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Abstract

Background: Microglial activation is considered to assume a role in the pathogenesis of Amyotrophic Lateral Sclerosis (ALS). To date,
the relationship between ALS and the rs3865444 polymorphism of the cluster of differentiation 33 (CD33) has not been explored. The
current report aimed to investigate the potential connection between CD33 rs3865444 and ALS. Methods: Patients diagnosed with
sporadic ALS according to the revised El Escorial criteria, as well as age and sex matched community controls, were enrolled. Two
evenly numbered, age and sex matched groups of 155 participants each were genotyped. Results: No association was found between
rs3865444 and ALS [log-additive odds ratio (OR) = 0.83 (0.57, 1.22), over-dominant OR = 0.86 (0.55, 1.36), recessive OR = 0.73 (0.25,
2.17), dominant OR = 0.82 (0.52, 1.29), co-dominant OR1 = 0.68 (0.23, 2.05) and co-dominant OR2 = 0.84 (0.53, 1.33)]. Moreover, no
relationship was established between rs3865444 and the age of ALS onset based on both unadjusted and sex adjusted Cox-proportional
hazards models. Finally, no association between rs3865444 and ALS was found in subgroup analyses based on the site of ALS onset
(bulbar or spinal) and sex. Conclusions: The current analysis is the first to report that rs3865444 is not linked to ALS. Larger multi-racial
studies are required to confirm these findings.

Keywords: motor neuron disease; amyotrophic lateral sclerosis; CD33; cluster of differentiation 33; rs3865444

1. Introduction

Amyotrophic lateral sclerosis (ALS) is an inexorable
neurodegenerative disorder characterized by concomitant
degeneration of upper and lower motor neurons [1]. Typ-
ically, ALS initially manifests with focal signs and symp-
toms that progressively deteriorate and expand to involve
additional body regions, but generalized weakness and
muscle wasting may be evident from its onset [2]. Cog-
nitive and behavioral disorders may coexist; however, they
are not uniformly present [3]. Despite its low worldwide
prevalence (about 4–5 cases per 100,000 people) conserva-
tive projections predict a forthcoming “growth spurt” that
will accompany the constant ageing of the world population
[4,5]. Therefore, ALS devastating nature, along with its

ominous epidemiological trajectory increases the urgency
for a better understanding of its pathogenesis that will pave
the way for advances in its management.

To date, the primary event that instigates the patho-
physiological cascade leading to progressive and incessant
degeneration ofmotor neurons remains elusive [6]. Regard-
less, multiple pathophysiological mechanisms have been
implicated in the neurodegenerative processes and are con-
sidered to be set in motion by complex interactions among
numerous important genetic and environmental factors [7].
In brief, glutamate-mediated excitotoxicity, oxidative (re-
active oxygen species) and metabolic (mitochondrial dys-
function) stress, protein misfolding, neurofilament accu-
mulation, formation of intracellular aggregates, disruption
of axonal transport and activation of microglia are consid-
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ered to underlie neurodegenerative processes in ALS [8].
Whether these mechanisms are uniformly implicated in all
patients or specific mechanisms, tend to assume predomi-
nant roles in distinct subgroups of ALS cases remains to be
determined [6,7].

The cluster of differentiation 33 (CD33) is a trans-
membrane sialic-acid-binding immunoglobulin-like lectin
(siglec) which is principally found on leucocyte subsets
and is suspected to regulate immune and inflammatory re-
sponses [9,10]. The CD33 gene is located in chromosome
19p13.33 [11]. CD33 rs3865444 polymorphism constitutes
a sequence variant situated within a regulatory region of
the CD33 gene that is considered to alternate the expres-
sion of CD33, ultimately controlling microglial activation
[12]. Its pivotal role in neurodegeneration has been primar-
ily demonstrated by previous studies suggesting a protec-
tive effect of the minor allele against the development of
Alzheimer’s disease (AD) [13,14]. Lately, limited research
has provided evidence on the protective role of rs3865444
against Parkinson’s disease (PD), as well as its implica-
tion in the pathogenesis of multiple sclerosis (MS) [15–
17]. Considering the extensive pathophysiologic and ge-
netic overlap across the spectrum of neurodegeneration,
rs3865444 could assume a role in ALS related neurodegen-
eration, as well [18].

