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Monocytes and neutrophils are associated
with clinical features in amyotrophic lateral
sclerosis

Raquel B. McGill,' Frederik J. Steyn,"?** Shyuan T. Ngo,>***¢ Kathryn A. Thorpe,*
Susan Heggie,* Marc ). Ruitenberg,' Robert D. Henderson,** Pamela A. McCombe** and
®Trent M. Woodruff'2

Immunity has emerged as a key player in neurodegenerative diseases such as amyotrophic lateral sclerosis, with recent studies docu-
menting aberrant immune changes in patients and animal models. A challenging aspect of amyotrophic lateral sclerosis research is
the heterogeneous nature of the disease. In this study, we investigate the associations between peripheral blood myeloid cell popula-
tions and clinical features characteristic of amyotrophic lateral sclerosis. Peripheral blood leukocytes from 23 healthy controls and
48 patients with amyotrophic lateral sclerosis were analysed to measure myeloid cell alterations. The proportion of monocytes
(classical, intermediates and non-classical subpopulations) and neutrophils, as well as the expression of select surface markers,
were quantitated using flow cytometry. Given the heterogeneous nature of amyotrophic lateral sclerosis, multivariable linear analy-
ses were performed to investigate associations between patients’ myeloid profile and clinical features, such as the Revised
Amyotrophic Lateral Sclerosis Functional Rating Scale, bulbar subscore of the Revised Amyotrophic Lateral Sclerosis Functional
Rating Scale, change in Revised Amyotrophic Lateral Sclerosis Functional Rating Scale over disease duration and respiratory func-
tion. We demonstrate a shift in monocyte subpopulations in patients with amyotrophic lateral sclerosis, with the ratio of classical
to non-classical monocytes increased compared with healthy controls. In line with this, patients with greater disease severity, as
determined by a lower Revised Amyotrophic Lateral Sclerosis Functional Rating Scale score, had reduced non-classical monocytes.
Interestingly, patients with greater bulbar involvement had a reduction in the proportions of classical, intermediate and non-classic-
al monocyte populations. We also revealed several notable associations between myeloid marker expression and clinical features in
amyotrophic lateral sclerosis. CD16 expression on neutrophils was increased in patients with greater disease severity and a faster
rate of disease progression, whereas HLA-DR expression on all monocyte populations was elevated in patients with greater respira-
tory impairment. This study demonstrates that patients with amyotrophic lateral sclerosis with distinct clinical features have differ-
ential myeloid cell signatures. Identified cell populations and markers may be candidates for targeted mechanistic studies and
immunomodulation therapies in amyotrophic lateral sclerosis.
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Amyotrophic lateral sclerosis (ALS) is a debilitating neu-
rodegenerative disease with documented immune abnor-
malities (Zhang et al., 2005; Babu et al., 2008; Zhao
et al., 2013; Zondler et al., 2017). Several studies have
demonstrated that peripheral myeloid cell populations are
functionally altered in patients with ALS and influence
survival in animal models of ALS (Graves et al., 2004;
Henkel et al., 2004; Butovsky et al., 2012; Zondler
et al., 2016; Zhao et al., 2017; Zondler et al., 2017). A
challenging aspect of research and clinical trials in ALS is
the heterogeneity of clinical features. In any given study
cohort, patients vary in disease severity, rate of progres-
sion, degree of upper and lower motor neuron involve-
ment, site of onset, bulbar involvement and degree of
respiratory impairment (Brown and Al-Chalabi, 2017).
Indeed, some previous studies have included disease se-
verity and rate of progression into data analysis and

populations such as T cells, monocytes and neutrophils
have been associated with disease severity and rate of dis-
ease progression (Zhang et al., 2005; Mantovani et al.,
2009; Murdock et al., 2016; Murdock et al., 2017).
These findings reveal that the immunological changes
observed in ALS are dynamic and associated with clinical
presentation and may have implications in understanding
the disease pathophysiology, therapeutic targets and tim-
ing of immunomodulation treatment. Clinical features
such as the degree of bulbar involvement and respiratory
impairment may also provide additional insight as
patients with greater bulbar involvement or respiratory
impairment have a worse prognosis (Czaplinski et al.,
2006; Brown and Al-Chalabi, 2017). Exploring shared
and distinct phenotypes in ALS relative to well-defined
clinical features may further reveal novel pathological
drivers that might be suitable targets for drug discovery
applications or serve as biomarkers in clinical trials.



