percentages for categorical vari-

ables. Given the high interpersonal variability of baseline

FVC values, we elected to assess respiratory function as a

dichotomous variable (FVC < 75% of predicted value).

Prior to statistical analysis, peripheral immunity cell

counts were log-transformed and standardized to Z scores

for comparison of effect sizes between exposures (Z =
(value�mean)/SD) such that the hazard ratio (HR) repre-

sents the predicted effect of per SD increment of the

peripheral immunity markers. In the primary analysis, we

performed the models unadjusted, then adjusted for age,

sex, smoking history, presence of bulbar dysfunction

(score <4 in either item 1, 2, or 3 of the ALSFRS-R scale)

and body mass index (BMI). We performed a Linear

Mixed Effect regression on continuous and binary vari-

ables with random effect to account for potential inter-

center variability. Association between peripheral immu-

nity markers and survival was examined with multivari-

able Cox proportional hazard regression models. The P

values were further adjusted to control the false discovery

rate at 5% using the Benjamini–Hochberg procedure

(labeled as Q values). For each biomarker, we also per-

formed the analysis excluding patients with extreme

values (>mean � 2SD) in at least one of the other expo-

sures, thus correcting for potential correlation across dif-

ferent biomarkers. In stratified analyses, we estimated

differences for each exposure across different age groups

(<65, 65–75, >75 years) and sex. We elected to use age

cutoffs to favor clinical interpretation and future replica-

tion in different cohorts. These age cutoffs were arbitrarily

chosen based on the characteristics of the population

(Table S1) and to obtain comparable groups. Finally,

inflammatory markers, age, and sex were modeled with

an interacting parameter to evaluate the potential inter-

play among those three factors. Statistical analysis was

performed in R v4.0.

Ethical approval

The study design was approved by the institutional ethical

committees of Azienda Ospedaliera Universitaria Citt�a

della Salute e della Scienza, Torino (#355732), and

Azienda Ospedaliera Universitaria Maggiore della Carit�a,

Novara (#6739A4). All patients provided written informed

consent.

Results

Population characteristics

Among the 1784 patients included in the PARALS Regis-

try in the study period, 1452 (81.5%) subjects were eligi-

ble for analysis. The final cohort consisted of 653 (44.9%)

females and 799 (55.1%) males. Median age at disease

onset was 69.5 years (IQR: 61.4–75.7); bulbar onset was

observed in 489 (33.7%) cases. Descriptive statistics of the

participants are summarized in Table S1. Patients were

excluded if blood count data were not collected within

3 months of ALS diagnosis (n = 77); blood tests were

performed because infection was suspected (n = 26);

treatment with leucocytes-altering drugs was undergoing

(n = 60); patients had a known history of malignancy

(n = 110), hematological disorders, or autoimmune dis-

ease (n = 59). Patients excluded from the study did not

differ in term of demographic or other clinically relevant

variables (Table S1). Blood count derived data are

reported in Table S2. Data according to sex, age groups,

and site of disease onset are summarized in Tables S2–S5;
potential confounding effect of the presence of bulbar

symptoms at the time of evaluation or smoking habits is

considered in Tables S6–S8.

Baseline

After adjustment for age, sex, presence of bulbar involve-

ment, smoking habits, and BMI, per SD increment of

neutrophils, the main components of innate immunity,

was associated with higher rates of disease progression (b:
1.03, 97.5% CI: 1.01–1.05, P = 0.001) (Fig. 1 and
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Table S8). Similar findings were observed in higher ratios

of the markers reflecting innate immunity over adaptive

immunity, including NLR (per SD increment b: 1.03,

97.5% CI: 1.01–1.05, P = 0.008) and SII (per SD incre-

ment b: 1.03, 97.5% CI: 1.01–1.05, P = 0.006). No signifi-

cant effect was found for platelets and PLR on

progression rates. The level of lymphocytes, the core

adaptive immunity components, was not associated with

progression rates. Results were not significant also for

LMR. Patients with a faster disease progression also

exhibited an increase in peripheral monocytes (b: 1.05,

97.5% CI: 1–1.09, P = 0.041). Importantly, while smoking

status moderately affected the neutrophil count

(Table S6), multivariate analysis confirmed that the asso-

ciation of innate immunity with disease progression was

independent from smoking status. Additionally, no sys-

temic inflammation signature was affected by bulbar dys-

function (Table S7).