To date, no published article has focused on the re-
lationship between CD33 rs3865444 and ALS. Therefore,
the current analysis was undertaken to look into this associ-
ation. For this purpose, a genetic association study involv-
ing individuals diagnosed with ALS and healthy controls of
Greek ancestry was performed. The associations between
(1) rs3865444 and ALS and (2) rs3865444 and age of dis-
ease onset were separately investigated.

2. Materials and Methods
2.1 Participants and Settings

The relationship between CD33 rs3865444 and ALS
was explored using a case control design. All procedures
were approved by the Institutional Ethics Review Board of
the University of Thessaly (59295/23-01-2017) approved
the study protocol before its initiation. All participants pro-
vided written informed consent prior to participation.

The participant sets of the present study have been pre-
viously described [8,19–21]. Individuals with ALS were
prospectively and consecutively enrolled from the Univer-
sity Neurology Department of the General University Hos-
pital of Larissa. ALS was diagnosed by senior neurologists
using the El Escorial diagnostic criteria [22]. Healthy con-
trols were derived from the same community using individ-
ual matching (1:1) based on sex and age (± 2 years).

The following prerequisites were considered for the
inclusion of patients with ALS: they were above 18 years
of age, of Greek ancestry, and diagnosed with sporadic ALS
using the revised El Escorial criteria. Candidates with ALS
were excluded based on the following: they were diagnosed

Table 1. Patient characteristics.
Demographics n = 155

Age (mean years ± SD) 63.74 ± 11.30
median (IQR) 65 (57, 72)

Sex (Female/Male) 77/78
Handedness (Right/Left) 136/19
Years of education (≤6, >6 years) 114/41
Alcohol consumption (Yes/No) 104/51
Smoking (Yes/No) 106/49
Site of disease onset (Spinal/Bulbar/Mixed) 97/50/8
Age is presented in mean ± SD, median (IQR); SD, standard
deviation; IQR, interquartile range.

with any neurodegenerative entity or had a first-degree rela-
tive with Motor Neuron Disease (MND) and/or Frontotem-
poral Dementia (FTD).

The following prerequisites were considered for the
inclusion of healthy controls: they were above 18 years of
age, of Greek ancestry, and belonged to the same commu-
nity as the ALS cases. Healthy controls were not consid-
ered for enrollment when: they were diagnosed with any
neurodegenerative entity or had a first-degree relative with
MND and/or FTD.

2.2 DNA Isolation and Genotyping

DNA was isolated from peripheral blood leucocytes
via the method of salting out [23,24]. Primers and probes
for the genotyping of CD33 rs3865444, as well as am-
plification conditions, have been previously described in
great detail [17]. Genotyping was performed by applying
TaqMan allele-specific discrimination assays using an ABI
PRISM 7900 Sequence Detection System (SDS), and anal-
ysis of the results was conducted with the SDS software
(SDS 2.4, Applied Biosystems, Foster City, CA, USA).

2.3 Statistical Analysis and Outcome Measures

The main focus of the present article was the po-
tential association between CD33 rs3865444 and ALS. A
secondary outcome was the investigation of the relation-
ship between the aforementioned single nucleotide poly-
morphism (SNP) and the age of ALS onset.

Quality assessment was performed by establishing
that the group of healthy controls was in Hardy-Weinberg
equilibrium (HWE). The power of our sample was deter-
mined based on a minor allele frequency (MAF) of 24%,
an estimated prevalence of about 5 ALS cases in a 100,000
population, and a relative risk increase of approximately
40% [25]. SNPStats software (https://www.snpstats.net/)
was used for the investigation of the association between
rs3865444 and ALS [26]. The dominant, recessive, over-
dominant, log-additive and co-dominant models of inheri-
tance were assessed. Both unadjusted and age-sex adjusted
models were analyzed. Cox proportional hazards mod-
els were performed to explore the potential association be-
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Table 2. Allelic and genotypic frequencies for CD33 rs3865444.
SNP Genotypes/alleles Healthy controls (n = 155) ALS (n = 155) Whole sample (n = 310)

rs3865444 n (%) n (%) n (%)

