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IMPORTANCE Amyotrophic lateral sclerosis (ALS) is a common adult-onset
neurodegenerative disease characterized by selective loss of upper and lower motor
neurons. Patients with ALS have persistent peripheral and central inflammatory responses
including abnormally functioning T cells and activated microglia. However, much less is
known about the inflammatory gene profile of circulating innate immune monocytes in
these patients.

OBJECTIVE To characterize the transcriptomics of peripheral monocytes in patients
with ALS.

DESIGN, SETTING, AND PARTICIPANTS Monocytes were isolated from peripheral blood of
43 patients with ALS and 22 healthy control individuals. Total RNA was extracted from the
monocytes and subjected to deep RNA sequencing, and these results were validated by
quantitative reverse transcription polymerase chain reaction.

MAIN OUTCOMES AND MEASURES The differential expressed gene signatures of these
monocytes were identified using unbiased RNA sequencing strategy for gene expression
profiling.

RESULTS The demographics between the patients with ALS (mean [SD] age, 58.8 [1.57]
years; 55.8% were men and 44.2% were women; 90.7% were white, 4.65% were Hispanic,
2.33% were black, and 2.33% were Asian) and control individuals were similar (mean [SD]
age, 57.6 [2.15] years; 50.0% were men and 50.0% were women; 90.9% were white, none
were Hispanic, none were black, and 9.09% were Asian). RNA sequencing data from negative
selected monocytes revealed 233 differential expressed genes in ALS monocytes compared
with healthy control monocytes. Notably, ALS monocytes demonstrated a unique
inflammation-related gene expression profile, the most prominent of which, including IL1B,
IL8, FOSB, CXCL1, and CXCL2, were confirmed by quantitative reverse transcription
polymerase chain reaction (IL8, mean [SE], 1.00 [0.18]; P = .002; FOSB, 1.00 [0.21]; P = .009;
CXCL1, 1.00 [0.14]; P = .002; and CXCL2, 1.00 [0.11]; P= .01). Amyotrophic lateral sclerosis
monocytes from rapidly progressing patients had more proinflammatory DEGs than
monocytes from slowly progressing patients.

CONCLUSIONS AND RELEVANCE Our data indicate that ALS monocytes are skewed toward a
proinflammatory state in the peripheral circulation and may play a role in ALS disease
progression, especially in rapidly progressing patients. This increased inflammatory response
of peripheral immune cells may provide a potential target for disease-modifying therapy in
patients with ALS.

JAMA Neurol. 2017;74(6):677-685. doi:10.1001/jamaneurol.2017.0357
Published online April 24, 2017.

Supplemental content

Author Affiliations: Author
affiliations are listed at the end of this
article.

Corresponding Author: Stanley H.
Appel, MD, Department of
Neurology, Houston Methodist
Neurological Institute, 6560 Fannin
St, Ste ST-802, Houston, TX 77030
(sappel@houstonmethodist.org).

Research

JAMA Neurology | Original Investigation

(Reprinted) 677

© 2017 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ on 08/25/2022

http://jama.jamanetwork.com/article.aspx?doi=10.1001/jamaneurol.2017.0357&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2017.0357
http://jama.jamanetwork.com/article.aspx?doi=10.1001/jamaneurol.2017.0357&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2017.0357
mailto:sappel@houstonmethodist.org


Amyotrophic lateral sclerosis (ALS) is a devastating neu-
rodegenerative disease. At sites of motor neuron in-
jury in the central nervous system (CNS), neuroinflam-

mation is a prominent pathological finding in autopsy tissues
that is characterized by microglial activation and perivascu-
lar infiltration of monocytes and T cells.1 Positron emission to-
mographic images of brains from living patients with ALS dem-
onstrate widespread microglial activation. Moreover, increased
microglial activation in these patients’ motor cortices corre-
lates with the severity of upper motor neuron clinical signs.2,3

Similar results have been obtained from mutant superoxide dis-
mutase (mSOD1) transgenic animal models of ALS. Activated
microglia were observed before disease onset and increased
as disease progressed.4,5 Furthermore, replacing mSOD1 CNS
microglia with wild-type microglia or removing mSOD1 from
microglia prolonged survival of ALS mice.6-8 These data sug-
gest that microglia play an active role in motor neuron degen-
eration of patients with ALS as well as transgenic mice. Be-
cause monocytes are the peripheral blood homologue of CNS
microglia, these data raise the question as to whether mono-
cytes similarly contribute to ALS pathology.

Because direct sampling of microglia from patients with
ALS is not feasible, peripheral monocyte/macrophages may
provide evidence of systemic innate immune system
activation in patients. In this study, using high-throughput
unbiased deep RNA sequencing (RNA-seq), we sought to
demonstrate that ALS monocytes are skewed toward a pro-
inflammatory state in the peripheral circulation and deter-
mine whether they represent a potential target for disease
modification.