Myeloid cells in amyotrophic lateral sclerosis

In the present study, we quantified myeloid cell popula-
tions and the expression of key markers in peripheral
blood samples from patients with ALS and healthy con-
trols. We then assessed whether there were associations be-
tween immune profiles and clinical features of ALS. Our
data demonstrate that the frequencies of myeloid cell pop-
ulations and expression of select surface markers are asso-
ciated with disease severity, rate of disease progression,
bulbar symptoms and degree of respiratory impairment.

Materials and methods

The study cohort included 23 healthy controls and 48
participants with ALS (demographics in Table 1). The
number of participants was chosen based on the study
size of previous literature. Patients who met a diagnosis
for ALS based on the revised El Escorial criteria (Brooks
et al., 2000) and controls were enrolled from the Royal
Brisbane and Women’s Hospital multidisciplinary Motor
Neuron Disease Clinic and The University of Queensland,
between March 2017 and August 2018. Participants who
met the following criteria at the time of enrolment were
excluded: use of gastrostomy tube, forced vital capacity
(FVC) <60%, use of immunotherapy or a history of dia-
betes. Control and patient samples were collected across
The University of Queensland Centre for Clinical
Research and The University of Queensland. This study
was approved by the Royal Brisbane and Women’s
Hospital, The Wesley Hospital and The University of
Queensland Human Research Ethics Committees. All par-
ticipants were informed of the study outline and provided
written consent.
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For participants with ALS, the Revised Amyotrophic
Lateral Sclerosis Functional Rating Scale (ALSFRS-R)
(Cedarbaum et al., 1999) was used to assess functional
impairment. Given that patients with bulbar ALS tend to
have a poor prognosis (Brown and Al-Chalabi, 2017),
the ALSFRS-R bulbar subscore and site of onset were
also recorded. Rate of disease progression was calculated
as the change in ALSFRS-R divided by the duration from
symptom onset to blood collection. Respiratory function
was assessed as part of routine clinical care. We therefore
included FVC (% of predicted) and sniff nasal inspiratory
pressure (% of predicted) as reference measures for lung
function (Pinto and de Carvalho, 2018).

To understand the contribution of peripheral immune
myeloid cells in disease pathology, we utilized multi-par-
ameter flow cytometry to investigate the relative propor-
tions of myeloid cell populations and the expression of
select surface markers, specifically, CD14, CD16 and
HLA-DR surface proteins. Previous studies investigating
frequencies and marker expression have found conflicting
findings; some authors report differences, while others re-
port no significant changes or changes in the opposite
direction (Zhang et al., 2005; Mantovani et al., 2009;
Butovsky et al., 2012; Murdock et al., 2016; Zondler
et al., 2016; Gustafson et al., 2017; Murdock et al.,
2017), which may be due to discrepancies in experimen-
tal study designs. In this study, we therefore followed

Table | Participant demographics and clinical features of patients with ALS

Patients with ALS Controls

Age (years), mean * SD 59 £9.22 56 = 10.29
Sex

Females (%) 16 (33) 11 (48)
Site of onset

Spinal (%) 32 (67)

Bulbar (%) 14 (29)

Respiratory (%) 1(2)

Mixed (%) I (2)

Disease duration (years)®, mean * SD (range)
ALSFRS-R®, mean * SD (range)

ALSFRS-R Bulbar®, mean = SD (range)
AALSFRS-RY, mean + SD (range)

SNIP® (% of predicted), mean * SD (range)
FvCf (% of predicted), mean = SD (range)

2.33 * 1.66 (0.67-8.00)
36.46 = 5.53 (21-46)
9.94 + 1.95 (4-12)
0.59 * 0.44 (0.08-1.99)
60.10 * 19.64 (25-99)
85.12 = 20.15 (341 16)

Duration calculated from the time of symptom onset to the collection of blood sample.
PALSFRS-R scored at the time of blood collection.