Genotype C/C 82 (53) 90 (58) 172 (56)
C/A 64 (42) 59 (38) 123 (40)
A/A 8 (5) 6 (4) 14 (5)

Missing data 1 0 1
Allele C 228 (74) 239 (77) 467 (76)

A 80 (26) 71 (23) 151 (24)
SNP, single nucleotide polymorphism; ALS, amyotrophic lateral sclerosis.

Table 3. Single locus unadjusted and age-sex adjusted analysis of the association between CD33 rs3865444 and ALS.
Unadjusted analysis Adjusted analysis

Mode Genotype OR (95% CI) p-value OR (95% CI) p-value

Co-dominant C/C 1.00 0.65 1.00 0.5
C/A 0.84 (0.53–1.33) 0.79 (0.41–1.51)
A/A 0.68 (0.23–2.05) 0.44 (0.09–2.05)

Dominant C/C 1.00 0.39 1.00 0.35
C/A-A/A 0.82 (0.52–1.29) 0.74 (0.40–1.39)

Recessive C/C-C/A 1.00 0.58 1.00 0.35
A/A 0.73 (0.25–2.17) 0.49 (0.11–2.20)

Over-dominant C/C-A/A 1.00 0.53 1.00 0.59
A/C 0.86 (0.55–1.36) 0.84 (0.44–1.58)

Log-additive — 0.83 (0.57–1.22) 0.35 0.74 (0.43–1.26) 0.26
ALS, amyotrophic lateral sclerosis; CI, confidence interval; OR, odds ratio.

tween rs3865444 and the age of ALS onset, using the SPSS
statistical package (version 26.0, IBM Corp., Chicago, IL,
USA)Both unadjusted and sex adjustedmodels were tested.

Moreover, we performed subgroup analyses based on
the site of ALS onset by comparing: (1) bulbar onset ALS
patients with healthy controls, (2) spinal onset ALS patients
with healthy controls and (3) bulbar vs. spinal onset ALS
patients. A second subgroup analysis was performed af-
ter stratification for sex. For both subgroups analyses, sin-
gle locus association analyses and cox proportional haz-
ards models were performed as previously described. Both
crude and age-sex adjusted analyses were performed (Cox
models featured age as the time-to-event variable and were
only adjusted for sex, models stratified for sex did not re-
quire adjustment for sex).

All analyses were evaluated according to the α = 0.05
threshold of statistical significance.

3. Results
3.1 Sample Characteristics

A group of 155 participants diagnosed with definite
sporadic ALS and an evenly numbered group of age-sex
matched community controls were formed. The genotype
call rate was 99.68%, with genetic data available from 155
patients with ALS and 154 healthy controls. Our sample
size possessed a power above 80% to detect a valid associa-
tion between CD33 rs3865444 and ALS. CD33 rs3865444

followed the HWE principle in the group of healthy par-
ticipants (p = 0.4). Patient characteristics are displayed in
Table 1.

3.2 Genotyping Results
Genotypic and allelic frequencies are illustrated in Ta-

ble 2. The MAFs were 26% and 23% for the healthy sub-
jects and ALS cases, respectively.

The unadjusted analysis did not reveal any relation-
ship between CD33 rs3865444 and ALS (primary outcome
measure) regarding any inheritance pattern; log-additive
odds ratio (OR) = 0.83 (0.57, 1.22), over-dominant OR =
0.86 (0.55, 1.36), recessive OR = 0.73 (0.25, 2.17), domi-
nant OR = 0.82 (0.52, 1.29), co-dominant OR1 = 0.84 (0.53,
1.33) and co-dominant OR2 = 0.68 (0.23, 2.05) (Table 3).
Similarly, age and sex adjusted analyses failed to demon-
strate any significant association (Table 3).

