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Abnormal immune response/inflammation is present in patients of amyotrophic lateral sclerosis 
(ALS). Autoimmune-related inflammation has been thought to be involved in the pathogenesis 
of ALS. However, how the abnormal immune responses are initiated, what specific immune 
cells and how these immune cells are involved in this disease have not been well understood. 
This is partly owing to two facts of ALS: late diagnosis and chronic nature. The late diagnosis 
makes it difficult to conclude whether the abnormal immune responses/inflammation is the 
cause or result of the disease. The chronic nature makes it difficult to determine the best timing 
for the detection of such autoimmune responses. To resolve these two challenges for research, 
the authors introduced motor nerve injury (facial nerve axotomy, FNA) into a pre-symptomatic 
mouse ALS model (8-week-old SOD1G93A mice), which induces a readily detectable immune 
response in a predictable time period (3-14 days). The authors found that pre-symptomatic 
SOD1G93A mice showed a higher basal level of T cell activation and Th17 cells than WT mice, 
which can be further increased by FNA. However, why these pro-inflammatory Th lymphocyte 
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AMYOTROPHIC LATERAL SCLEROSIS AND 
RESEARCH MODEL

Amyotrophic lateral sclerosis (ALS) is a fatal 
motor neuron (motoneuron, MN) disease affecting 
approximately 30,000 people in the United States 
and 70,000 people worldwide.[1] Clinically, ALS 
attacks MNs in the spinal cord, brain stem, and 
motor cortex,[2] resulting in a loss of muscle tone, 
generalized weakness, spasticity, paralysis, and 
consequent fatality. The etiology of ALS is not fully 
understood, but genetic analysis has led to the 
identification of approximately 30 gene mutations.[3] 
The common gene mutations include Cu/Zn 
superoxide dismutase 1 (mSOD1),[4] TDP-43,[5,6] 
repeat expansion of C9orf72 gene,[7,8] and many other 
mutations.[3] The proposed pathogenic mechanisms 
include protein aggregation and toxicity, abnormal 
RNA processing, glutamate-mediated excitotoxicity, 
and neuroinflammation.[1,3] mSOD1 is the first 
identified gene mutation in familial ALS (present in 
20% of fALS); animal models have been established 
for this specific variant.[9] SOD1G93A mice carry the 
human mutant SOD1G93A gene and demonstrate an 
ALS-like disease course. These mice are currently 
the most widely used animal model to examine the 
behavioral, cellular, and molecular aspects of ALS.

MN DEATH TYPES IN ALS

The pathological hallmark of ALS is progressive loss 
of MN and motor function. The study for MN death and 
underlying mechanisms has been the major focus of 
ALS research in the past decades. Due to the limited 
availability for human specimen from living ALS 
patients, most of our knowledge regarding MN death 
in ALS has been derived from ALS animal model. The 
previously defined cell death types in ALS include 
apoptosis, autophagy, and necrosis. Apoptosis has 
been considered the main type of cell death for a long 
time.[10-13] In the past decade, several new types of 
cell death have been defined and characterized: such 
as parthanatos, inflammasome (NLRP3)-mediated 
pyroptosis, ferroptosis, pyronecrosis, mitochondrial 
permeability transition-dependent necrosis. As recently 
reviewed by Morrice et al.,[14] accumulating evidence 
indicates that multiple types of cell death may be 

involved in MN death in ALS.[15,16]

NECROPTOSIS AND ITS IMPLICATIONS IN 
ALS

Apoptosis is a well defined type of programmed cell 
death with the involvement of caspase activation. MN 
apoptosis has been considered as the primary cell 
death in ALS. Necroptosis is one novel type of cell 
death and it is also a type of programmed cell death but 
independent of caspase activation. It is stimulated by 
TNF and related inflammatory factors such as TRAIL, 
FasL and ligands for TLRs.[17-20] Activated Caspase-8 
induces apoptosis and simultaneously represses 
necroptosis by cleaving RIP1 and RIP3.[21,22] Inhibition 
of Caspase-8 can convert apoptosis to RIP1/RIP3-
mediated necroptosis.[23,24] Necroptosis is considered 
a pathologic form of cell death which is involved 
in viral infection, ischemia and reperfusion injury, 
liver fibrosis and neurodegenerative diseases.[25] 
Necroptosis can be inhibited by the blocking RIP1/
RIP3 interaction using a small molecule inhibitor 
of RIP1 kinase, Necrostatin-1 (Nec1) or genetic 
deletion of RIP3. Rip3-/- mice develop and grow 
normally but are resistant to virus-mediated cellular 
necrosis,[26] ethanol-induced liver injury,[27] and 
ischemia-reperfusion injury.[28] Recent studies have 
demonstrated that necroptosis in the nervous system 
is involved in a variety of neurological disorders, such 
as multiple sclerosis (MS),[29] traumatic brain injury,[30] 
and cerebrovascular disease.[31] Re et al.[32] first 
revealed that MN necroptosis also occurs in ALS. MN 
could be induced to undergo necroptosis by astrocytes 
with mutant SOD1G93A or astrocytes from ALS patients. 
Because intracellular components released during 
necroptosis stimulate inflammation and immune 
responses, it is thought that necroptosis contributes 
to the development/progression of neurodegenerative 
diseases. Recently, Cirulli et al.[33] compared the 
whole exome sequences between ALS and control, 
and found that the non-canonical IκB kinase family 
TANK-binding kinase 1 (TBK1) was a gene associated 
with ALS by interacting with ALS-related proteins, 
optineurin (OPTN) and p62. Furthermore, Ito et al.[34] 
demonstrated that OPTN inhibited dysmyelination and 
axonal degeneration through suppressing receptor-
interacting kinase 1 (RIPK1) and the downstream 