“ALSFRS-R bulbar subscore ranges from 0 to 12, with lower scores indicating a greater severity of bulbar symptoms.
9Rate of disease progression was calculated as the change in ALSFRS-R from the date of symptom onset to sample collection.

°SNIP, sniff nasal inspiratory pressure.
FVC, forced vital capacity.
SD, standard deviation.
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recommendations for immunophenotyping blood myeloid
cell populations as per the International Union of
Immunological ~ Societies  Nomenclature =~ Committee
(Lundahl et al., 1995; Ziegler-Heitbrock et al., 2010).
Blood samples from healthy controls and patients with
ALS were collected into K2EDTA tubes to inhibit the ac-
tivation of the complement system (Harboe et al., 2011)
and the subsequent alteration of surface receptors (BD
Vacutainer; BD Biosciences, San Jose, CA, USA).
Unprocessed whole blood was also used in our ex wvivo
analysis to minimize the activation of leukocytes
(Ziegler-Heitbrock et al., 2010). The following panel of
monoclonal fluorophore-conjugated antibodies was used:
CD14-PerCP/CyS5.5, CD16-APC/Cy7 and HLA-DR-
BV785. All reagents were sourced from BioLegend (San
Diego, CA, USA).

Briefly, whole blood was blocked with mouse IgG
(Abacus) and then stained with our panel of antibodies,
as per manufacturer’s guidelines. Erythrocytes were lysed,
and leukocytes were fixed with FACS Lysing Solution
(BD Biosciences). The final leukocyte suspensions were
analysed on a flow cytometer within 2h (BD LSRII; BD
Biosciences). For each sample, a total of 200 000 events
were acquired. Appropriate unstained, fluorescence-
minus-one and single-stain tubes were used for internal
controls, colour compensation and gating guidance. A
novel three-parameter approach was used to determine
the gating strategy for the three main monocyte subpopu-
lations: classical, intermediate and non-classical mono-
cytes (see Supplementary Fig. 1). Incorporating HLA-DR
expression into the typical two-parameter (CD14 versus
CD16) cytometric plot enabled accurate distinction be-
tween the monocyte subpopulations that cannot be vali-
dated with the previous standard method. Neutrophils
were identified as SSC™ and CD16™ (see Supplementary
Fig. 2). Analysis of data was performed using the Flow]o
10.0 software (BD Biosciences, San Jose, CA, USA).
Histograms validating each monoclonal fluorophore-con-
jugated antibody with appropriate isotype controls are
presented in Supplementary Fig. 3. Finally, representative
histograms displaying the relative expression of CD14,
CD16 and HLA-DR on the three monocyte subpopula-
tions are presented in Supplementary Fig. 4.

Demographic factors and clinical features were summar-
ized using the mean, standard deviation and range for
continuous variables or number and proportion for cat-
egorical variables. The analysis was completed after the
acquisition of all the immune and clinical data. Statistical
analyses were conducted using StataSE 15 (StataCorp.
2015. Stata Statistical Software: Release 15; StataCorp
LP, College Station, TX, USA). To allow adjustment for
age and sex, differences between two groups were evaluated
using a multivariable linear regression model with 95%
confidence intervals; all data represented as mean *= SEM.
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Multivariable linear regression models with 95% confi-
dence intervals, and adjustment for age and sex, were
used to assess associations between two continuous varia-
bles. Results were considered statistically significant at P-
value <0.05. A Grubbs’ test for outliers was undertaken
(alpha = 0.05); data points excluded are outlined in
Supplementary Tables 1 and 2. Any clinical information
for patients with ALS that was unavailable is outlined in
Supplementary Table 3. Graphing was performed using
GraphPad Prism 8.0 (GraphPad Software, Inc., La Jolla,
CA, USA).

The data that support the findings of this study are avail-
able from the corresponding author upon reasonable
request.

Results

The study cohort included 23 healthy controls [11
females (48%) and 12 males (52%); S6years = 10.29]
and 48 patients with ALS [16 females (33%) and 32
males (47%); 59years * 9.22]. Participants with ALS
had a mean ALSFRS-R score of 36.46 = 5.53 and the
disease duration of 2.33 = 1.66 years. The demographics
of our participant cohort and the clinical features of
patients are outlined in Table 1.

