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ABSTRACT 

In distinct environments, both temporally and physically, interleukin-6 (IL6) has the 

potential to contribute to and be produced by pathology in amyotrophic lateral sclerosis 

(ALS). These roles are likely dependent on the local and systemic presence of the 

soluble IL6 receptor (sIL6R) and subsequent IL6 transsignaling. Production of IL6 by 

stressed muscle around the time of initial denervation or motor neuron dysfunction may 

initially maintain motor neuron (MN) axons and neuromuscular junctions (NMJs). 

However, in the central nervous system (CNS), transsignaling could fuel damaging 

neuroinflammation and gliosis, speeding up disease progression. In the lung, 

transsignling could propagate inflammation to otherwise healthy parenchyma and 

stimulate smooth muscle proliferation, thereby creating obstruction.  

Our aims were threefold. We first quantified levels of IL6 and sIL6R in serum and 

cerebrospinal fluid (CSF) in amyotrophic lateral sclerosis (ALS) patients as compared to 

healthy and neurological disease controls. Next, we examined the potential association 

between levels of serum IL6 and sIL6R and disease progression across multiple time 

points in ALS patients using ALS functional rating scale (ALSFRS-R) domain scores and 

forced vital capacity (FVC). Finally, we endeavored to partition these results by 

inheritance of the common IL6R 358Ala variant, a factor that dictates levels of sIL6R.  

Our results indicate the following: 1) There is a CNS IL6 transsignaling process specific 

to ALS patients with the IL6R 358Ala variant, 2) ALS patients with the IL6R 358Ala 

variant are driving correlations between serum IL6 and disease progression, and 3) 

Early disease progression is increased in these individuals. Further, while there is a 

constant negative relationship between IL6 and muscle weakness, the negative 

relationship between IL6 and respiratory dysfunction is only apparent after severe 

respiratory insufficiency. Within our cohort, inheritance of the IL6R 358Ala variant did not 
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predispose ALS patients to a more rapid disease progression or affect survival. Finally, 

there is an observable pattern of mixed obstructive-restrictive respiratory insufficiency in 

at least a subset of ALS patients, which could be driven by IL6 transsignaling. These 

results are highly relevant to future basic science and clinical researchers, drug 

developers and trial designers, and to patients and the multidisciplinary ALS healthcare 

team.  

 



1. Amyotrophic Lateral Sclerosis 

1.1 Epidemiology 

Amyotrophic lateral sclerosis is a neurodegenerative disease affecting motor neurons 

(MN) in the spinal cord, brainstem, cortex and peripherally at the neuromuscular junction 

(NMJ). The progressive dysfunction and degeneration of MNs results in fasciculations, 

spasticity, muscle weakness, atrophy and eventually death. It is the most common MN 

degenerative disorder (National Institute of Neurological Disorders and Stroke, National 

Institutes of Health) and the third most common neurodegenerative disease in the 

world[1]. Despite a median survival from diagnosis of 2-4 years and no known cure, 

more than 30,000 individuals are in the United States living with this diagnosis at a given 

time[2]. A 2014 study showed the cost of ALS is comparable to other chronic disabling 

disorders such as Parkinson’s disease and multiple sclerosis; that is, a conservative 

estimate of $433 million per year nationally with more than $30,000 per patient per year 

going directly to medical costs[3].  

1.2 Diagnostic issues 

While ALS may be suspected, diagnosis typically takes 9-18 months with approximately 

5% of patients undergoing unnecessary invasive procedures due to diagnostic confusion 

with ALS-mimicking diseases[4-7]. There is no single diagnostic test, lab, or imaging, 

and many groups have attempted to define clinical diagnostic criteria. This is especially 

difficult because of the clinical heterogeneity of ALS where multiple variants and 

subtypes have been described (for review see[8]). 

The El Escorial criteria for diagnosis of ALS (EECD), originally proposed in 1994[9], 

updated to include neurophysiological measurements of lower motor neuron (LMN) 

degeneration in 2000, and most recently in 2015[10], are the most frequently used 
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inclusion criteria for ALS clinical trials, however the true clinical diagnostic utility is 

generally agreed to be suboptimal[11, 12]; many patients ultimately die of ALS while only 

having met the criteria for “possible” diagnosis[11, 13]. This may largely be attributed to 

the phenotypic heterogeneity of ALS that is difficult to address with any current criteria, 

even beyond the EECD, but also by the length of time it can take to eliminate other 

possible disease mimics.  

Genetics does play a role in ALS but the vast majority of cases are still considered 

sporadic. Less than 10% of patients have a known genetic component, thus although it 

is helpful for researchers as a tool to categorize disease, genetic testing has a limited 

role in diagnosis. Patients with mutations in the C9orf72 and TDP43 genes are 

especially likely to exhibit cognitive impairment and executive dysfunction[14-16], 

otherwise the predictive value of any specific mutation is also limited.  