Methods
Participants
This study was approved by the Houston Methodist Hospital
institutional review board. All patients and healthy control in-
dividuals signed informed consent before peripheral blood
samples were drawn. Patients were seen at the Muscular Dys-
trophy Association/ALS Clinic at Houston Methodist Hospital
Neurological Institute (Houston, Texas) and evaluated for func-
tional status using the Appel ALS (AALS) score (range,
30–164)9,10 as well as the revised ALS Functional Rating Scale.
None of the patients and healthy control individuals had evi-
dence of ongoing infectious/inflammatory diseases. Progres-
sion rate was determined as the change of AALS score from the
initial clinical visit to the collection time. Rapidly progressing
patients were defined as those progressing at a rate of greater
than or equal to 1.5 AALS points/month, and slowly progress-
ing patients were defined as those progressing at a rate of less
than 1.5 AALS points/month.11 The demographics between the
patients with ALS (mean [SD] age, 58.8 [1.57] years; 55.8% were
men and 44.2% were women; and 90.7% were white, 4.65%
were Hispanic, 2.33% were black, and 2.33% were Asian) and
control individuals were similar (mean [SD] age, 57.6 [2.15]
years; 50.0% were men and 50.0% were women; and 90.9%
were white, none were Hispanic, none were black, and 9.09%
were Asian).

Monocyte Isolation
Human monocytes were freshly isolated from peripheral blood
of 43 patients with ALS and 22 healthy control individuals. Ac-
cording to the manufacturer’s instructions, human Pan Mono-
cyte Isolation Kit (Miltenyi Biotec) was used to obtain mono-
cytes by negative selection. The purity of pan monocytes was
91% to 96% as determined by flow cytometry.

Quantitative Reverse Transcription Polymerase Chain Reaction
RNA was extracted and purified from ex vivo monocytes using
Direct-zol RNA MiniPrep Kit (Zymo Research) according to
manufacturer’s instructions. Quantitative reverse transcrip-
tion polymerase chain reaction (qRT-PCR) was performed using
a 1-step RT-PCR kit with SYBR Green on an iQ5 Multicolor Real-
time PCR detection System (Bio-Rad Laboratories). Primers and
conditions of PCR were shown in Table 1. Primer efficiency was
assessed by analyzing a serial dilution of RNA. The relative ex-
pression level of each mRNA was calculated using the ΔΔCt
method normalizing to β-actin and relative to the control
samples. The presence of 1 product of the correct size was veri-
fied by both 2% agarose gel electrophoresis and melt curve
analyses containing a single melt curve peak.

RNA Sequencing and Data Analysis
Monocyte-derived RNA was assayed for integrity quality control
using2100Bioanalyzer(AgilentTechnologies).RNAsampleswith
an RNA integrity number of at least 8.0 were subjected to deep
RNA-seq. Sequencing libraries were prepared by the Illumina
TruSeq RNA Library Prep, version 2, Protocol D, using 500-ng
total RNA (Illumina). The qualities of the libraries were assessed
using 2100 Bioanalyzer with a DNA1000 assay. Libraries were
quantified by qPCR using the KAPA Library Quantification kit
for Illumina sequencing platforms (KAPA Biosystems). Quality
control of library pools to establish equimolarity of individual li-
braries was done by Illumina MiSeq (SR 1 × 50 bp). Libraries were
sequenced using an Illumina HiSeq1500 (PE 2 × 100 bp). The
quality control of FASTQ files, alignment with Hg19, and qual-
ity control of BAM files were performed using ArrayStudio, ver-
sion 7.1.1.51 (Omicsoft). Gene transcripts were quantified using
DESeq2, version 3.3 (Bioconductor) analysis with raw RNA-seq
read count data.12 DESeq2 is more accurate for discovery of dif-
ferentiallyexpressedgenes(DEGs)thanmethodsusingfragments

Key Points
Question Do circulating innate immune monocytes in patients
with amyotrophic lateral sclerosis have an inflammatory gene
expression profile?

Findings This study found that amyotrophic lateral sclerosis
monocytes express a proinflammatory gene profile. More
inflammation-related differentially expressed genes are observed
in monocytes of rapidly progressing patients than slowly
progressing patients with amyotrophic lateral sclerosis.

Meaning The gene expression profile of circulating monocytes
would be of significant value in defining the potential role of
monocytes in pathogenesis and pathoprogression of amyotrophic
lateral sclerosis and providing a scientific basis for therapeutic
strategies of immunomodulation.
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per kilobase of transcript per million mapped reads or reads per
kilobase of transcript per million mapped reads; the normaliza-
tion of DESeq2 is more precise than other normalization
methods.13,14 DESeq2 analysis is based on the hypothesis that
most genes are not differentially expressed; the median of this
ratio for each sample provides an estimate of the correction fac-
tor that should be applied to all read counts of this sample to
fulfill the hypothesis.14 The function analysis of DEGs was
performed using Ingenuity Pathway Analysis (Qiagen).