Peripheral myeloid cell populations were analysed ex vivo
using flow cytometry to measure the frequencies and ex-
pression of select surface markers. Healthy controls and
patients with ALS had comparable frequencies of mono-
cyte subpopulations and neutrophils circulating in periph-
eral blood (Fig. 1A-E). While all analyses adjusted for
sex and age, it should be noted that there was a slight
difference in the sex ratio between healthy controls and
patients with ALS (Table 1). The frequency of classical
monocytes was the only immune metric with an inter-
action with sex (95% CI —1.76 to —0.10; P=0.029);
male participants in both the control and patient group
had higher levels of classical monocytes, which has been
widely reported in previous literature (Bain, 1996;
Bouman et al., 2004). An additional indicator of immune
dysfunction is the ratio of monocyte subpopulations with-
in each participant (Zondler et al., 2016). We found that
patients in our cohort had a greater ratio of classical to
non-classical monocytes compared with healthy controls

(95% CI 0.45-5.39; P=0.021) (Fig. 1D). When we
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Figure | The frequency of monocyte subpopulations shift
in patients with ALS. (A-E) The frequency of myeloid cell
populations in the peripheral blood from healthy controls and ALS

patients. (F-J) The frequency of myeloid cell populations correlated

with patients’ ALSFRS-R score at the time of blood collection.
ALSFRS-R scores are displayed from high to low to illustrate
disease progression. Data are displayed in left plots as mean and
SEM or in right plots with the best-fit line and 95% confidence
intervals. R? value and P-value are also shown. Analysis performed
with multivariable linear regression models controlling for age and

sex, significant at P < 0.05 (*P =0.021). CM/NCM, ratio of classical

to non-classical monocytes.

BRAIN COMMUNICATIONS 2020: Page 50f 1 | 5

investigated the associations between myeloid cell popula-
tion frequencies and clinical features, we found that this
shift in monocyte subpopulations may be driven by a re-
duction in non-classical monocytes with disease progression:
patients with a greater disease severity (lower ALSFRS-R
score) had a reduction in non-classical monocytes (95% CI
0.002-0.03; P=0.024) (Fig. 1H). This association equated
to a 13% reduction in the proportion of non-classical
monocytes for every S-point loss on the ALSFRS-R scale.
There were no statistically significant associations between
other population frequencies and disease severity or rate of
progression (Fig. 1F-]). Collectively, our data report a shift
in the proportion of classical to non-classical monocyte sub-
populations in ALS, which appears to be driven by a re-
duction in non-classical monocytes.

Given the heterogeneous nature of ALS and poor progno-
sis of bulbar onset, we investigated whether patients with
greater bulbar involvement had different frequencies of
monocyte subpopulations and neutrophils. We found that
patients with a greater severity of bulbar symptoms had
a reduction in classical (95% CI 0.06-0.51; P=0.016),
intermediate (95% CI 0.001-0.04; P=0.036) and non-
classical monocytes (95% CI 0.002-0.07; P=0.039) (Figs
2A and 3A-D). For every 2-point loss on the ALSFRS-R
bulbar subscore, there was a 9% reduction in classical,
18% reduction in intermediate and 14% reduction in
non-classical monocytes. Neither ratio of classical to non-
classical monocytes nor neutrophil frequencies were
significantly associated with patients’ degree of bulbar in-
volvement (Fig. 2A). Next, we compared the frequencies
of myeloid cell population and respiratory impairment.
There were no statistically significant associations be-
tween monocyte subpopulations and sniff nasal inspira-
tory pressure (% predicted) or FVC (% predicted)
(Fig. 2). However, a modest positive association between
the frequency of neutrophils and FVC (% predicted) was
observed (95% CI 0.007-0.27; P=0.040). This corre-
sponded to a 2% decrease in neutrophils for every 10%
drop in FVC (% predicted) (Fig. 2A). Collectively, our
findings indicate that a drop in the proportion of periph-
eral blood monocyte subpopulations may vary consider-
ably relative to the progression of bulbar symptoms.