1.3 Motor Function 

Motor unit estimation number (MUNE) is a non-invasive method of evaluation the 

neuromuscular unit. First, using electrophysiological measurements, a summated value 

for the total motor unit population within a nerve, the maximum compound muscle action 

potential (CMAP) amplitude, is obtained. This is then divided by a value representing the 

average single motor unit in that nerve, thus providing an estimate of motor unit 

number[17, 18]. MUNE has been shown as sensitive to disease progression[19] and the 

multiple point stimulation (MPS) method identifies pre-clinical LMN loss[20]. While 

MUNE has potential for diagnosis and follow up, it is yet to be widely employed clinically, 

possibly because it is limited by operator dependent variation in recordings and because 

newer methods require dedicated software and training. 
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The motor unit index number (MUNIX) is also a non-invasive 

electrophysiological mathematical model based on the CMAP and surface 

electromyography (EMG) interference pattern at different voluntary activation levels[21]. 

It overcomes a number of MUNE limitations by being fast (<5 min/muscle) and having 

relatively easy to perform measurements of any proximal or distal muscle from which a 

supramaximal CMAP can be elicited[22]. 

MUNIX has been shown to exhibit superior sensitivity to early change when compared to 

ALSFRS-R, manual muscle testing, and CMAP amplitude[23]. Furthermore, a capacity 

to detect pre-symptomatic LMN loss has also been reported with superior sensitivity to 

early disease change as compared to MUNE[24]. MUNIX has good multicenter and 

multioperator reliability/sensitivity[22]  but is still dependent on patient cooperation, as 

CMAP values are derived from muscle contractions.  

In contrast, electrical impedance myography (EIM) uses low-intensity, high-frequency 

alternating electrical current applied via surface electrodes to a muscle (or muscle 

group) of interest and the resulting surface voltages measured. The fundamental basis 

of EIM is that the recorded surface voltages reflect the conductive and capacitive 

properties of the underlying tissue, with disease-related changes in muscle morphology, 

such as muscle fiber atrophy, resulting in altered impedance values[25]. 

EIM has many advantages in that it is a simple technique that requires minimal operator 

training and limited patient cooperation but still correlates with established 

electrophysiologic and functional measures of disease severity[26, 27]. Multicenter data 

have reported sensitivity of EIM to disease progression, demonstrating its potential to 

expedite phase II clinical trials by reducing the sample size required to detect a 

treatment effect by more than 50% compared to the ALSFRS-R[28]. Additionally, EIM 
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can used on bulbar muscles[29], a muscle group which is difficult to access by traditional 

strength testing.  

Muscle magnetic resonance imaging (MRI), specifically, muscle volume reduction as T2 

hyperintensities is another way of accessing traditionally difficult to assess muscle 

groups. For example, an early study showed reductions in the volume of the tongue in 

up to two-thirds of ALS patients[30]. Tibialis anterior volume reduction and increased T2-

relaxation times were observed in a longitudinal study of 11 patients and correlated with 

clinical (maximal voluntary isometric contraction) and electrophysiological (CMAP) 

measures[31]. Limb muscle signal changes have been demonstrated in cross-sectional 

studies using qualitative observer assessment scales[32, 33]. 

It also may be a potential biomarker of disease progression. A recent longitudinal whole-

body muscle MRI assessment in ALS patients demonstrated semi-quantitative T2 

changes in multiple body regions when compared with controls, as well as associations 

with clinical power and MUNIX, and longitudinal increases signal changes in the tibialis 

anterior muscle over 4 months[34]. This was a relatively short time period and a small 

study, but replication and expansion would prove useful. 

EMG is another electrodiagnostic medicine technique to evaluate the electrical activity of 

skeletal muscles but as intramuscular EMG requires placement of a needle into the 

muscle it is considered an invasive method. EMG detection of fasciculations has long 

been part of the Awaji diagnostic criteria for ALS[35-39]. Fasciculations are a known 

marker of denervation[35] that occur prior to the development of clinical exam-detectable 

muscle weakness[40]. Historically they have been suggested as usable as the first sign 

of disease or disease spread to a previously unaffected region (for review see [41]). 
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A more sensitive and non-invasive screening method for fasciculations is muscle 

ultrasound (MUS)[42]. Ultrasound machines are often easily accessible and can be used 

over essentially any region of the body for both structural and dynamic evaluation. 

Compared to EMG, with single recording electrodes, MUS can scan bigger and deeper 

areas all at once. 