subsets are preferentially elicited in ALS has been elusive. Recently, several studies support that the programmed necrosis (necroptosis), 
a new type of cell death, is present in ALS. Because necroptosis results in the release of pro-inflammatory stimuli, we speculate that 
initial motoneuron (MN) necroptosis may be the cause of abnormal immune responses in the development of ALS, and subsequently, 
inflammation/immune response serve as an amplifier to cause more MN death. Here, the authors reviewed recent studies concerning 
the type of MN death, the inflammation/immune responses and the research strategies for ALS. With the available evidences from the 
literature, the authors present a hypothesized working model to indicate the possible connections among necroptosis, immune responses 
and MN death in the development of ALS and suggest the future studies for searching the potential therapy for ALS.
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necroptotic pathway with the involvement of RIPK3, 
and mixed lineage kinase domain-like protein (MLKL). 
Taken together, it appears that necroptosis plays a 
critical role in connecting certain gene mutations with 
the development of ALS.

While necroptosis itself results in MN loss directly, 
it also activates the immune system and results 
in a secondary inflammatory response. We think 
that inflammation/immune responses subsequently 
amplify MN degeneration. During this process, the 
innate immune responses may act as the first line 
of reactions to clean up the debris of dead cells with 
the involvement of vascular reaction, infiltration of 
neutrophil and macrophage, as well as the pro-
inflammatory cytokine production. Later, the adaptive 
immune components (T and B cells) get involved in 
after certain MN-derived antigens (not clearly defined 
thus far) are processed and presented to T cells. This 
notion is supported by our recent finding of the roles of 
necroptosis in autoimmune bone marrow failure. We 
found that necroptosis of a small portion of stem cell/
progenitors with gene mutation resulted in autoimmune 
responses, which caused a rapid depletion of bone 
marrow cells, which could be prevented by blocking 
necroptotic pathway via deletion of rip3.[35] We 
speculate that similar roles of necroptosis may also 
exist in ALS: a small portion MN that die of necroptosis 
may cause the autoimmune responses, in which the 
MN-specific antigens are released and presented to 
CD4+ T cells. These T cells may preferentially develop 
into pro-inflammatory subsets and further amplify the 
inflammation/immune responses, and cause more MN 
death. Below, we continue discussing the dysfunction 
of immune system that has been identified in ALS.

IMMUNE DYSFUNCTION IN ALS

In the past few decades, accumulating evidence 
indicates that immune system abnormalities and 
inflammation contribute to the development of ALS.[36] 
Macrophage, T cell, and mast cell infiltration have 
been observed in ALS CNS tissues.[37] Because of 
the large amount of inflammatory cells infiltrating the 
CNS during disease progression, it was postulated 
that, similar to MS, ALS may also be in part an 
autoimmune disease.[38,39] Several anti-inflammatory 
and/or immuno-compromising drugs also support 
the contribution of inflammatory components in the 
pathogenesis of ALS. While the gene mutation and 
the resultant protein in MN may mediate a direct toxic 
effect for neuron, dysfunctional microglial cells and 
astrocytes with gene mutations may also contribute to 
neuronal death.[40-44]