Similar to the myeloid cell population frequencies, we
observed no significant differences in the expression of
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Figure 2 Myeloid cell population frequencies and surface
marker expressions are associated with disease features.
(A) The frequency of myeloid cell populations in the peripheral
blood from patients with ALS, and (B) the expression of select
surface markers correlated with disease severity, degree of bulbar
involvement, rate of disease progression and respiratory function.
R? value and P-value are also shown. Analysis achieved with
multivariable linear regression models controlling for age and sex,
significant at P < 0.05. Colour boxes indicate the following: light
blue = negative association, not significant (P < 0.1 but >0.05);
bright blue = negative association, significant (P < 0.05); bright red
= positive association, significant (P < 0.05). ALSFRS-R bulbar, a
subscore measuring the degree of bulbar involvement; SNIP, sniff
nasal inspiratory pressure.

CD14, CD16 or HLA-DR on myeloid cell populations
between controls and our cohort of patients (see
Supplementary Table 4). To explore disease heterogeneity,
we analysed the expression of CD14, CD16 and HLA-
DR relative to clinical feature presented. This revealed
that neutrophil CD16 expression was positively associ-
ated with both disease severity (95% CI —1164.41 to
—63.56; P=0.030) and rate of progression (95% CI
118.97-15 127.13; P=0.047) (Fig. 4A and B, respective-
ly), indicating that CD16 expression increased as the dis-
ease progressed and in patients with a faster decline in
function. No other significant associations were found be-
tween the expression of markers and ALSFRS-R,
ALSFRS-R Bulbar or AALSFRS-R (Fig. 2B).

R. B. McGill et al.

Finally, we investigated whether there were any changes
in CD14, CD16 or HLA-DR expression relative to re-
spiratory impairment. Strikingly, we observed an associ-
ation between respiratory function as measured by sniff
nasal inspiratory pressure (% predicted) and HLA-DR ex-
pression on classical (95% CI —104.25 to —14.56;
P=0.011), intermediate (95% CI —544.19 to —33.91;
P=0.028) and non-classical monocytes (95% CI
—246.99 to —25.21; P=0.018) (Fig. SA-C), where mark-
er expression increased as patients’ respiratory function
decreased. The same relationship was found between
HLA-DR expression on classical monocytes and FVC (%
predicted) (95% CI —105.79 to —16.27; P=0.009;
Fig. 5D); however, the other monocyte subpopulations
were not significantly associated (Fig. SE and F). We also
found that CD14 expression was reduced on intermediate
monocytes in patients with lower than predicted FVC
(95% CI 1.46-56.15; P=0.040) (Fig. 2B). Overall, these
results suggest that patients with ALS with greater disease
severity, rate of disease progression and lower respiratory
function have increased expression of distinct myeloid cell
surface proteins, in particular, CD16 and HLA-DR.

Discussion

Evidence from human and animal studies has demon-
strated that the peripheral immune system is altered in
ALS and can play a role in disease progression (Zhang
et al., 2005; Babu et al., 2008; Mantovani et al., 2009;
Zhang et al., 2011; Butovsky et al., 2012; Murdock
et al., 2016; Zondler et al., 2016; Murdock et al., 2017,
Zhao et al., 2017; Zondler et al., 2017). However, previ-
ous literature reporting on immune cell frequencies and
marker expression has not revealed consistent findings,
which could be due to the heterogeneity of patients and
methodological variations. This study, therefore, set out
to carefully re-examine myeloid cell populations and to
consider myeloid cell profiles relative to clinical features
of the disease. Our results show that myeloid cell popula-
tion frequencies and their expression markers are associ-
ated with bulbar symptoms, the degree of respiratory
impairment, disease severity and rate of disease progres-
sion. These findings indicate that the immune features of
ALS vary with disease features and highlight the import-
ance of addressing disease heterogeneity in research stud-
ies and clinical trials that focus on immunopathology in
ALS.