Structural evaluation is useful because muscle thickness is decreased as fibers 

atrophy[43], and intensity (brightness) is increased as denervated muscle is replaced 

with fibrous and fatty tissue, which also causes heterogeneity and then homogeneity, 

seen as reduced granularity (using specific parameters[44]) of the tissue as more and 

more is replaced[45]. For dynamic evaluation, increased elastography (muscle stiffness) 

in response to external pressure due to the fibro-fatty replacement is also seen as 

denervated muscle is replaced. 

While compensatory reinnervation may facilitate maintenance of muscle size at least 

initially[39], a longitudinal study found that increases in intensity can be used to predict 

survival[46]. However, reliability can be an issue when looking between different 

ultrasound systems or tilting of the probe[39, 47]. MUS can improve diagnostic yield of 

EMG by screening the muscles to use[48] and is thus either a singular or 

complementary method of evaluating muscle function in ALS. 

There are limitations to MUS. Significant variability in thickness is seen across muscle 

groups[39] and thinning in only certain muscles correlates with ALSFRS-R[49]. This is 

likely related to the impacts of upper motor neuron (UMN) dysfunction on clinical scoring 

measures but also compensatory use (maybe also hypertrophy) of muscles that can 

then compensate for weak or paralyzed ones[43]. However it could be used as a marker 
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of progression if serial measurements for a single patient are available (for review 

see[50]). 

1.4 Respiratory Function in ALS 

The majority of ALS patients die from respiratory failure or pneumonia related to loss of 

mobility and respiratory muscle weakness[51] making the issue of pulmonary function 

especially relevant to ALS disease progression and prognosis. Neuromuscular 

respiratory failure generally follows a predictable pattern: it begins dysfunction of the 

phrenic nerve motor neurons in the cervical spinal cord leading to the failure of 

diaphragm and intercostal muscles followed by compensatory use of accessory muscles 

but eventually will result in alveolar hypoventilation and atelectasis, further leading to 

shunting, hypoxia, and the subjective feeling of dyspnea.  

Respiratory symptoms are generally inversely correlated with pulmonary function tests 

(PFTs) but deterioration of respiratory function is not time-linked with disease onset and 

as many as two thirds of patients with insufficiency do not experience symptoms as 

measured on the ALSFRS-R, making it difficult to give patients a prognosis [52-54]. This 

is because overall weakness can mask respiratory symptoms: patients who are 

experiencing substantial limb weakness at disease onset may not be physically able to 

exert themselves to the point of dyspnea and therefore would not report this 

symptom[55]. This could explain why most ALS patients don’t complain of feeling short 

of breath until their predicted forced vital capacity (FVC) is less than 50%, a point lower 

than patients with other FVC-reducing diseases[56]. 

Treatment guidelines for ALS recommend serial PFTs at intervals of 3-4 months for all 

patients in order to initiate non-invasive ventilation at the optimal time[57, 58]. While only 

two drugs have been approved to treat ALS and with limited effects, there are many 
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reports going back over two decades that non-invasive ventilation significantly increases 

survival, quality of life and even cognitive function in ALS patients[59-64].  

PFTs in ALS patients show a progressive reduction in the FVC that accelerates towards 

the end of the disease[65]. An FVC less than 50% of predicted is strongly associated 

with a poor prognosis but the absolute value does not depend on the duration of the 

disease [59, 65, 66]. It is important to consider that FVC is not a simple measure of 

respiratory muscle weakness but also accounts for lung parenchymal changes and 

airway hyer-responsiveness. Currently, there is no reliable method to determine when 

respiratory weakness will occur in any given patient and many patients have difficulty 

performing accurate PFTs, especially when their disease has bulbar involvement, 

making interpretation of moderate or low values difficult for the clinician[67].  

Although the American Academy of Neurology recommends following an ALS patient’s 

FVC, maximal inspiratory pressure (MIP), sniff nasal pressure (SNP) and nocturnal 

oximetry, no single respiratory test is considered to be the most appropriate for detecting 

impending respiratory failure[68]. Inspiration is performed primarily by the diaphragm 

and the most widely used test sensitive for excluding weakness is the MIP, a 

noninvasive test with well-established reference values[67, 69]. The commonly used 

tests of expiratory muscles are peak cough or peak expiratory flow (PEF or PCF), used 

to determine if a patient can generate adequate flow to clear pulmonary secretions. 

Normal values for ppFVC, MIP and PEF are highly predictive of 1-year survival[67]. 

Accurate monitoring of respiratory function is crucial for initiating one of the only 

interventions shown to increase survival in ALS, non-invasive ventilation (NIV). There is 

a 3.1-fold increase in risk for death in patients with ALS who could not tolerate NIV when 

compared to those using NIV; this risk remains at a 1.7 fold increase even when 
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adjusted for bulbar symptoms, expiratory weakness, and use of riluzole[70]. Use of NIV 

in ALS improves quality of life, cognition, survival, and slows the rate of respiratory 

decline[59, 71].  