The association between rs3865444 and the age of
ALS onset was additionally explored (Table 4). Neither
unadjusted (C/C vs. C/A; hazard ratio (HR) = 0.88 (0.64,
1.23), C/C vs. A/A; HR = 0.72 (0.31, 1.64)) nor sex-
adjusted (C/C vs. C/A; HR = 0.84 (0.60, 1.17), C/C vs.
A/A; HR = 0.73 (0.32, 1.67)) Cox-proportional hazards
models were consistent with no association between the
two.
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Table 4. Cox regression for the association between CD33 rs3865444 and age of disease onset.
Crude Model Sex-Adjusted Model

Genotype HR (95% CI) p-value HR (95% CI) p-value

C/C Ref NA Ref NA
C/A 0.88 (0.64, 1.23) 0.46 0.84 (0.60, 1.17) 0.30
A/A 0.72 (0.31, 1.64) 0.43 0.73 (0.32, 1.67) 0.46
Ref, reference group; HR, hazard ratio; CI, confidence interval; NA, not applicable.

Table 5. Single locus unadjusted and age-sex adjusted analysis of the association between CD33 rs3865444 and bulbar onset
ALS.

Bulbar ALS onset vs. healthy controls

Unadjusted analysis Adjusted analysis

Mode Genotype OR (95% CI) p-value OR (95% CI) p-value

Co-dominant C/C 1.00 0.55 1.00 0.11
C/A 0.88 (0.46–1.70) 0.67 (0.25–1.80)
A/A 0.35 (0.04–2.95) 0.09 (0.01–1.08)

Dominant C/C 1.00 0.56 1.00 0.21
C/A-A/A 0.82 (0.43–1.57) 0.55 (0.21–1.43)

Recessive C/C-C/A 1.00 0.3 1.00 0.053
A/A 0.37 (0.05–3.05) 0.10 (0.01–1.22)

Over-dominant C/C-A/A 1.00 0.85 1.00 0.65
A/C 0.94 (0.49–1.80) 0.80 (0.31–2.07)

Log-additive — 0.79 (0.45–1.38) 0.4 0.49 (0.21–1.11) 0.082

Spinal ALS onset vs. healthy controls

Unadjusted analysis Adjusted analysis

Mode Genotype OR (95% CI) p-value OR (95% CI) p-value

Co-dominant C/C 1.00 0.77 1.00 0.76
C/A 0.82 (0.48–1.40) 0.82 (0.40–1.68)
A/A 0.92 (0.28–2.94) 0.61 (0.12–3.03)

Dominant C/C 1.00 0.49 1.00 0.52
C/A-A/A 0.83 (0.50–1.39) 0.80 (0.40–1.58)

Recessive C/C-C/A 1.00 0.99 1.00 0.61
A/A 0.99 (0.31–3.12) 0.66 (0.14–3.19)

Over-dominant C/C-A/A 1.00 0.48 1.00 0.67
A/C 0.83 (0.49–1.40) 0.86 (0.43–1.72)

Log-additive — 0.88 (0.57–1.35) 0.56 0.81 (0.45–1.44) 0.46

Bulbar ALS onset vs. spinal ALS onset

Unadjusted analysis Adjusted analysis

Mode Genotype OR (95% CI) p-value OR (95% CI) p-value

Co-dominant C/C 1.00 0.61 1.00 0.61
C/A 0.93 (0.46–1.89) 0.99 (0.46–2.13)
A/A 2.59 (0.29–23.21) 2.83

(0.29–27.33)
Dominant C/C 1.00 0.98 1.00 0.84

C/A-A/A 1.01 (0.51–2.02) 1.08 (0.51–2.28)
Recessive C/C-C/A 1.00 0.33 1.00 0.32

A/A 2.66 (0.30–23.44) 2.84
(0.30–26.92)

Over-dominant C/C-A/A 1.00 0.73 1.00 0.85
A/C 0.89 (0.44–1.78) 0.93 (0.44–1.99)

Log-additive — 1.11 (0.61–2.02) 0.73 1.18 (0.62–2.25) 0.61
ALS, amyotrophic lateral sclerosis; CI, confidence interval; OR, odds ratio.
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Table 6. Subgroup crude cox analysis for the association between CD33 rs3865444 and age of disease onset, based on site of ALS
onset.