As for pulmonary function, a consistent association

with respiratory failure (here defined as FVC% < 75% of

the predicted value) was found in innate immunity, as

presented for neutrophils (per SD increment OR: 1.06,

97.5% CI: 1.03–1.09, P < 0.001) NLR (per SD increment

OR: 1.07, 97.5% CI: 1.03–1.10, P < 0.001), PLR (per SD

increment OR: 1.15, 97.5% CI: 1.04–1.28, P = 0.007), and

SII (per SD increment OR: 1.09, 97.5% CI: 1.05–1.14,
P < 0.001), respectively (Fig. 1). Conversely, an associa-

tion of adaptive immunity with higher FVC values was

observed in adjusted models for lower lymphocyte levels

(OR: 0.97, 97.5% CI: 0.95–0.99, P = 0.030).

Unsurprisingly, given the association with disease pro-

gression rates and respiratory function, innate immunity

markers also correlated with a shorter disease survival

(Fig. 1). No direct association was found regarding altered

adaptive/regulatory pathways in ALS subjects with a

shorter survival.

Overall, an increase in innate immune response was

observed in patients with a more advanced disease stage

at diagnosis (Table S9): Indeed, higher disease stages were

associated with increase in neutrophil levels (per SD

increment OR: 0.06, 97.5% CI: 0.01–0.11, P = 0.010),

NLR (per SD increment OR: 0.07, 97.5% CI: 0.02–0.12,
P = 0.006), PLR (per SD increment OR: 0.24, 97.5% CI:

0.09–0.40, P = 0.002), and SII (per SD increment OR:

0.11, 97.5% CI: 0.05–0.16, P < 0.001).

Concerning FTD and cognitive symptoms incidence,

higher levels of monocytes were related to decreased risk

of FTD (per SD increment OR: 0.92, 97.5% CI: 0.86–
0.99, P = 0.047) (Table S9) and cognitive impairment

(per SD increment OR: 0.84, 97.5% CI: 0.73–0.97,
P = 0.017) (Fig. 1).

Peripheral immunity and ALS phenotypes
across different ages and sex

To understand whether the observed relationship between

peripheral immunity and ALS clinical features was influ-

enced by age or sex, both known modifiers of the

immune response, we performed a series of subgroup

analyses.

Firstly, we set apart the population by sex (Table S10).

The effect of innate immunity was explicit for disease

progression and survival either in males or females

(Fig. 2). Significant differences between the two sexes

emerged regarding the mediator of immunity, as evidence

of a detrimental effect of low lymphocyte count on

Figure 1. Overall association of peripheral immune markers with FVC < 75% of predicted value, ALSFRS-R progression rate, presence of FTD,

and survival. b estimates from linear regression; OR odds ratio from logistic regression, HR hazard ratio from Cox proportional hazard regression,

97.5% CI, 97.55% confidence interval; LMR, lymphocyte-to-monocyte ratio; NLR, neutrophil-to-lymphocyte ratio; PLR, platelet-to-lymphocyte

ratio; SII, systemic inflammatory index.
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prognosis was found in females (per SD increment Cox-

HR: 0.84, 97.5% CI: 0.70–0.99, P = 0.045) but not in

males. Comparable results were obtained for LMR (per

SD increment Cox-HR: 0.84, 97.5% CI: 0.72–0.96,
P = 0.013). By contrast, innate immunity marker that

accounts for an increased neutrophil count was correlated

with disease progression and prognosis in both sexes.

Interestingly, only males exhibited an increase in all

markers of innate immune response for higher disease

stage at the time of diagnosis (Table S10).

Higher monocyte count was also proven to slightly

decrease the incidence of cognitive deficits only in females

(per SD increment OR: 0.79, 97.5% CI: 0.63–0.99,
P = 0.046) (Fig. 2). Curiously, the opposite trend was

observed in progression rate, where we observed a more

severe disease progression when monocyte levels increased

(per SD increment b: 1.09, 97.5% CI: 1.02–1.16,
P = 0.009) (Fig. 2).