While the glial cell-mediated neurotoxicity is relatively 
well documented, elucidating how other immune cells 
are involved in regulation of glial cell function and MN 
death remains a challenging project. First, the immune 
regulation in ALS appears to be more complicated than 
our understanding for it on the basis of the knowledge 
acquired from other conditions. For examples, it has 
been well known that NF-κB is a factor that mediated 
the signals of most inflammatory factors.[45] TNF-α, a 
classical inflammatory cytokine that activates NF-κB 
and significantly increased in ALS mice and patients. 
TNF-α is one of the best known factors mediating 
necroptosis,[17,18,46] but knockout of TNF-α in SOD1G93A 
mice did not block ALS disease in SOD1G93A mice.[47] 
In contrast, inhibition of NF-κB can slow down disease 
progression,[47] suggesting that other inflammatory 
cytokines, other than TNF-α, might also activate NF-
κB and contribute to MN death. Second, the transgenic 
animal model of ALS is our current major tool to study 
this disease. However, findings in animal model may 
not be applicable for patient. For example, inhibition 
of microglial activation with Minocycline significantly 
delayed the onset of motor neuron degeneration and 
slowed down disease progression in ALS mice,[48] 
its effect in ALS patients remains in question.[49] 
Furthermore, the mutual inhibitory effect among 
immune components, such as the counteracting 
functions between Th17 and Treg cells, as well as 
between Th1 and Th2 cells (this topic will be further 
discussed in the below section of ENVIRONMENT-
DEPENDENT FUNCTION OF CD4+ T CELLS IN 
ALS), make it more complicated to use a general 
immunosuppressant to achieve therapeutic effect. For 
example, Sulindac, a nonsteroidal anti-inflammatory 
drug (NSAID) and inhibitor of pro-inflammatory COX-
1 & COX-2, significantly increases the survival, and 
preservation of spinal cord motoneurons.[50] However, 
a large number of immunosuppressive approaches, 
such as cyclosporine, cyclophosphamide, and total 
lymphoid removal failed to benefit ALS patients.[51,52] 
The previously published data for both beneficial and 
detrimental effects of immune components imply that 
immune system has dual roles in ALS.

NECROPTOSIS AND IMMUNE DYSFUNCTION

Recently, Re et al.[32] and Ito et al.[34] found that 
necroptosis may be involved in the MN death. This 
finding provides an important connection between 
neurodegeneration and previously observed 
abnormal inflammation/immune response in ALS. 
Unlike apoptosis that does not elicit immune 
responses, necroptosis results in the releases of MN-
specific antigens (MN-Ag) and other pro-inflammatory 
stimuli, which are also called Damage-Associated 
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Molecular Patterns (DAMPs), such as mitochondria, 
ATP and alarmins.[46] In addition, Frakes et al.[45] 
found that NF-κB-activation determines the pro-
inflammatory phenotype of microglial cells, which in 
turn contributes to neuronal death. Two questions 
concerning how immune cells are involved in 
the regulation of glial cell function remains to be 
answered. First, what are the specific autoimmune 
cells involved in the interaction of glial cell and MN? 
and second, how should we dissect the dual functions 
of immune system in ALS? As aforementioned, the 
general immunosuppressants, which have inhibitory 
effects on overall immune system, appear to have 
minimal therapeutic effect, presumably due to the 
simultaneous inhibition of immune components that 
have beneficial effects.[51,52] Consistent with this 
notion, knockout of CD4+ T cells in SOD1G93A mice 
resulted in exacerbation of ALS-like symptoms and 
a decreased life span.[53,54] Collectively, it appears 
that CD4+ T cell-mediated regulation determines the 
direction and nature of immune responses in ALS, 
and an ideal immune-based therapy for ALS should 
be able to inhibit the “detrimental” effects of immune 
cell without simultaneously comprising the “beneficial” 
functions. Therefore, it is necessary to identify the 
specific subsets of immune cells and to elucidate how 
they are involved in the pathogenesis of ALS.

ENVIRONMENT-DEPENDENT FUNCTION OF 
CD4+ T CELLS IN ALS

In ALS patients, it was found that the total number of 
lymphocyte and naïve CD4+ T cells (CD45RA+) was 
decreased in late-stage and there was a significant 
CD4+ T cell infiltration in the spinal cord and brain. 
In addition, T cells were present in ALS patient 
cerebrospinal fluid with a predominant Th1 phenotype. 
CD4+ T cells have different subsets with distinct 
functions, which are determined by the cytokines they 
produce. IFN-γ-producing Th1 and IL-17-producing 
Th17 (both produce TNF-α) promote inflammation; In 
contrast, IL-4 producing Th2 and IL-10-producing T 
regulatory cell (Treg) inhibit inflammation. Other and 
our groups have showed that CD4+ T cells mediate 
anti-inflammatory effect after nerve injury as well as 
in ALS disease; however it is in context- and subset-
dependent manner.[53-56] It is generally thought that 
beneficial effects of CD4+ T cells are mainly mediated 
by its anti-neuroinflammatory subsets, such as Treg 
and Th2 cells[56,57] and that detrimental effects are 
mediated by pro-inflammatory CD4+ T subsets, such 
asTh1 and Th17 cells. The differential development 
of CD4+ T subset is determined by both CD4+ T 
cells and their cytokine environment. To determine 
whether the “detrimental” Th cells development 