Enzyme-Linked Immunosorbent Assay
Human interleukin (IL) 8 enzyme-linked immunosorbent as-
say Ready-SET-Go kit (eBioscience) and Quantikine enzyme-
linked immunosorbent assay kits for human IL-1β, IL-6, tu-
mor necrosis factor (TNF) α, or interferon (IFN) γ (R&D Systems)
were used to determine cytokine concentrations in serum
samples of patients with ALS and healthy control individuals
according to manufacturer’s instructions.

Statistical Analysis
The DEGs between control individuals and patients with ALS
were analyzed using analysis of variance for more than 2 groups
or t test for 2 groups. Data are expressed as mean (SE), and P less
than .05 was considered significant. The P value was 2-sided.

Results
Gene Expression of Monocytes of Patients With ALS
To determine the gene expression profile of ALS monocytes
in an unbiased manner, we subjected the first set of mono-
cyte RNA samples from 23 patients with ALS and 10 healthy
control individuals to deep RNA-seq. Based on selection cri-
teria of fold change greater than 2, P < .01, and false discovery
rate less than 0.25, RNA-seq results revealed 233 DEGs from
monocytes of patients with ALS compared with the mono-
cytes of healthy control individuals (eTable 1 in the Supple-
ment). Of these DEGs, Figure 1A shows the top 10 upregu-
lated genes that had the largest differences on medium of gene
expression levels between patients with ALS and healthy con-
trol individuals. The heat map of these 10 genes showed a dis-
tinct expression pattern of monocytes of patients with ALS
compared with healthy control individuals’ monocytes
(Figure 1B). Most importantly, except for EIF5 (a GTPase-
activating protein), 9 of these 10 top DEGs, including IL1B, IL8,
NAMPT, SLC2A3, FOSB, and CD83, are involved in proinflam-
matory responses of monocytes.

To validate RNA-seq data, we prepared monocyte RNA
samples from additional patients with ALS and healthy control
individuals and measured the mRNA level of a proinflammatory
cytokine IL-1β by qRT-PCR. As shown in Figure 2A, monocytes
ofpatientswithALS(n = 43;mean[SE],2.3[0.30])expressedmore
IL1B message than monocytes isolated from control individuals
(n = 22; mean [SE], 1.0 [0.11]; P < .001). Expression of NLRP3, the
major component of NLRP3 inflammasome responsible for IL-1β
production, was also upregulated in monocytes of patients with
ALS(n = 43)comparedwithcontrolmonocytes(n = 22;mean[SE],
1.00 [0.07]; P = .007; Figure 2B). Furthermore, we chose IL8,

FOSB, CD83, SOCS3, CXCL1, and CXCL2 from the inflammation-
related DEGs and assessed their mRNA expression levels by qRT-
PCR. Monocytes of patients with ALS (n = 43) had higher IL8,
FOSB, CD83, SOCS3, CXCL1, and CXCL2 expression levels than
monocytesfromhealthycontrol individuals(n = 22,Figure2C-H)
(IL8, mean [SE], 1.00 [0.18]; P = .002; FOSB, 1.00 [0.21]; P = .009;
CD83, 1.00 [0.12]; P = .02; SOCS3, 1.00 [0.16]; P = .01; CXCL1, 1.00
[0.14]; P = .002; and CXCL2, 1.00 [0.11]; P= .01). These data con-
firmed RNA-seq results, indicating that inflammation-associated
genes were upregulated in ALS monocytes.

Both qRT-PCR and deep RNA-seq data were generated from
pan monocytes by negative selection, which allowed us to ob-
tain untouched pan monocytes. We also performed RNA-seq
on monocytes isolated by a positive selection method using
CD14 microbeads (Miltenyi Biotec). Principal component analy-
sis indicated that overall RNA messages of negatively se-
lected pan monocyte from patients with ALS were more dis-
tinguishable from healthy control individuals than CD14+ ALS
monocytes vs CD14+ control monocytes by positive selection
(eFigure 1 in the Supplement). CD14+ ALS monocytes exhib-
ited fewer DEGs when compared with control monocytes iso-
lated by the same positive selection method (data not shown).
The attachment of CD14 antibody on monocytes may acti-
vate them and influence gene expression of these cells, while
pan monocytes by negative selection had no bound antibody.
Therefore, data from negatively selected pan monocytes more
accurately reflect in vivo features of ALS monocytes than posi-
tively selected CD14+ monocytes.

Next, we separated patients with ALS into slowly and rap-
idly progressing groups, using the AALS score of 1.5 points/
month as a cutoff. This cutoff was defined by accessing the pro-
gression rates of more than 4000 patients’ records in our
database and statistically determining the median progres-
sion rate.11 Using this cutoff, we previously separated 54 pa-
tients with ALS surviving less than 2 years after diagnosis from
those that survive up to 6 years or more.11 With our past ex-
perience with increased sensitivity of the AALS in early dis-
ease progression, AALS was used to stratify slow and fast pro-
gression rates. Moreover, using the statistically determined

Table 1. Primer Sets and Temperature for Quantitative Real-Time Reverse
Transcription Polymerase Chain Reaction