Healthy controls and patients with ALS had compar-
able frequencies of circulating monocyte subpopulations
and neutrophils in the blood. These findings are in agree-
ment with previous studies that also found no alterations
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Figure 3 Patients with greater bulbar involvement have a reduction in all monocyte subpopulations. (A—C) Frequency of
monocyte subpopulations correlated with ALSFRS-R bulbar subscore. (D, E) Peripheral blood monocyte subpopulations from patients with ALS
quantitated using flow cytometry. Representative flow cytometric plots demonstrating that patients with ALS with greater bulbar involvement
(D; a lower ALSFRS-R bulbar subscore) have a reduced number of monocyte subpopulations compared with patients with low bulbar
involvement (E). Data are displayed with the best-fit line and 95% confidence intervals. R* value and P-value are also shown. Analysis achieved
with multivariable linear regression models, adjusted for age and sex, significant at P < 0.05.

(Zhang et al., 2005; Mantovani et al., 2009; Murdock
et al., 2016; Gustafson et al., 2017), but at odds with
others who reported significant differences (Zhang et al.,
2005; Mantovani et al., 2009; Butovsky et al., 2012;
Murdock et al., 2017). These conflicts in the literature
may be due to discrepancies in sample processing and
gating strategies for subpopulations. Importantly, our
study adopted methodologies adapted from guidelines on
immunophenotyping in whole blood (Lundahl et al.,
1995; Ziegler-Heitbrock et al., 2010; Harboe et al.,
2011) and employed a novel three-parameter approach to
identify monocyte subpopulations to minimize cell activa-
tion and maximize accuracy (see Supplementary Fig. 1).
An additional indicator of immune dysfunction is the
ratio of classical to non-classical monocytes. Patients
with ALS in our cohort had a greater ratio of classical to

non-classical monocytes compared with healthy controls,
which supports prior literature (Zondler et al., 2016).
This observed shift in monocyte subpopulations may be
driven by a reduction in non-classical monocytes, as we
found that patients with greater disease severity (lower
ALSFRS-R score) had a reduction in non-classical mono-
cytes. This change is of importance because prior experi-
mental studies identified that classical monocytes could
exacerbate disease progression, while non-classical mono-
cytes appear to have a protective role (Butovsky et al.,
2012; Zondler et al., 20165 Zondler et al., 2017). A key
study found that blockade of the murine analogue of
classical monocytes reduced motor neuron loss and
prolonged survival in a mouse model of ALS (Butovsky
et al., 2012). Concurrently, the treatment shifted this high
ratio of classical to non-classical monocytes to wild-type
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Figure 4 CD16 expression on neutrophils is associated with disease severity and rate of progression in ALS. The expression of
CD 6 on neutrophils was correlated with (A) disease severity and (B) rate of progression. ALSFRS-R scores are displayed from high to low to
illustrate disease progression. Data are displayed with the best-fit line and 95% confidence intervals. R? value and P-value are also shown. Analysis
achieved with multivariable linear regression models, adjusted for age and sex, significant at P < 0.05. AALSFRS-R, rate of disease progression as
measured by the change in ALSFRS-R over disease duration; MFI, median fluorescence intensity.

proportions. Therefore, our observed subpopulation shift
in patients supports strategies that therapeutically target
these monocyte populations in ALS (Butovsky et al.,
2012; Miller et al., 2015).

A novel finding from our study was the association be-
tween monocyte frequencies and the degree of functional
impairment of bulbar muscles in patients with ALS.
Patients with greater bulbar involvement had a reduction
in all monocyte subpopulations. Currently, it is not
known whether these changes are contributing to disease
progression or a result of it. Given that patients with bul-
bar ALS have a worse prognosis (Brown and Al-Chalabi,
2017), it does raise questions as to how monocytes may
play a role in this subset of patients. Prior studies have
speculated that a reduction in peripheral blood mono-
cytes could be due to the recruitment and infiltration of
these cells into the CNS (Mantovani et al., 2009;
Butovsky et al., 2012). Indeed, studies investigating differ-
ential CNS pathology in patients with greater bulbar in-
volvement have reported atypical neurofibrillary tangles
and basophilic inclusions, a distinct metabolic state,
greater microstructural damage to cerebral white matter
regions and impaired cognition (Schreiber et al., 2005;
Cistaro et al., 2012; Shellikeri et al., 2017; Trojsi et al.,
2017). While only speculative, our findings in addition to
current literature could indicate that bulbar patients with
ALS with differential CNS pathology have greater mono-
cyte infiltration. It would be of interest for future studies
to assess monocyte infiltration in post-mortem brain and
spinal cord tissue from patients with ALS and correlate
this with bulbar symptoms and associated pathology.