FVC is the maximum amount of air that can be exhaled after a maximal inhalation 

(usually expressed in liters). A normal value here reflects normal lung tissue; that is, the 

elasticity and thoracic cage are normal and the respiratory muscles aren’t too weak 

Interpretations[72]. If this value is lows it is reflective of a restrictive or obstructive 

disorder resulting from an abnormality in one of the three aforementioned factors making 

it a largely nonspecific test of the airways, muscles, chest wall and lung parenchyma. 

Common examples of restrictive pathologies are the interstitial lung diseases (idiopathic 

pulmonary fibrosis, a loss of lung volume) and chest wall deformities (pectus 

excavatum). Vital capacity can also be reduced by non-disease factors such as obesity. 

FVC can be performed in either a seated or a supine position, with differences between 

the readings also helpful in monitoring the disease process[67]. Specifically, both in 

healthy and diseased patients, supine FVC will be lower, suggesting that it may be more 

sensitive to diaphragm function abnormalities[73]. Slow vital capacity (SVC) is the same 

as FVC except that the subject exhales slowly (rather than a forced, rapid exhalation) 

and provides the same information as FVC[74]. ALS patients with significant upper 

motor neuron burden, severe respiratory dysfunction, and/or bulbar disease find this test 

easier to perform because the upper airway has a tendency to collapse under maximal 

exertion[75]. 

Spirometry values are often expressed as the percent predicted for a specific patient’s 

age, height, sex and ethnicity (NHANES III[76]) reflecting the average predicted value for 

that individual if they were healthy. 
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𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑉𝑎𝑙𝑢𝑒

𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑉𝑎𝑙𝑢𝑒
× 100 = % 𝑜𝑓 𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑  

The lower limit of normal is also used and represents the threshold below which a value 

is considered abnormal (i.e., of a normal population, 95% of people will be above this 

value). Clinically, this is often considered 80% of predicted for FVC. 

Respiratory insufficiency is present in almost all ALS cases at some stage in the illness – 

it is the most common cause of death in ALS[77]. There are multiple causes of 

respiratory muscle failure, all of which act to produce a progressive decline in pulmonary 

function. Diaphragmatic weakness, coupled with respiratory muscle weakness, leads to 

reduced lung compliance (the ability for the lung to expand) and atelectasis (collapsed 

alveoli). Even in ALS patients who had normal diaphragmatic compound muscle action 

potentials (a measure of diaphragmatic function) will develop dangerous nocturnal 

desaturation during sleep, indicating that it is not simply muscle weakness contributing to 

lung pathology[78]. Early recognition of respiratory decline and symptomatic intervention 

(bipap or non-invasive ventilation, NIV) can significantly enhance both expectancy and 

quality of life in ALS.  

Pulmonary measures are commonly used as predictors of survival in the clinical setting, 

with many clinical trials having shown ppFVC and its rate of decline as a predictors of 

survival[79-84]. FVC versus time curves have continually been reported as curvilinear, 

with a steeper slope as the time of death nears[85, 86]. Together, normal values of FVC, 

maximal expiratory pressure (MEP) and MIP are highly predictive of 1-year survival[87]. 

1.5 Disease Progression 

The hallmark clinical sign of ALS is a patient with both upper and lower MN signs with 

apparent sparing of muscles of the sphincters, ocular muscles, and sensory nerves. 
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UMN signs are a result of the loss of cortical inhibition: appearance of primitive reflexes 

such as the Babinski, spasticity, hyperreflexia and clonus. Muscle weakness is due to 

denervation of the NMJ, upper and lower MN dysfunction and results in subsequent loss 

of muscle mass. Denervation of the NMJ also leads to an eventual flaccid paralysis and 

absent reflexes. However, the order in which these signs and symptoms present and 

progress are incredibly variable in any given patient. Innervation of the diaphragm and 

other respiratory muscles is lost and the majority of patients die from respiratory failure 

or complications thereof[51]. Furthermore, secondary respiratory insults such as 

microatelectasis and aspiration pneumonia compound existing neuromuscular reduction 

in lung volumes[88].  

Median survival is less than 3 years from diagnosis or 2-3 years from symptom onset but 

a small percentage of patients will survive beyond 5 years with longitudinally extensive 

data showing an eventual plateau in mortality [13, 88-97]. Disease progression has been 

observed as curvilinear[98, 99] and there are many reports that prognosis is predictable 

from the rate of early symptom progression and/or time from symptom onset to 

diagnosis[6, 84, 97, 100, 101]. Restricting disease progression analyses to survivor 

subgroups limits the appearance of an initial rapid decline in function[102]. Other studies 

have also observed that the slowing of disability advancement is less accounted for by 

ALS natural disease progression and more so by selective loss to the trial of those who 

have died or withdrawn due to end-stage morbidity[94]. 