Genes Primer Sets
Temperature,
°C

IL1B Forward: 5′-TTC GAC ACA TGG GAT AAC GAG G-3′
Reverse: 5′-TTC GAC ACA TGG GAT AAC GAG G-3′

53.8

NLRP3 Forward: 5′-CGT GAG TCC CAT TAA GAT GGA GT-3′
Reverse: 5′-CCC GAC AGT GGA TAT AGA ACA GA-3′

58

IL8 Forward: 5′-AGC TCT GTG TGA AGG TGC AGT-3′
Reverse: 5′-AAT TTC TGT GTT GGC GCA GTG-3′

55.4

CD83 Forward: 5′-ATG GAG ACA CCC CAG GAA GAC-3′
Reverse: 5′-TCA GGG AAT AGG GCC TTT CA-3′

63.1

FOSB Forward: 5′-AGC AGC AGC TAA ATG CAG GA-3′
Reverse: 5′-TTC GTA GGG GAT CTT GCA GC-3′

65

SOCS3 Forward: 5′-GCT CCA AGA GCG AGT ACC AG-3′
Reverse: 5′-CTG TCG CGG ATC AGA AAG GT-3′

61.3

CXCL1 Forward: 5′-GCA GGG AAT TCA CCC CAA GA-3′
Reverse: 5′-GAT GCA GGA TTG AGG CAA GC-3′

57.6

CXCL2 Forward: 5′-GAT TTC ACA GTG TGT GGT CAA C-3′
Reverse: 5′-TCG AAA CCT CTC TGC TCT AAC A-3′

57.6

β-ACTIN Forward: 5′-GCA TCC ACG AAA CTA CCT TCA-3′
Reverse: 5′-GCA GTG ATC TCC TTC TGC ATC-3′

60

Amyotrophic Lateral Sclerosis Monocytes and Gene Phenotype Original Investigation Research

jamaneurology.com (Reprinted) JAMA Neurology June 2017 Volume 74, Number 6 679

© 2017 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ on 08/25/2022

http://jama.jamanetwork.com/article.aspx?doi=10.1001/jamaneurol.2017.0357&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2017.0357
http://jama.jamanetwork.com/article.aspx?doi=10.1001/jamaneurol.2017.0357&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2017.0357
http://jama.jamanetwork.com/article.aspx?doi=10.1001/jamaneurol.2017.0357&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2017.0357
http://www.jamaneurology.com/?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2017.0357


score of 1.5 points/month for AALS and 1.0 points/month for
the revised ALS functional rating, the revised ALS functional
rating scores gave relatively comparable designations as slow
or fast rates as the AALS scores in 18 of 22 patients (82%, eTable
2 in the Supplement). After comparing RNA-seq data of slow
or fast groups with the control group, more DEGs were iden-
tified than what was observed with the combined ALS group
vs controls. This is because several genes were differentially
expressed in opposite directions in slow and fast ALS groups;
some genes changed in one ALS group but not in another ALS
group when compared with the control group. These analy-
ses demonstrated that 65 DEGs were specifically expressed in
monocytes from patients with slowly progressing ALS and 237
DEGs were solely found in monocytes from patients with rap-
idly progressing ALS; 43 DEGs were expressed in both the slow

and fast groups (eFigure 2 and eTables 3-5 in the Supple-
ment). Functional analysis of these DEGs revealed that mono-
cytes from patients with rapidly progressing ALS contained
more DEGs that are tightly associated with inflammatory dis-
ease or inflammatory functions than monocytes from slowly
progressing patients (Table 2; the P values indicate the possi-
bility that these genes are not involved in the corresponding
disease or function category). Eighty-four DEGs participated
in cell migration and chemotaxis in monocytes of patients with
rapidly progressing ALS, while 30 DEGs were involved in mi-
gration and chemotaxis in monocytes from patients with slowly
progressing ALS. Forty-seven genes encoded molecules act-
ing on the activation of monocytes from rapidly progressing
patients, while 22 DEGs were associated with cell activation
in monocytes of slowly progressing patients. In addition, 44

Figure 1. Comparison of Differentially Expressed Genes (DEGs) in Monocytes of Patients With Amyotrophic Lateral Sclerosis (ALS)
and Healthy Control Participants by Deep RNA Sequencing
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Box and whisker plots (A) and heat map (B) illustrate top 10 upregulated DEGs
that have the largest differences of medium expression between the ALS group
(n = 23) and healthy control group (HC, n = 10). In box and whisker plots, upper
ends of boxes represent the third quartiles of corresponding groups; lower ends

of boxes represent the first quartiles of groups; middle lines indicate mediums;
upper whiskers indicate the maximum; and lower whiskers indicate the
minimum. Outlier data are shown as circles plotted beyond the whiskers.
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monocytic DEGs were closely related with inflammatory re-
sponses in rapidly progressing patients, while 19 genes were
associated with inflammatory responses in monocytes from
slowly progressing patients. These DEGs associated with in-
flammatory responses were also illustrated in a heat map
(Figure 3). These data indicate that ALS monocytes more ac-
tively participate in immune responses during fast progres-
sion than during slow progression and may contribute to the
accelerating progression of ALS.