Surface marker expression was investigated to deter-
mine whether myeloid cell populations were differentially
activated. No overall changes in CD14, HLA-DR or
CD16 marker expression on myeloid cell populations
were observed when comparing patients and controls.
Importantly, however, the expression of these markers
did change within the ALS patient cohort relative to key
features of the disease. The relationship between CD14
expression and disease characteristics in ALS is of par-
ticular interest given a monoclonal anti-CD14 antibody is
undergoing a Phase 2 clinical trial in patients with ALS
(identifier: NCT03474263). Our study identified reduced
CD14 expression on intermediate monocytes in patients
with respiratory impairment. In addition, while not statis-
tically significant, patients with a faster rate of disease
progression had reduced CD14 expression on intermedi-
ate monocytes, which could possibly be attributed to
monocyte activation. Specifically, upon activation, mono-
cytes can shed their membrane-bound CD14, resulting in
reduced surface expression and a concomitant increase in
soluble CD14 levels (Shive et al., 2015; Leveque et al.,
2017).

Another measure of monocyte activation is HLA-DR
expression. Patients in our cohort with impaired respira-
tory function also had elevated levels of HLA-DR on all
monocyte subpopulations. The underlying mechanism
driving this association between HLA-DR expression and
respiratory impairment remains unexplored. Given the
observational nature of this study, these findings can only
be interpreted as correlational. The lack of association
between HLA-DR expression and disease progression in
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Figure 5 Patients with ALS with impaired respiratory function have increased HLA-DR expression on monocyte
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inspiratory pressure.

this study suggests that the increased expression is related
to specifically to respiratory impairment. Future studies
could investigate this link between respiratory function
and monocyte activation via HLA-DR cell expression and
soluble CD14 in plasma.

In addition to our observed alterations in monocytes
with ALS disease features, we found that CD16 expres-
sion on neutrophils was associated with both disease se-
verity and rate of disease progression. This strong
association suggests that neutrophils have greater activa-
tion in patients experiencing severe functional impairment
and deterioration. We can only speculate as to whether
increased CD16 expression on neutrophils is directly
exacerbating the disease, or a downstream indirect re-
sponse to the pernicious effects of apoptotic motor neu-
rons and muscle atrophy. What is known, however, is
that CD16 expression on neutrophils is linked to their
oxidative burst and phagocytic activity (Chinda et al.,
2003), It is therefore possible that chronic neutrophil ac-
tivation leads to reactive oxygen species production that

exacerbates motor neuron degeneration. Indeed, neutro-
phils have been implicated in other neurodegenerative dis-
eases such as AD (Zenaro et al., 2015; Dong et al.,
2018) and produce greater levels of reactive oxygen spe-
cies in these patients (Cruz Hernandez et al, 2019).
While it is plausible that the functionally deleterious role
of neutrophils in AD could be mirrored in ALS, future
studies aimed at investigating the oxidative burst and
phagocytic ability in neutrophils from patients with ALS
and animal models of ALS are needed to determine their
contribution to disease pathophysiology.

The observational and explorative nature of this study
served to address disease heterogeneity while opening
avenues to identify future research questions. Further re-
search is needed to validate these findings in separate
cohorts of patients with ALS.
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Conclusions

This study aimed to explore distinct immunological
abnormalities relative to clinical phenotypes and to un-
cover novel pathological drivers that might be suitable
targets for drug discovery applications or biomarker stud-
ies in clinical trials. Monocyte and neutrophil frequencies
and their marker expression were associated with bulbar
symptoms, disease severity, rate of disease progression
and respiratory impairment. Our study thus reveals that
immune dysfunction is related to patient phenotype and
may suggest the need for tailored therapies to modify the
immune profile in patients with ALS.

Supplementary material

Supplementary  material is  available at  Brain

Communications online.
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