Bulbar ALS onset

Crude Model Sex-Adjusted Model

Genotype HR (95% CI) p-value HR (95% CI) p-value

C/C Ref NA Ref NA
C/A 0.70 (0.39, 1.27) 0.24 0.59 (0.32, 1.08) 0.09
A/A 0.34 (0.04, 2.52) 0.29 0.34 (0.05, 2.56) 0.29

Spinal ALS onset

Crude Model Sex-Adjusted Model

Genotype HR (95% CI) p-value HR (95% CI) p-value

C/C Ref NA Ref NA
C/A 1.07 (0.70, 1.64) 0.74 1.07 (0.70, 1.64) 0.75
A/A 0.70 (0.28, 1.76) 0.45 0.71 (0.28, 1.79) 0.47
Ref, reference group; HR, hazard ratio; CI, confidence interval; NA, not applicable.

Table 7. Single locus unadjusted and age adjusted analysis of the association between CD33 rs3865444 and ALS stratified by sex.
Subgroup of male participants

Unadjusted analysis Adjusted analysis

Mode Genotype OR (95% CI) p-value OR (95% CI) p-value

Co-dominant C/C 1.00 0.88 1.00 0.71
C/A 0.89 (0.47–1.72) 1.14 (0.47–2.73)
A/A 0.72 (0.15–3.39) 0.45 (0.05–3.94)

Dominant C/C 1.00 0.68 1.00 0.92
C/A-A/A 0.87 (0.46–1.65) 1.04 (0.45–2.43)

Recessive C/C-C/A 1.00 0.71 1.00 0.44
A/A 0.75 (0.16–3.47) 0.43 (0.05–3.64)

Over-dominant C/C-A/A 1.00 0.79 1.00 0.68
A/C 0.92 (0.48–1.75) 1.20 (0.51–2.85)

Log-additive — 0.88 (0.51–1.50) 0.63 0.93 (0.45–1.93) 0.85

Subgroup of female participants

Unadjusted analysis Adjusted analysis

Mode Genotype OR (95% CI) p-value OR (95% CI) p-value

Co-dominant C/C 1.00 0.7 1.00 0.32
C/A 0.79 (0.41–1.52) 0.50 (0.19–1.33)
A/A 0.65 (0.14–3.08) 0.41 (0.04–3.84)

Dominant C/C 1.00 0.42 1.00 0.13
C/A-A/A 0.77 (0.41–1.46) 0.49 (0.19–1.27)

Recessive C/C-C/A 1.00 0.67 1.00 0.58
A/A 0.72 (0.16–3.33) 0.54 (0.06–4.82)

Over-dominant C/C-A/A 1.00 0.53 1.00 0.2
A/C 0.81 (0.43–1.55) 0.54 (0.20–1.40)

Log-additive — 0.79 (0.46–1.37) 0.4 0.55 (0.25–1.24) 0.14
ALS, amyotrophic lateral sclerosis; CI, confidence interval; OR, odds ratio.

3.3 Subgroup Analyses

3.3.1 Site of ALS Onset

The unadjusted analysis did not reveal any relation-
ship between CD33 rs3865444 and bulbar onset ALS re-
garding any inheritance pattern; log-additive OR = 0.79
(0.45, 1.38), over-dominant OR = 0.94 (0.49, 1.80), re-
cessive OR = 0.37 (0.05, 3.05), dominant OR = 0.82

(0.43, 1.57), co-dominant OR1 = 0.88 (0.46, 1.70) and co-
dominant OR2 = 0.35 (0.04–2.95) (Table 5). Similarly,
the unadjusted analysis did not reveal any relationship be-
tweenCD33 rs3865444 and spinal onset ALS regarding any
inheritance pattern; log-additive OR = 0.88 (0.57, 1.35),
over-dominant OR = 0.83 (0.49, 1.40), recessive OR =
0.99 (0.31, 3.12), dominant OR = 0.83 (0.50, 1.39), co-
dominant OR1 = 0.82 (0.48–1.40) and co-dominant OR2 =
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Table 8. Subgroup crude cox analysis for the association between CD33 rs3865444 and age of ALS onset, based on sex.
The subgroup of male participants