Peripheral Cytokine Levels
Serum IL-1β, IL-6, TNF-α, and IFN-γ were assayed by enzyme-
linked immunosorbent assays, but all were at background lev-
els in ALS and control serum samples and were neither repro-
ducible nor reliable. Nevertheless, serum IL-8 protein levels were
measurable in patients with ALS and control individuals. Our
data demonstrate that IL-8 protein levels trended higher in se-
rum samples of patients with ALS (n = 66; mean [SD], 35.6 [1.00]
pg/mL) than healthy control individuals (n = 32; mean [SD], 15.7
[3.13] pg/mL), although levels did not reach significance (eFig-
ure 3A in the Supplement; P = .06). However, when patients with
ALS were separated into slowly progressing and rapidly pro-
gressing groups, serum samples from patients with rapidly pro-
gressing ALS (n = 36; mean [SD], 51.3 [17.8] pg/mL) had in-
creased IL-8 protein compared with serum samples from
patients with slowly progressing ALS (n = 30; mean [SD], 16.9
[3.41] pg/mL) or healthy control individuals (mean [SD], 15.7
[3.13]; P = .05; eFigure 3B in the Supplement).

Discussion
Our deep RNA-seq and qRT-PCR data demonstrated that mono-
cytes isolated from patients with ALS expressed a unique gene
profileassociatedwithproinflammatoryimmuneresponses.Nine
of 10 top upregulated DEGs shown in Figure 1A are involved in
inflammation.Sevenofthese9genesaredirectlyinvolvedinpro-
inflammatory pathways, while 2 are involved in the negative
feedback resolution of the proinflammatory response. Interleu-
kin 1β is a major inflammatory cytokine produced by activated
monocytes/macrophages. Blockade of the IL-1β receptor or an
induced IL-1β deficiency resulted in less microglia activation and
less motor neuron loss and prolonged survival in ALS mice, in-
dicatingthatIL-1βparticipatesinALSprogression.15 Nicotinamide
phosphoribosyltransferase (NAMPT), also known as a pre–B-cell
colony-enhancing factor, has multiple functions. In a study,16 si-
lencing NAMPT gene expression in monocytes reduced IL-6 pro-
duction by these cells, leading to fewer Th17 cells and reduced
autoantibodytitersaswellasdecreasedinfiltrationofmonocytes/
macrophages and neutrophils in arthritic joints, suggesting
the role of monocytic NAMPT in inflammation.16 FOSB is a key
subunit of transcription factor AP-1. Stimulation of adenosine
triphosphate receptor P2RX7 led to the induction of FOSB and
activation of AP-1 in monocytes; subsequent upregulation of
COX-2 indicated FOSB was transcriptionally active in monocytic
activation.17 CD83 has functions of regulating antigen presenta-
tion. Upregulation of CD83 and more antigen presentation–
associated DEGs (as shown in Table 2) in monocytes of patients

withrapidlyprogressingALSimpliesthatmonocytesmayengage
in presenting antigen during disease progression. SOCS3 and
TNFAIP3 are 2 negative regulators of inflammation and immu-
nity. They are induced in activated immune cells and exert their
inhibitory function by downregulating overactivated NF-κB and
IRF3 pathways and avoid too much proinflammatory gene ex-
pression in a negative feedback loop. Their induction in ALS

Figure 2. Expression of Inflammation-Related Differentially Expressed
Genes Verified by Quantitative Reverse Transcription Polymerase
Chain Reaction
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and CXCL1, P = .002).
b P < .05 vs HC (CD83, P = .02; SOCS3, P = .01; and CXCL2, P = .01).
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Table 2. Monocyte DEGs Involved in Activation and Inflammatory Diseases and Functions

Diseases or Functions
Annotation

Patients With Slow ALS Patients With Fast ALS

P Value DEGs
No. of
DEGs P Value DEGs

No. of
DEGs

Cell migration and
chemotaxis

6.93E-05 CORO1C, CXCL1, CXCL2, IL8,
EREG, FCAR, FOSB, FOSL1,
GATA3, GPR183, HBEGF, IFITM3,
IL10, IL1B, LTF, NAMPT, NFATC2,
NFIL3, NGFR, NR4A2, OSM,
PHLDA1, PIK3R5, PTGS2,
RABGEF1, SEPT9, SERPING1, SYK,
TP53INP2, TREM1

30 7.60E-13 ADGRG1, ADGRG3, AHR, ALCAM, ANXA3,
AQP3, AREG, ARID5B, ATF3, CCL2, CCL7,
CCL8, CD40LG, CRMP1, CXCL1, CXCL11,
CXCL2, IL8, DPP4, DUSP1, EREG, ETV5, FCAR,
FCGR3A/FCGR3B, FLT1, FOSB, FOSL1, GATA3,
GBA, GBP1, GNA12, GNAI2, GPR183,
GUCY1A3, HBEGF, HCAR2, HLX, HMMR, IFIT2,
IFITM1, IFITM3, IGFBP6, IL10, IL1B, IL21R,
IL6, IL9R, ITK, LGALS3BP, LIMK2, MMP28,
MX1, MYO6, NAMPT, NEDD9, NFATC2, NFIL3,
NKX3-1, NR4A2, OSM, PER1, PIK3CG,
PIK3R5, PIM1, PLA2G16, PTGES, PTGS2,
PTPRH, PTX3, RERE, RGCC, SDC2, SERPING1,
SLC16A1, SLC1A3, SLC8A1, SOCS3, ST13,
ST8SIA4, TIAM2, TNFAIP3, TP53INP2,
TREM1, TRIB1