Subsequently, we divided the included participants into

three groups by age (<65, 65–75, >75 years). In partici-

pants younger than 65 years (Fig. 3, Table S11), only one

innate immunity marker (the SII) increased with worsen-

ing respiratory function, but not with disease progression

or survival (Fig. 3A,B,D). Low-monocytes (OR: 0.79,

97.5% CI: 0.63–0.99, P = 0.041) and therefore an

increased LMR (OR: 1.11, 97.5% CI: 1.03–1.19,
P = 0.006) were found to be associated with cognitive

impairment in young-onset ALS cases. Surprisingly, lym-

phocytes (OR: 0.70, 97.5% CI: 0.54–0.90, P = 0.006) are

decreased in older patients (>75 years) with cognitive

impairment (Fig. 3). In addition to reduced lymphocyte,

we also observed increased NLR (OR: 1.15, 97.5% CI:

1.02–1.30, P = 0.021) and SII (OR: 1.13, 97.5% CI: 1.01–
1.26, P = 0.030) in older ALS patients with an overlap-

ping FTD (Table S11). When it moves to 65–75 years

and over 75 years, significant detrimental roles were

found for the increase of all innate immunity markers

accounting for neutrophil levels (neutrophils, NLR and

SII) in disease progression and survival (Fig. 3). The rele-

vance of age on determining the role of systemic immune

response in ALS was further highlighted by the absence of

associations between innate immune responses and dis-

ease stages in both younger and older patients. However,

it was notably observed that this association was evident

among patients with intermediate age (Table S11).

We also find that the different immunological signa-

tures between men and women are not static, as we

observed age-by-sex interaction for the clinical traits we

investigated. Innate immunity parameters correlated with

lung function and survival, such as neutrophils, NLR and

SII levels, do not show an age-based difference when esti-

mated in men, but manifested an association that

increased with age when estimated in women (Table S12).

Those results suggest that the effect of innate immunity is

less pronounced in younger patients, with important sex-

based differences.

Discussion

In this study, we comprehensively evaluated multiple CBC-

derived inflammatory indexes, including novel candidate

markers, in a large population-based ALS cohort. Our anal-

ysis supports the contribution of various immune cell types

to different features of disease phenotype: a graphic

Figure 2. Sex-stratified association of peripheral immune markers with FVC < 75% of predicted value, ALSFRS-R progression rate, presence of

FTD and survival. b estimates from linear regression; OR odds ratio from logistic regression, HR hazard ratio from Cox proportional hazard

regression, 97.5% CI, 97.55% confidence interval; LMR, lymphocyte-to-monocyte ratio; NLR, neutrophil-to-lymphocyte ratio; PLR, platelet-to-

lymphocyte ratio; SII, systemic inflammatory index. Male, n = 799; Female, n = 653.

ª 2023 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association. 5

M. Grassano et al. Role of Peripheral Immunity in ALS

 23289503, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/acn3.51853 by C

ochraneItalia, W
iley O

nline L
ibrary on [22/07/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



summary of our results can be found in Figure 4. Our

results reinforced that the peripheral immune system plays

a significant role in the progression of ALS. These data add

to the growing evidence suggesting that dysregulation of

systemic immunity is a common feature among individuals

with ALS; however, here we demonstrate that the role of

peripheral immune response is multifaceted and varies

according to the patient’s characteristics (Fig. 4). Even

though we could not comprehensively consider all cellular

and molecular pathways underlying central and peripheral

inflammation in ALS, we demonstrated that different

inflammatory mechanisms act in ALS patients, perhaps

also simultaneously. While our results need confirmation

in other cohorts, it could be postulated that the evaluation

of these readily available and cost-effective peripheral bio-

markers could assist clinicians in patients’ management

and could also be pivotal in population stratification or in

the identification of subjects with a likely immune dysregu-

lation that could be responders to a targeted treatment.

We found that elevated innate immune inflammatory

status, reflected by increasing peripheral neutrophils and

a higher ratio of neutrophils to lymphocytes, is associated

with a more advanced disease stage at the time of diagno-

sis (Table S13), a reduced survival and faster disease pro-

gression. These data are consistent with previous studies

that have linked neutrophil levels to disease progression

and NLR with a higher mortality.5,10,11 The associations

of inflammatory response on disease progression, pulmo-

nary function, and prognosis are independent of the pres-

ence of smoking habit or bulbar dysfunction at diagnosis.