Disease progression is incredibly variable even within clinical phenotypes or those with 

the same genetic mutation[96, 103-106]. Perhaps because of this fact, a large number of 

studies have investigated influencing factors for disease progression and survival. 

Bulbar-onset disease carries a worse prognosis, and is more often diagnosed in elderly 

patients. Older age at symptom onset is also associated with a shorter survival[5, 79, 91, 
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95, 107-109]. Limb onset patients usually survive longer but have an unpredictable 

course[80, 91, 93, 95, 107, 109-112]. There are conflicting reports on whether or not 

gender is an independent factor in survival, with female gender having been reported as 

a worse prognostic factor; female gender is also associated with the worse prognostic 

factors of bulbar onset and older age of onset which, if not accounted for, may skew the 

importance of this factor [79, 91, 95, 113-116]. No comorbidities have been identified as 

independently influencing disease progression or survival however it did appear in one 

study that those with cardiovascular disease are at a lower risk of ALS [117] . Other, 

more limited studies have shown acid-base balance[118], muscle strength[83], 

myometry[83, 119], nutritional status[120], smoking[121, 122], and psychological 

factors[91] as impactful on survival.  

Diagnostic criteria have limited utility to evaluate disease progression in that more 

criteria fulfilled does not mean further progressed disease. This is because while 

hyperreflexia, spasticity, and pathological reflexes (ie Babinski) are important UMN signs 

for the initial diagnosis, as their continued presence is dependent on the ratio of upper to 

lower MNs, they do not correlate with disability or even with amount of MN lost. 

Conversely, while changes in electrophysiological tests are useful in assessing how 

quickly the disease is progressing, at the onset a single measurement cannot predict 

survival. 

The ALS Functional Rating Scale (ALSFRS) was first developed in 1991 as a tool to 

assist in clinical trial evaluation and was expanded to encompass respiratory symptoms 

as the (revised) ALSFRS-R in 1999[49]. It is a 12-question scale, with answers giving 

scores of 0 to 4, 4 being full function, for a maximum total score of 48. It has been 

translated into many languages and adapted to be given to patients over the 

internet[123], via telephone[124, 125] and even smartphone app[126], and is appropriate 
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for caregiver or self-administration[127]. As such, it is a widely used primary outcome 

measure in both clinical practice and clinical trials, in the United States and 

internationally. 

The domain specific subscores (motor, bulbar, and respiratory) appear to be more 

accurately informative of disease progression for specific phenotypes and sites of 

onset[128, 129]. While bulbar and respiratory domains have total scores of 12, the motor 

domain is made of 8 questions for 24 total points and can be further broken down into 

fine and gross motor skills. Recent studies have emphasized that, despite the original 

developmental intention [130], the summed score should not be considered a global 

“disability severity” score[131, 132]. Despite some of these documented inadequacies of 

the ALSFRS-R, it remains a reliable tool for measuring disease progression[49, 112] 

with good criterion-related validity, and excellent inter-rater, intra-rater, and test–retest 

reliabilities[49, 124, 133]. 

1.5 Current treatments 

Despite decades of searching for a treatment and countless clinical trials, riluzole[80, 

82], in 1994, and edaravone[134], in 2017, are the only two FDA-approved treatments 

for ALS. Even so, both of these drugs show moderate survival benefits (~3 months) for 

limited populations and it remains debated what the actual disease-modifying 

mechanism of each is[135]. In place of treatment for the actual disease process, there 

are a number of medications and multidisciplinary management tools employed for 

symptom management in ALS and these aim to improve quality of life; tertiary care 

centers with multidisciplinary care have a positive effect on patients in this way[136].  

Non-invasive positive pressure ventilation is the only ALS treatment known to improve 

both length and quality of life[63, 64, 71, 137, 138]. NIV can be delivered by either a 
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pressure- or volume-limited system. Unlike continuous positive airway pressure (cpap) 

machines used in sleep apneic patients, bi-level units (bipap), used in neuromuscular 

diseases, allow both inspiratory and expiratory pressures to be set, which better mimics 

normal breathing, is more comfortable for patients to wear while awake, and doesn’t 

require patients to struggle to exhale against a constant pressure. Some units also allow 

for a backup respiratory rate to be programmed in case a patient does not trigger a 

breath voluntarily which is important as many patients have a central hypoventilation 

component to their disease, especially during sleep[139]. NIV has also been shown to 

improve cognition and, as impaired cognition decreases patient compliance with NIV 

therapy, serves to emphasize that earlier initiation is ideal in vulnerable patients[140-

142].  