84

Differentiation of cells 7.61E-06 ADAP1, CD83, CDH23, CXCL1,
IL8, EGR3, EREG, FOSL1, GATA3,
H2AFY, HBEGF, HOXB4, IL10,
IL1B, IL7R, LTF, MAFF, MCL1,
NAMPT, NFATC2, NFIL3, NGFR,
NR4A2, OSM, PBX1, PTGS2,
RCHY1, SYK, TP53INP2, TREM1,
TTC7A, XRCC4, ZNF385A

33 2.85E-10 ADGRG3, AGRN, AHR, ALCAM, AQP3, AREG,
ARID5B, ARL4A, ATF3, BAIAP2, BSN, CCL2,
CD27, CD3G, CD40LG, CD83, CDH23, CIT,
CRMP1, CXCL1, IL8, DPP4, DUSP1, EMP1,
EREG, ETV5, ETV7, FFAR2, FLT1, FOSL1,
GATA3, GNA12, GPC4, HBEGF, HLX, HPS4,
IFITM1, IGFBP6, IL10, IL1B, IL21R, IL6,
ISG15, ITK, KNDC1, LIMK2, LRG1, LY6E,
MECOM, MYO6, NAMPT, NFATC2, NFIL3,
NR4A2, OSM, OSR2, PEX11A, PIK3CG, PIM1,
PTGS2, RCHY1, RGS6, RSAD2, SDC2, SLC1A3,
SLC2A5, SOCS3, SPRY1, ST8SIA4, THOC5,
TNFAIP3, TP53INP2, TREM1, TRIB1, UBE2D3,
USP18, XRCC4, ZBTB7C, ZNF385A

79

Inflammation of organ 7.90E-05 CHRNA2, CXCL1, CXCL2, IL8,
EREG, GATA3, HBEGF, IKBKE,
IL10, IL1B, LTF, MCL1, NFATC2,
NFIL3, NGFR, NR4A2, OSM,
PTGS2, RABGEF1, SYK, TREM1

21 2.77E-09 ABCB1, AHR, ALCAM, ANXA3, AREG, ATF3,
BSN, CCL2, CCL7, CCL8, CD40LG, CH25H,
CKB, CXCL1, CXCL2, IL8, DPP4, DUSP1, EREG,
FCGR1B, FCGR3A/FCGR3B, FLT1, GATA3,
GNAI2, GUCY1A3, HBEGF, IFI27, IL10, IL1B,
IL21R, IL6, IL9R, ITK, MR1, MX1, NAV3,
NEDD4L, NFATC2, NFIL3, NR4A2, OSM, PER1,
PIK3CG, PIM1, PSMD2, PTGES, PTGS2,
SOCS3, TIGIT, TNFAIP3, TREM1, USP18

52

Activation of cells 6.72E-07 CD83, CXCL1, CXCL2, IL8, EGR3,
FCAR, GATA3, HBEGF, HOXB4,
IL10, IL1B, LTF, NFATC2, NFIL3,
OSM, PBX1, PTGS2, RABGEF1,
SERPING1, SYK, TREM1, XRCC4

22 3.61E-10 AGRN, AHR, AREG, ATF3, CCL2, CCL7, CCL8,
CD27, CD3G, CD40LG, CD83, CXCL1, CXCL2,
IL8, DPP4, DUSP1, FCAR, FCGR3A/FCGR3B,
FFAR2, FFAR3, GATA3, GNAI2, HBEGF, IL10,
IL1B, IL21R, IL6, ITK, LGALS3BP, LYNX1,
MR1, NFATC2, NFIL3, OSM, PIK3CG, PTGES,
PTGS2, RGCC, SDC2, SERPING1, SIGLEC1,
TIGIT, TNFAIP3, TREM1, UBE2C, XRCC4, ZBP1

47

Inflammatory response 9.43E-07 CXCL1, CXCL2, IL8, FCAR, GATA3,
IL10, IL1B, LTF, MCL1, NFATC2,
NFIL3, NR4A2, OSM, PIK3R5,
PTGS2, RABGEF1, SERPING1, SYK,
TREM1

19 2.35E-09 AHR, ATF3, CCL2, CCL7, CCL8, CD40LG,
CH25H, CXCL1, CXCL11, CXCL2, IL8, DPP4,
FCAR, FCGR3A/FCGR3B, FLT1, GATA3,
GNA12, GNAI2, HCAR2, IL10, IL1B, IL6,
ISG15, LGALS3BP, MECOM, MMP28, NEDD9,
NFATC2, NFIL3, NR4A2, OSM, PIK3CG,
PIK3R5, PTGES, PTGS2, PTX3, RGCC,
SIGLEC1, SERPING1, SOCS3, TNFAIP3,
TREM1, ZBP1