in ALS was due to the defect of CD4+ T cells with 
SOD1G93A mutation or due to the special cytokine 
microenvironment in SOD1G93A mice, we isolated 
CD4+ T cells in the spleen from WT and SOD1G93A 
mice and adoptively transferred to immune-deficient 
mice Rag2-/- (“normal” microenvironment) or SOD1G93A 
(inflammatory environment) and studied if they can 
support motoneuron survival after facial nerve axotomy 
(FNA). Facial motoneuron (FMN) survival post 4-week 
operation in each group were counted and calculated 
as percentage of FMN number on axotomized side 
compared to uninjured side. Rag2-/- mice lacks B and 
T cells and FNA induced a significant FMN loss, which 
could be prevented by adoptive transfer of either WT 
whole splenocytes or purified CD4+ T cell. SOD1G93A 
mice also showed a significant FMN loss than WT 
mice after FNA. However, such loss could only be 
rescued by WT whole splenocytes but not purified 
WT CD4+ T cells, suggesting that microenvironment 
determines the beneficial function of CD4+ T cells and 
that microenrivronment in SOD1G93A mouse does not 
support the development of beneficial CD4+ T subsets. 
Therefore, we compared the FNA-induced FMN loss 
between Rag2-/- mice that received SOD1G93A whole 
splenocytes and Rag2-/- mice that received purified 
SOD1G93A CD4+ T cells. As expected, we found that the 
purified SOD1G93A CD4+ T cells still could support FMN 
survival but whole splenocytes did not.[58] Collectively, 
these data suggest that microenvironment in SOD1G93A 
mice might have a condition that primes CD4+ T cell 
into detrimental subsets.

TH17 CELLS, NERVE INJURY AND ALS

Th17 cells are a subset of CD4+ T cells that play an 
important role in promoting inflammation, including 
angiogenesis and the recruitment of multiple types 
of immune cells to injury sites.[59] Th17 cells are 
crucial for the development of certain autoimmune 
diseases, exhibiting neurodestructive effects in 
neuroinflammatory diseases.[60] In ALS patients, 
elevated IL-17 and Th17-related cytokines (IL-6, 
TNF-α, IL-1 and IL-23)[61-63] have been observed. 
However, the contribution of Th17 cells in promoting 
ALS development has not been established yet 
because of two challenges: late diagnosis and 
chronic disease. Late diagnosis makes it difficult to 
conclude whether the abnormal immune responses/
inflammation is the cause or result of the disease. The 
chronic nature of ALS makes it difficult to determine 
the best timing for the detection of such autoimmune 
responses. To resolve these two challenges, we have 
applied motor nerve injury (facial nerve axotomy, FNA) 
into a pre-symptomatic mouse ALS model (8-week old 
SOD1G93A) mice, which introduces nerve injury and 
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MN death by surgery in an acute manner. Because 
of the chronic nature of ALS disease, no peak time 
of immune response has been defined previously. 
Without a peak time, it is challenging to characterize 
the subtle change of immune parameters. Our 
previous studies for immune responses following 
nerve injury indicated that CD4+ T cell responses can 
be detected by intracellular staining for the cytokine 
production from the day 3 to day 14 post-axotomy.[64] 
Such axotomy model allows us to design the best 
measuring time point for the research and can be 
utilized as a model tool for further study of immune 
response in ALS mouse.

While more and more genetic risks (gene mutation) for 
ALS are being defined, the environmental risk factors 
for ALS are relatively poorly defined. One defined 
environmental risk is related to occupations, such as 
military veterans, varsity athletes, and professional 
football players.[65-67] Because these populations share 
the same risk which distinguished them from other 
populations, that is, they have increased chance of 
motor nerve injury, we reasoned that motor nerve 
injury might trigger the development and/or accelerate 
the progression of ALS. Therefore, we conducted a 
study to determine the immune responses after nerve 
injury in mouse ALS model.[68] Without axotomy, 
SOD1G93A mice showed a higher level of Th17 cells 
in term of both frequency and absolute number, 
when compared to WT mice. Th17 cell frequency 
and total number can be further increased by 
nerve injury. We speculate that nerve injury might 
promote autoimmune responses, especially in those 
individuals with a genetic susceptibility. Collectively, 
these data suggest that motor neuron death, 
autoimmune responses, and disease progression 
may mutually promote each other.