Kleopa et al., determined that not only does NIV improve survival but it also slows the 

decline of FVC when used for more than 4 hr/day[71]. This suggests that preventing 

hypoinflation of the lungs actually could protect from parenchymal loss that can occur 

with micro-atelectasis. This may not only slow the decline of respiratory impairment but, 

as acidosis and/or hypercapnia will impair muscle metabolism and function, may slow 

the decline of muscle weakness as well. As the ideal time to initiate NIV in ALS ins 

before there is danger of life-threatening respiratory failure[75], any patient-specific 

information (lab tests, genetic variants) that can inform clinicians as to when this might 

be would be of paramount importance. While measurements, such as FVC<50% 

predicted, are often used to support initiation, evidence continues to build that earlier is 

better for patient use. However, Medicare criteria still depend on objective data 

(FVC<50% predicted, MIP<-60cm H2, PaCO2≥45, or SpO2≤88% for >5min while pt is 

asleep) and cost would be limiting to many patients who could benefit from use prior to 

these indicators. 
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Tracheostomy with invasive ventilation (TIV) that requires surgical placement of a 

permanent sub-epiglottal airway is usually seen as a last resort and is not done often the 

in US or Europe; in Japan it is the predominant form of ventilation offered to patients with 

motor neuron disease as the cost is fully covered[143]. Unlike bipap, a tracheostomy can 

also be hooked up to a volume-limited ventilator. These machines are based on a goal 

tidal volume and are generally designed for long-term, often permanent, use. The 

majority of clinical trials consider tracheostomy placement to be an end-point equal to 

death for primary outcomes of survival and although average survival following 

placement is 1-2 years, some patients live for years[144, 145]. 

Percutaneous endoscopic gastrostomy (PEG) tube placement is a surgical procedure 

where a feeding tube is placed through the patient’s abdominal wall into the stomach so 

that supplemental nutrition can be given in a state of poor oral intake or dysphagia that 

would make aspiration of oral contents a high risk. PEG tube feeding may improve 

survival in ALS; a 2017 cochrane review stated no randomized controlled trial (RCT) 

evidence to support benefit or harm of enteral tube feeding[138]. There are many non-

RCT studies of PEG placement and feeding but the findings of these have been mixed: 

of 11 studies, 4 showed longer survival and 7 showed no survival advantage[146]. 

Generally, it is advised that PEG placement is done before ppFVC is below 50% due to 

increased risk of surgical procedures when a patient is in respiratory failure, but there 

does exist evidence that the procedure may still be beneficial in patients after this 

point[138].  

1.6 Biomarkers 

Because of the extreme heterogeneity of this disease, in terms of etiology, phenotype, 

and progression, the search for biomarkers has been a focal point of much research. 
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Contributing to this heterogeneity, on a cellular level factors known to contribute to ALS 

are diverse and range from endoplasmic reticular stress, mitochondrial dysfunction, 

proteostasis, trophic factor disruption, aberrant RNA metabolism, axonal and 

cytoskeletal dysfunction, oxidative stress, and neuroinflammation.  

A biomarker is a feature that is able to be objectively measured as an indicator of 

processes, whether they be normal or pathological, or in response to therapeutic 

intervention[147]. Biomarkers can be diagnostic, prognostic (to give information on the 

expected natural history of a disease in a specific patient), predictive (categorizing 

patients by likelihood of treatment response), or pharmacodynamic (to show that a 

biological response has occurred in response to a treatment). Prognostic and predictive 

biomarkers ideally should be baseline characteristics of any given patient, for example, 

the presence or absence of a specific gene alteration.  

Prognostic biomarkers for ALS, ideally determined at a patient’s time of diagnosis, that 

give a more accurate prediction of clinical decline and/or survival would allow clinicians 

to address symptomatic management in a way which is both timely and humane. 

Predictive biomarkers would be useful in enriching clinical trials with patients most likely 

to respond to a treatment targeting a specific biological domain of the disease, 

something especially helpful in a quickly-advancing disease with a fairly limited 

population from which to draw subjects. Pharmacodynamic biomarkers would also aid in 

clinical trials for similar reasons and for their potential to become surrogate measures of 

the effects of a specific treatment. A few biomarker candidates, the majority in 

cerebrospinal fluid (CSF) or peripheral blood, have demonstrated use in patient 

stratification, predicting fast or slow disease course, or have been used preclinically. 