44

Chronic inflammatory
disorder

8.92E-07 CD83, CXCL1, CXCL2, IL8, EREG,
FOSB, G0S2, HBEGF, IL10, IL1B,
IL7R, LTF, MCL1, NAMPT, NGFR,
NR4A2, OSM, PTGS2, SYK,
TREM1, VSIG4

1.12E-07 ABCB1, AHR, AREG, BSN, CCL2, CCL7, CCL8,
CD83, CKB, CXCL1, CXCL2, IL8, DPP4, DUSP1,
EREG, FCGR1B, FCGR3A/FCGR3B, FKBP5,
FOSB, GPC4, HBEGF, IL10, IL1B, IL6, LAP3,
MCTP2, NAMPT, NR4A2, OSM, PIK3CG,
PSMD2, PTGS2, RASGRP3, RGCC, RGS6,
SDC2, SOCS3, TAGAP, TNFAIP3, TREM1

40

Quantity of phagocytes 5.08E-05 CD83, IL8, GPR183, HBEGF, IL10,
IL1B, IL7R, MCL1, NGFR,
RABGEF1, SORBS1

11 9.00E-07 ABCB1, AHR, ATF3, CCL2, CCL7, CD40LG,
CD83, IL8, GBA, GNAI2, GPR183, HBEGF,
IL10, IL1B, IL6, IL9R, NEDD4L, PIK3CG,
PTGES, SOCS3, TNFAIP3, TRIB1

22

Quantity of antigen
presenting cells

1.09E-03 CD83, GPR183, HBEGF, IL10,
IL1B, IL7R, MCL1

7 4.06E-06 AHR, CCL2, CCL7, CD40LG, CD83, GBA,
GPR183, HBEGF, IL10, IL1B, IL6, PIK3CG,
PTGES, SOCS3, TNFAIP3, TRIB1

16

Adhesion of
phagocytes

1.81E-04 CXCL1, CXCL2, IL8, IL10, IL1B,
PTGS2

6 1.01E-05 ALCAM, CCL2, CD40LG, CXCL1, CXCL2, IL8,
IL10, IL1B, IL6, PIK3CG, PTGS2

11

Respiratory burst
of myeloid cells

3.89E-06 CXCL1, IL8, FCAR, SYK, TREM1 5 5.69E-06 CCL2, CD40LG, CXCL1, IL8, FCAR, PIK3CG,
TREM1

7

Abbreviations: ALS, amyotrophic lateral sclerosis; DEGs, differentially expressed genes.
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monocytes implicate the activation of these cells during disease
process. Interleukin 8, CXCL1, and CXCL2 are key chemokines
responsible for attracting other immune cells to inflamed sites.
Wewerealsoabletoverifythat IL8,CXCL1,andCXCL2geneswere
uniquely overexpressed in ALS monocytes, similar to the dem-
onstration that CD14+/CD16– monocytes isolated by FACS sort-
ing exhibited increased IL-8, CXCL1, and CXCL2 expression in pa-
tients with ALS compared with healthy control individuals.18,19

All of these data suggest that ALS monocytes are involved in pro-
inflammatory responses and may promote active inflammation.

The monocytes isolated by negative selection in our study
included both CD16+ and CD16− monocytes. Including popula-
tions of both CD16+ and CD16− cells could represent a potential
limitation. By our flow cytometry analyses, greater than 80%
of the monocytes were CD14+/CD16−; the remainder were CD14+/
CD16+ or CD14low/CD16+ 36. This major population of CD16− clas-

sic monocytes have been reported as proinflammatory19 and
functionally altered in ALS.18 Nonclassic CD14low/CD16+ mono-
cytes have been reported to be increased in patients with acute
sepsis and chronic systemic lupus erythematosus,20 indicat-
ing their inflammatory features. Thus, both phenotypes have
proinflammatory signatures, and it remains to be determined
whether the gene profiles of classic and nonclassic ALS mono-
cyte subsets are the same or different.

Proinflammatory cytokines, such as TNF-α, IL-6, and IFN-γ,
have been reported to be elevated in plasma or serum samples of
patientswithALS,withlevelsincreasingasdiseaseprogresses.21-23

However, in our studies, IL-6, TNF-α, and IFN-γ protein levels
measured by enzyme-linked immunosorbent assay were at back-
ground levels in ALS and control serum samples and were neither
reproducible nor reliable. Furthermore, IL-1β serum protein lev-
els were not readily detectable, despite definite evidence of IL1B