In this regard, it is noteworthy that higher levels of all

innate immune response markers are not associated with

involvement of bulbar function, because it excludes

potential confounding factors such as silent infection (i.e.,

pneumonia resulting from silent aspiration) that are com-

mon complications in patients with bulbar symptoms and

which may trigger the inflammatory response. We also

observed that other inflammatory biomarkers, namely

decreased absolute lymphocyte count, higher monocyte

count, and their increased ratio (lymphocyte-to-

monocyte), are linked to disease severity and worse prog-

nosis in ALS patients, especially women. This correlation

between a reduction of total lymphocytes and a shorter

survival showed that the adaptive immune response is

also a key player in the systemic response in ALS cases:

unfortunately, given the nature of our study, we are

unable to detect any changes in lymphocytes subpopula-

tions that have been extensively described in ALS.2,3,5,13–16

Our overall and stratified data demonstrated that an

increased innate immune system at diagnosis is associated

with a more aggressive disease course and confirms that

neutrophils are protagonists of inflammatory response in

ALS across all age groups and sex. However, according to

our results, peripheral immune involvement in ALS is

multifaceted and different mechanisms and leukocytes

population are involved. Consequently, a single marker is

not sufficient to capture the overall peripheral immune

dysregulation and inflammatory status in ALS, and the

evaluation of multiple markers is necessary to disentangle

the complex underlying mechanism involved in ALS

pathogenesis and progression.

Another novel finding from our study was the inverse

association between monocyte levels and the degree of cog-

nitive impairment in patients with ALS. Patients with

Figure 3. Age-stratified association of peripheral immune markers with FVC < 75% of predicted value, ALSFRS-R progression rate, presence of

FTD and survival. b estimates from linear regression; OR odds ratio from logistic regression, HR hazard ratio from Cox proportional hazard

regression, 97.5% CI, 97.55% confidence interval; LMR, lymphocyte-to-monocyte ratio; NLR, neutrophil-to-lymphocyte ratio; PLR, platelet-to-

lymphocyte ratio; SII, systemic inflammatory index. Age < 65 years, n = 497; age 65–75 years, n = 548; age >75 years, n = 406.
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greater cognitive impairment showed a reduction in all

monocyte subpopulations. Our study could not unravel

whether these changes are contributing to the ALS-FTD

spectrum or a result of it. However, there are several

reports of increased CNS infiltration of monocytes in ALS

patients, and prior studies have speculated that a reduction

in peripheral blood monocytes could be due to the recruit-

ment and infiltration of these cells into theCNS.3,17 More-

over, deregulation of the different populations of

peripheral blood monocytes and their subsequent entry

into the CNS may contribute to the neurodegenerative pro-

cess or have a modifying role in the context of ALS.18

In this context, it is worth noting that monocytes mani-

fested an opposite trend regarding motor progression (the

faster the functional decline, the higher the level of circulat-

ing monocytes): This result questions whether we are

observing two distinct phases of a single inflammatory

response or rather the activation of different pathways.

Although it remains unclear whether monocytes play a pri-

mary or secondary role in neurodegeneration, our findings

point to a specific immune response in the subset of ALS

patients with overlapping cognitive impairment or FTD.

While further evidence is necessary, our data confirm that

monocytes may represent an attractive target to study

disease-associated neuroinflammatory processes.

An effect on the risk of cognitive impairment was

detected for adapted immunity: among older ALS patients

(>75 years at diagnosis), lymphocyte count was decreased;

younger ALS cases (<65 years at diagnosis) exhibited

instead lower LMR levels, although this effect might be

driven by the reduction in peripheral monocytes. Con-

versely, despite their correlation with motor progression

in the entire cohort, innate immunity markers were asso-

ciated with FTD-like features only in late-onset ALS

Figure 4. Graphical summary of study results. Baseline neutrophil count and increased markers of innate immune response in the peripheral

blood are associated with a shorter survival time via multiple potential mechanisms, such as a more rapid motor disease progression and a lower

respiratory function. In addition, a reduced monocyte count was observed in patients with more severe cognitive impairment. Lower lymphocyte

levels and markers of adaptive immune response correlated with shorter survival, with lower lymphocytes also linked to cognitive decline.

However, these effects of lymphocytes and adaptive immunity were only observed in female patients.
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patients. However, this correlation might reflect the

changes in the lymphocyte populations.

Our data also clearly demonstrated that the immune

response changes with patients’ age: While we could not

determine whether immune mechanisms contribute to

the age-related differences of ALS phenotypes, immunose-

nescence should carefully be considered when analyzing

the role of immunity in the disease.