However, validating and moving biomarkers into clinical practice has remained difficult. 
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Accumulation of neurofilaments, structural proteins of the neuronal cytoskeleton, have 

been linked with motor neuron dysfunction[148, 149]; in axonal injury these proteins are 

released into CSF and enter the bloodstream where they are relatively stable, biofluid 

stability being an important characteristic of a clinically useful biomarker for any chronic 

and progressive disease. Initial studies reported sensitivity of 90% and specificity of 87% 

of phosphorylated neurofilament heavy chain (pNFH) in CSF in differentiating ALS from 

benign disease controls and utility for predicting disease progression[150, 151]. 

However, the correlation with ALSFRS-R was not replicated in a later study[152] and the 

diagnostic accuracy of distinguishing ALS from disease mimics was deemed 

insufficient[151]. It still may serve well as a diagnostic biomarker, as studies in the SOD1 

mouse model of ALS revealed that levels increase just before the mice become overtly 

symptomatic[153]. 

Neurofilament light chain (NFL) has also been examined as a CSF diagnostic biomarker 

with reported sensitivities of 79% and specificity 86%[154] and also as a prognostic 

biomarker in blood and CSF [155, 156]. It may be problematic that, unlike pNFH, NFL is 

not phosphorylated and thus it is susceptible to degradation by proteases[157, 158].  

Many markers of neuroinflammation have been reported as increased in the CSF of ALS 

patients when compared to controls including prostaglandin E2[159, 160], VEGF[161, 

162] (with varied results), IL6[162, 163], GM-CSF, IL2, MCP-1[162], and others. One 

study revealed an increase in the CSF and blood of IFNγ but, although elevations 

correlated with disease duration and progression rate as measured by ALSFRS-R 

preslope [(48−ALSFRS-r score at time of diagnosis)/months from symptom onset to 

diagnosis], they did not correlate with raw ALSFRS-R score. This may emphasize the 

importance of employing more than one method of evaluating whether a biomarker 
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correlates with “disease progression” given the wide variety of ways this progression is 

assessed (discussed above).  

Not only chemokines and cytokines have been looked at for inflammatory biomarker 

potential but also activated immune cells themselves[164, 165]. The major limitation of 

this strategy is in the laboratory methodology needed to evaluate such populations which 

is far more advanced (and expensive) than cytokine immunoassays. Advanced 

proteomics, metabolomics, and microRNAs have also been investigated for biomarker 

potential but carry the same limitation. 

Biomarkers are not always laboratory tests on bodily fluids but encompass imaging 

techniques or tracers, questionnaires (like the ALSFRS-R), and other advanced testing 

methods[166]. The following lists are not exhaustive. Many methods of evaluating either 

peripheral nerve or NMJ health have been examined for their biomarker potential: 

peripheral nerve excitability testing, CMAP, MUNE, MUNIX, EMG, and EIM. 

Neuroimaging biomarkers have encompassed a variety of imaging modalities: surface-

based or voxel-based morphometry with brain MRIs, diffusion tensor imaging (DTI) of 

white matter changes, fluorodeoxyglucose (FDG)-positron emission tomography (PET), 

translocator protein (TSPO) PET with the molecular marker [11C]-PBR28, and 

peripheral nerve ultrasound. It seems likely that the ideal approach will be combinatorial 

– for example, circulating cytokines with imaging indicators of neuroinflammation.  

1.7 ALS is a disease of motor neurons and many other cell types 

As discussed above, ALS is a severely debilitating disease characterized by progressive 

degeneration of MNs. Charcot first described ALS in 1869[167]; however, its 

pathogenesis remains unknown, and effective treatments remain elusive[168]. While, for 

a time, the profound and selective degeneration of MNs led many to the conclusion that 
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ALS was a cell autonomous disease, after decades of research it is clear non-cell-

autonomous pathological mechanisms contribute to disease progression and 

neurodegeneration, even in sporadic ALS[169-173]. It is apparent that new paradigms 

must be investigated to understand the effectors of ALS, including inflammation, immune 

responses, and the body’s response to stress and injury.  

It is now widely accepted that non-neuronal cells contribute on their own to the 

degeneration seen in ALS[174]. That there exists a complex interplay of neurons and 

non-neuronal cells in ALS has been established for multiple cell types including 

astrocytes, microglia, and T cells. Postmortem human ALS tissue shows profound glial 

activation and evidence of infiltrating T cells in the spinal cord and brain[175-179]. An in-

depth review of inflammation and immunity in ALS was published by our lab in 

2018[178], thus it will only be touched upon in brief here. 

Reactive astrocytes lose their beneficial roles and become instruments of detriment. As 

part of this transition, the interactions between astrocytes and motor neurons themselves 

become impaired[180]. These roles have been demonstrated in familial and sporadic 

human cases of ALS, animal models of the disease, and in inducible pluripotent stem 

(iPS) cell models[181]. 