Figure 3. Heat Map of Differentially Expressed Genes Associated With Inflammatory Responses
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More proinflammatory differentially expressed genes were upregulated in monocytes isolated from patients with rapidly progressing amyotrophic lateral sclerosis
(ALS fast, n = 10) than from patients with slowly progressing ALS (ALS slow, n = 12) or control groups (HC, n = 10).
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RNA expression in both ALS and control monocytes, with in-
creased IL1B mRNA expression in ALS monocytes. This result
could be explained either as an extremely short cytokine half-life
within plasma or serum samples, following rapid consumption
inanautocrineorparacrinemanner,orasenhancedsecretiononly
following migration to tissues, including the CNS. Our inability
to reproduce inflammatory cytokine serum levels published by
others was a major impetus for examining the cell-based RNA ex-
pression of such inflammatory cytokines. On repetitive testing,
only IL-8 protein levels were increased in serum samples of pa-
tients with rapidly progressing disease, but such levels were close
to background and were not as definitively increased as IL8 gene
expression.Nevertheless,a2015study24 didshowthatserumIL-8
protein levels increased during disease progression.24 Additional
studieshavealsoreportedelevatedIL-8proteincerebrospinallev-
els in patients with ALS, especially in those patients with lower
levels of physical function.25,26

In mouse models, it has been suggested that peripheral
monocytes/macrophages infiltrated spinal cords during the
courseofdiseaseusingLy6CandCD169asmarkersformonocyte-
derived macrophages.18,19,27 However, parabiosis experiments
indicated that peripheral monocyte/macrophage populations
were not recruited to the CNS parenchymal microglia pool in
transgenic ALS mice without irradiation.28,29 Furthermore, it is
reported that mSOD1 microglia are not derived from infiltrating
monocytes.30 Nevertheless, in the transgenic ALS mouse model,
splenic Ly6Chigh monocytes exhibited a proinflammatory phe-
notype 2 months prior to disease onset and during disease pro-
gression in transgenic mice, and the comparable monocyte
subpopulation (CD14+/CD16−) in human ALS exhibited a similar
immune gene signature.19 Even if increased proinflammatory
monocytes do not enter the CNS to modulate the course of
disease directly, enhanced peripheral inflammation could indi-
rectly influence CNS disease progression. The proinflammatory
monocyte/macrophages might not have to migrate to the CNS
to contribute to the CNS neuroinflammatory milieu; they could
indirectly influence CNS neuroinflammation by modulating the
proinflammatory status of T cells, dendritic, or natural killer cells
inlymphnodes,spleen,ortheperipheralcirculation.Anexample
of how cytokines released from activated peripheral monocyte/
macrophages could influence neuroinflammation is the ability
of IL-6 to enhance the conversion of protective regulatory T lym-
phocytes to proinflammatory Th17 lymphocytes.31,32 Following
such interactions, subsequently activated immune cells could
infiltrate the CNS throughout the course of disease and promote
neuroinflammation.

Our results indicate that monocytes of patients with ALS
may participate in the inflammatory response associated with

disease progression; more inflammation-related DEGs are ob-
served in rapid phase than slow phase. Thus, manipulating
monocytes at an early stage in disease may directly promote
the development of therapy for patients with ALS. In mSOD1
mice, splenic Ly6Chigh monocytes exhibited a proinflamma-
tory phenotype.19 Treatment with an anti-Ly6C antibody
downregulated inflammatory splenic Ly6Chigh monocytes and
exerted a beneficial effect on mSOD1 mice by delaying dis-
ease onset and prolonging survival. Expression of miRNA155,
which promotes macrophage inflammatory response and pro-
inflammatory cytokine secretion, was increased in spinal cord
of ALS mice; anti-miRNA155 treatment attenuated disease and
prolonged survival in these ALS mice.33 However, limited evi-
dence validates this therapeutic approach in patients with ALS.
Nonetheless, a compound, NP001, has been suggested to re-
duce inflammatory markers of monocytes in patients with
ALS34 and was possibly beneficial in the 25% of responders with
greater inflammation before treatment indicated by elevated
levels of IL-18 cytokine and wide-range C-reactive protein.35

Therefore, information as to the extent of ALS monocyte in-
flammatory gene expression may be useful in stratifying pa-
tients for trials of immune modulators.

Limitations
A potential limitation of our study was that the acquired gene
profile was of the collective total monocyte RNA. The total
monocyte can be separated into 3 subpopulations, ie, classic,
intermediate, and nonclassic monocytes. Subjecting these sub-
populations to deep RNA-seq may have provided us with a bet-
ter understanding of which cell phenotype contributed to the
observed upregulated proinflammatory response. Further
experiments to examine gene expression of monocyte sub-
populations would be helpful to determine their differential
functions in ALS.

Conclusions
Circulating monocytes from patients with ALS have a proin-
flammatory gene expression profile. This proinflammatory in-
nate immune state suggests a possible role for monocyte/
macrophages in the pathogenesis of ALS. We have previously
reported that decreased FOXP3 expression, the functional
marker of regulatory T lymphocytes, is associated with rapid
disease progression in ALS.11 Therefore, modulation of abnor-
mal immune cells, including monocytes and regulatory T lym-
phocytes, represents a potentially important therapeutic in-
tervention for patients with ALS.
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