Finally, our findings suggest that the mechanism of

immune response in ALS varies according to sex. When

the analysis was stratified by sex, we found that while the

effect of neutrophil levels remained consistent, low

peripheral lymphocytes were associated with respiratory

dysfunction and shorter survival only in females. Con-

versely, we observed a higher innate immune response in

the more advanced disease stages exclusively in the male

ALS population. The cause for this discrepancy is cur-

rently not clear, although sex-based differences in periph-

eral immunity in ALS have been reported before.19 While

further evidence is required to ponder whether sex-based

immunological differences contribute to the variation in

the clinical manifestation that characterizes female and

male ALS subjects,20 our results emphasized that sex is a

variable that should be considered when studying pheno-

types and biomarkers in motor neuron disorders.

Taken together, the results of this study described the age-

and sex-based effect of a multifaceted immune response on

motor, cognitive, and respiratory symptoms of ALS patients.

Our study has some limitations. First, as already men-

tioned, we are unable to capture the effect of lymphocytes

subpopulations. Notably, the compositional and functional

status of T cells in blood and cerebrospinal fluid (CSF) in

ALS patients was recently associated with both disease pro-

gression rates and survival21: Increased CD8+ T-cell counts

in the peripheral blood have already been linked to rapid

disease progression,5,22 while neuroprotective effects have

been postulated for regulatory T cells and natural killer

(NK) cells.22–24 Similarly, monocyte subpopulations variably

contributed to the disease: While CD16+ monocytes have a

potential protective role,18 CD16� monocytes could actively

participate to neurodegeneration and disease progression.25

However, considering the promising findings that have

emerged from our analysis, there is reason to anticipate that

the assessment of lymphocyte subpopulations could be

incorporated into the evaluation of ALS patients.

Since we converted values from cell counts and ratio to

z-score, other efforts will be required to find clinically rel-

evant and consistent cutoffs that could establish those

indexes as reliable biomarkers in clinical practice. Further-

more, because of the retrospective nature of our cohort,

the present study is not designed to answer whether tar-

geting the peripheral immune system with therapeutic

interventions could be beneficial for ALS patients.

Indeed, whether the observed alteration in systemic

immunity is a cause or a consequence of disease progres-

sion and phenotypic variability in ALS is still unclear. For

instance, neutrophils have several putative roles in ALS

which could also differ according to the disease stage: Most

prominently, neutrophils may either have a pro-

inflammatory role in driving neurodegeneration and pro-

moting the breakdown of the brain–spinal cord barrier,26

or they could be involved in neuronal repair and increment

in response to CNS damage. In this regard, it is noteworthy

that the time from disease onset to diagnosis and blood

collection did not influence leucocyte counts or inflamma-

tory parameters in our cohort (Table S8): This should

prompt questions about the dynamic of the inflammatory

response during ALS course and whether repeated assess-

ment could be necessary over time to identify to fully cap-

ture the complexity of immune response in ALS and its

relationship with disease progression. Similarly, our data

may reflect the dynamic alteration of peripheral immunity

during the disease course, with mechanisms of innate

immunity activation prevailing in later disease stages.

Additionally, a dysregulated immune response may also

indirectly contribute to increased mortality in ALS

through its correlation with respiratory function: Chronic

inflammation is known to promote a decline in lung

function, including forced vital capacity (FVC).27 In this

regard, markers of inflammatory status like the

neutrophil-to-lymphocyte ratio may reflect the adverse

respiratory associations of exogenous exposures with lung

function, like smoking and other nonsmoking exposures

with respiratory outcomes (e.g., air pollution).28

While smoking habits did not significantly influence

the inflammatory status in our cohort, it cannot be

excluded that immune system functioning acts as a medi-

ator of one of the several other environmental factors

(nutrition status, pollutant exposures, physical activity,

and the composition of microbiome among others) that

are supposed to contribute to ALS.

This study validated the existence of peripheral

immune abnormalities in ALS patients and explored the

association between peripheral immunity and the clinical

characteristics of ALS. We demonstrated that at diagnosis

ALS patients with an increased innate immune activity

had a faster progression of motor symptoms, a more

advanced disease stage, a higher burden of cognitive

impairment and reduced survival times. Different periph-

eral immune cells may specifically contribute to the mul-

tifaceted mechanisms and clinical features in ALS, as

observed with monocytes and cognitive deficits. Finally,

immune response in ALS may be sex-specific, as adaptive

immune response seems to play a more prominent role

in females rather than in male ALS subjects. In conclu-

sion, ALS is a disorder with extensive systemic pro-
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inflammatory responses: Further studies are required to

translate our findings into novel clinical markers and

potential therapeutic targets.
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