Male participants Female participants
Genotype HR (95% CI) p-value HR (95% CI) p-value

C/C Ref NA Ref NA
C/A 1.14 (0.72, 1.82) 0.57 0.64 (0.39, 1.02) 0.06
A/A 0.64 (0.19, 2.06) 0.44 0.93 (0.29, 3.04) 0.91
Ref, reference group; HR, hazard ratio; CI, confidence interval; NA, not applicable.

0.92 (0.28–2.94) (Table 5). Finally, no association was es-
timated in the comparison between bulbar vs. spinal ALS
onset. Similarly, age and sex adjusted analyses failed to
demonstrate any significant association (Table 5).

In the cox models, no association was found between
the rs3865444 and age of ALS onset neither in cases with
bulbar (C/C vs. C/A; HR = 0.70 (0.39, 1.27), C/C vs. A/A;
HR = 0.34 (0.04, 2.52)) nor in those with spinal onset (C/C
vs. C/A; HR = 1.07 (0.70, 1.64), C/C vs. A/A; HR =
0.70 (0.28, 1.76)). Similarly, sex adjusted analyses failed
to demonstrate any significant association (Table 6).

3.3.2 Subgroup Analyses Based on Sex
The unadjusted analysis did not reveal any relation-

ship between CD33 rs3865444 and ALS in male partici-
pants regarding any inheritance pattern; log-additive OR =
0.88 (0.51, 1.50), over-dominant OR = 0.92 (0.48, 1.75),
recessive OR = 0.75 (0.16, 3.47), dominant OR = 0.87
(0.46, 1.65), co-dominant OR1 = 0.89 (0.47, 1.72) and co-
dominant OR2 = 0.72 (0.15, 3.39) (Table 7). Similarly, the
unadjusted analysis did not reveal any relationship between
CD33 rs3865444 and ALS in female participants regard-
ing any inheritance pattern; log-additive OR = 0.79 (0.46,
1.37), over-dominant OR = 0.81 (0.43, 1.55), recessive OR
= 0.72 (0.16, 3.33), dominant OR = 0.77 (0.41, 1.46), co-
dominant OR1 = 0.79 (0.41, 1.52) and co-dominant OR2 =
0.65 (0.14–3.08) (Table 7). Similarly, age adjusted analyses
failed to demonstrate any significant association (Table 7).

In the cox models, no association was estimated be-
tween the rs3865444 and the age of ALS onset neither in
the male (C/C vs. C/A; HR = 1.14 (0.72, 1.82), C/C vs.
A/A; HR = 0.64 (0.19, 2.06)) nor in the female subgroup
(C/C vs. C/A; HR = 0.64 (0.39, 1.02), C/C vs. A/A; HR =
0.93 (0.29, 3.04)). Results can be found in Table 8.

4. Discussion
The current report was the first to focus on CD33

rs3865444 in patients with ALS and did not establish any
associations between the two. Although there is no direct
evidence to assess the reproducibility of our results, there
is indirect congruent evidence originating from genome-
wide association studies (GWASs), which have not revealed
a link between rs3865444 and ALS [27,28]. In rare en-
tities such as ALS, however, the sample size which is re-
quired by GWASs to identify SNPs conferring small-sized

risks and low-frequency risk-variants may not be feasible
to achieve [29]. Of note, although heritability is estimated
to explain as much as 50% of the variability of sporadic
ALS, the ensemble of risk-loci identified by GWASs oc-
curs in ≤10% of patients with sporadic ALS [28]. There-
fore, the absence of GWAS-based evidence on an associa-
tion between rs3865444 and ALS is not definitive. In any
case, despite the negative results of the present article (and
the indirect concurring findings of previous GWASs), ad-
ditional research is warranted since linkage disequilibrium
may vary among ethnic groups, and our findings may not
be applicable across individuals with different racial back-
grounds.