Regarding further study for the roles of Th17 cells in 
mouse ALS model, the FNA in ALS mice may be a 
useful tool. First, FNA is a well-established paradigm 
for the study of MN survival, functional recovery and 
immune response after nerve injury.[69] After FNA, 
neuronal death occurs by two potential mechanisms: 
necrosis directly resulting from the disruption of cell 
integrity, and apoptosis resulting from the stimulation 
of excitatory neuronal transmitters and oxidative 
stress mediators. These death mechanisms have 
been also proposed for the MN death in ALS.[1] 
Additionally, ALS MN degeneration exhibits axonal 
“die-back” pathology, in which degeneration occurs 
at the neuromuscular junction causing the axons to 
withdraw from target muscle in a “die-back” manner to 
the cell bodies in the CNS. This process is very similar 
to axotomy-induced axonal damage and neuronal 

degeneration.[70,71] Furthermore, FNA can induce 
CD4+ T cell responses in both WT and SOD1G93A mice. 
Lastly and importantly, as we mentioned in the earlier 
section of “TH17 CELLS, NERVE INJURY AND 
ALS”, FNA can “artificially” create an acute “onset” 
of neurodegeneration and provide a predictable 
time frame during which to study the acute immune 
response in mice.[64,72] Using this model, we found 
that FNA induced greater and prolonged immune 
responses in draining lymph nodes of SOD1G93A mice 
than WT mice,[68] suggesting Th17 cell could be a 
potential therapeutic target for ALS treatment.

A HYPOTHESIZED WORKING MODEL OF ALS 
PATHOGENESIS AND FUTURE DIRECTIONS

Based on the literature and our data, we reason that 
there is a cascade in the ALS disease development/
progression. As illustrated in Figure 1, we hypothesize 
that motor nerve injury triggers MN necroptosis (❶), 
which induces Th17 cell responses (❷), and Th17 cell-
mediated autoimmune reactions (❸), leading to more 
MN death and promoting rapid disease progression. 
Specifically, ❶ environmental insult including physical 
damage or Wallerian-like degeneration, such as 
physical injury, toxin, radiation and/or intrinsic genetic 
defect cause the necroptosis of a small portion of 
MNs. During necroptosis, dying MNs release MN-
specific antigens (MN-Ag) as well as pro-inflammatory 
stimuli, such as ATP, mitochondria, and alarmins;[18] 
❷ MN-Ag is processed and presented to naive T 
cells in draining lymph node, where naïve CD4+ T 
cells are primed into a Th17 cell phenotype in the 
presence of Th17-promoting cytokines [TGF-β, IL-6, 
IL-21 (murine) and IL-1 (human) and IL-23]; ❸ MN-
Ag-specific Th17 cells are potentially recruited into 
the CNS, where they further promote more MN death 
through two possible mechanisms: (1) amplifying non-

Figure 1: A working model of MN injury, necroptosis, and Th17 
cell responses, and their roles in the development and progression 
of amyotrophic lateral sclerosis. MN: motoneuron; APC: antigen-
presenting cell
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specific inflammation by enhancing angiogenesis and 
recruiting neutrophil and other innate immune cells and 
cause stand-by damage to MNs; (2) interacting with 
infiltrating macrophage and/or glial cells (microglial 
cells and astrocytes) and initiating an autoimmune 
response specifically attacking MN. We think these 
two mechanisms may be present at the same time 
and synergically cause extensive MN necroptosis in 
a short period and lead to rapid disease progression 
after disease onset.

Although the overall model is supported by the 
published data, details in each step are still unclear. 
First, the specific MN antigens involved in ALS have 
not been clearly defined yet. Second, how the Th17-
promoting cytokines are preferentially up-regulated 
in ALS is not clear. Third, whether pro-inflammatory 
cells are the cause or the results of MN death remains 
to be elucidated. Fourth, it is unknown whether 
the immune cells directly act on MN or indirectly 
sensitize the MN body to be more vulnerable to 
insults. Last, regarding whether the necroptotic 
pathway is a therapeutic target, Ito et al.[53] showed 
that blocking necroptosis through knockout of Rip3 
or using Rip1 inhibitor (Nec-1s) delayed the disease 
onset for approximately 5 days, but whether blocking 
necroptosis can slow down the disease progression 
after its onset remain elusive. It is suggested that 
necroptosis may play a role only in the initiation 
stage. After the onset, the disease progression may 
mainly mediated by the immune dysfunction, and 
the immune system should be concurrently targeted 
during ALS treatment.
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