CD33 rs3865444 polymorphism is considered to al-
ternate the expression of CD33, ultimately controlling mi-
croglial activation [12]. To date, most evidence of its im-
plication in neurodegeneration stems from AD research
[13,14]. Relevant studies have shown that individuals
with rs3865444A/A alleles exhibit decreased expression of
CD33 in peripheral monocytes and brain tissue compared
to those with wild type alleles [30]. Reduced micro-glia
expression of CD33 appears to lead to increased phagocy-
tosis of amyloid beta (Aβ) peptide since CD33-lacking mi-
croglia phagocytize considerably greater quantities of Aβ
peptide [31]. Thus, individuals with minor alleles proba-
bly carry a protective effect against the accumulation of Aβ
peptide. Although the pathophysiological underpinnings of
ALS are heterogeneous from those of AD, microglial ac-
tivation and neuroinflammation, as well as the balance be-
tween homeostatic and deleterious inflammatory processes,
appear to be of pivotal importance in the pathogenesis of
the disease. The presumed mechanism of CD33 rs3865444
action is presented at Fig. 1.

Of note, microglia are speculated to assume a dual role
in the pathophysiology of ALS, exhibiting both neurotoxic
and neuroprotective properties [32]. Several researchers
have even reported the co-existence of detrimental and pro-
tective roles in the same disease models [33,34]. It has
been argued that neuroinflammation and microglia activa-
tion may assume different roles in the temporal course of
ALS or, more intriguingly, that different subsets of ALS
cases could demonstrate heterogeneous underlying patho-
physiologic mechanisms leading to the common “net out-
come” (degeneration of the upper and lower motor neu-
rons) [35]. Based on the aforementioned considerations, it
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Fig. 1. Microglia, the immune cells of the central nervous sys-
tem, assume a pivotal role in the dynamic regulation of inflam-
matory responses. Although microglia-mediated inflammation
aims at the protection of the brain parenchyma from various in-
sults, the inflammatory milieu might have detrimental effects on
the neurons leading to dysfunction and death. Regulatory pro-
cesses are pivotal in maintaining the balance between inflamma-
tory and homeostatic processes, promoting the resolution of cere-
bral inflammation and inducing reparatory processes whenever
appropriate.

is clear that different patient subsets could exhibit different
associations with CD33 rs3865444, as well as other mark-
ers of microglial activation. Therefore, current analytic ap-
proaches assessing cases with ALS as a whole may fail to
detect any association between the two due to systemic bias.

Our study has several limitations. First, despite
achieving a power above 80%, there is an almost 20%
chance that our analyses failed to detect non-trivial asso-
ciations between rs3865444 and ALS. More so, there is an
even greater probability that the size of our sample was in-
sufficient to reveal truly significant, smaller-sized associa-
tions (compared to the relative risk of 1.42 that was used in
our power-estimation statistics). Furthermore, study partic-
ipants originated from a restricted area, geographically lo-
cated in Central Greece. The formation of such a geograph-
ically restricted sample has introduced several advantages
by the formation of two comparable participant groups with
respect to several unmeasured exposures to numerous en-
vironmental factors that may be implicated in ALS (e.g.,
soil and water metal and pesticide concentrations [36]) but
has probably introduced an overmatching bias in genet-
ics. Moreover, our cohort has not been screened for the
main genes that have been linked to ALS, such as superox-
ide dismutase type 1 (SOD1), chromosome 9 open reading
frame 72 (C9orf72), Transactive response DNA-binding
protein 43 (TDP-43) or fused in sarcoma/translocated in
liposarcoma (FUS/TLS) [37,38]. Finally, the con-duction
of larger, cross-ethnic studies is warranted to confirm the
extrapolation of our findings in populations with different
racial backgrounds.

5. Conclusions
Additional research is required to extract defini-

tive conclusions about the connection between CD33
rs3865444 and ALS, while multinational studies are re-
quired to capture differential associations across different
racial groups. The meticulous documentation of additional
data, along with the imperative transparent reporting of fu-
ture articles, will unravel potential associations between
rs3865444 and other important clinical parameters, such as
treatment-response and prognosis.
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