Microglial activation in the spinal cord of SOD1 mouse models of ALS has been reported 

to occur as early as P30, coincident with initial NMJ denervation in the periphery[182]. 

There is an undulating pattern to this activation as it was reported to decrease by P75, 

though it returns to high levels of activation by P120, end stage for this model. Another 

study reported microglial activation corresponding to P90 which continues to increase 

through end stage of disease[183]. Early microglial activation in the central nervous 

system (CNS) could also be representative of neuroprotective actions of microglia 

through removal of damaged synapses.  
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The increase in activation of monocyte-lineage cells with disease progression is also 

evident in the periphery and therefore not restricted solely to the CNS. Activated 

macrophages are detectable in the sciatic nerve of SOD1 mice prior to overt clinical 

symptom onset, and levels steadily increase through end-stage[184]. Central 

neuroinflammation can initiate negative peripheral effects: ALS-CSF triggers motor 

neuronal degeneration, resulting in pathological changes in the skeletal muscle. Muscle 

damage further aggravates the motor neuronal pathology, because of the 

interdependency between them. This could start a vicious cycle, leading to rapid and 

progressive loss of motor neurons, explaining the relentless course of ALS[185]. 

It remains unclear if inflammatory and immune responses have a role in initiating ALS; 

however, they clearly play a role in accelerating disease progression resulting in poorer 

quality of life and shorter survival[178, 186-188]. Therefore, therapeutic approaches to 

target inflammatory and immune pathways may prove effective at slowing progression 

and improving patient quality of life. 

 

2. Interleukin-6 

2.1 An Overview 

Cytokines are peptides that play an integrative and regulatory role as universal 

intercellular messengers and once secreted can mediate intercellular communication 

locally or systemically with communication in the autocrine, paracrine, and endocrine 

fashions. These molecules mediate intercellular contact when bound to cell membranes, 

distinguishing them from hormones. The broad group of “cytokines” includes 

interleukins, monokines, lymphokines, chemokines, interferons, colony-stimulating 

factors, and growth factors. Characteristic features of cytokines are their functional 
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pleiotropy and redundancy. Individual cells can express and secrete several cytokines 

simultaneously in response to a single stimulus. The overlapping activities of many 

cytokines depend on the developmental or pathological stage, the type of cell involved, 

and the local microenvironment that often contributes to co-stimulatory signals[189]. 

IL6 is an NF-κb-regulated cytokine that activates various cell types with a wide range of 

effects dependent on the cell type and receptor activated and the microenvironment of 

the cell at the time of binding; it is intimately involved in inflammation, immunity, 

hematopoiesis, metabolism, and cellular differentiation, survival and cell death. As with 

most cytokines, it is known to act in autocrine, paracrine, and endocrine fashions 

depending on these aforementioned factors and availability of its receptors[190].  

The IL6 family of cytokines (also referred to as the neuropoietins) also includes: 

interleukin-11 (IL11), interleukin-27 (IL27, p28), interleukin-31 (IL31), leukemia inhibitory 

factor (LIF), oncostatin M (OSM), ciliary neurotrophic factor (CNTF), cardiotropin-1 

(CT1), novel neurotrophin-1 (NNT1), and neuropoietin (NPN) (for review of the family 

see [190, 191]). All members save for IL31 share glycoprotein-130 (gp130) as their 

common β-receptor and signal transducer but each also requires additional specific α 

receptors, although these are also sometimes shared; LIF, CNTF, OSM, CT1, NPN, and 

NNT1 all signal via gp130/LIF-R receptor complexes[192]. This commonality makes it 

clear why members of the family of neuropoietins show levels of functional redundancy.  

IL6 was first characterized in the 1980s (BSF-2) as a factor enhancing antibody 

production in B cell lines and differentiating activated B cells into antibody-producing 

cells[193, 194]. Before being identified as IL6[195], when the DNA was cloned in 

1986[196], it was also identified as hepatocyte-stimulating factor (HSF – for stimulating 

the production of acute phase protein synthesis), hybridoma growth factor (HGF – 
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enhancement of growth of fusion cells between fusion cells between plasma cells and 

myeloma cells), and interferon (IFN)-β2 (IFN antiviral activity); all of these names have 

since been replaced with IL6. 

IL6 itself is a 21-28kDa glycosylated protein (core protein is ~20kDa with glycosylation 

accounting for the sum natural size) with a four-helix bundle structure characteristic for 

the IL6 family, that is, four long α-helices in an up-up-down-down arrangement. The IL6 

protein is 212 amino acids including a 28 amino acid signal peptide. Because of the low 

molecular weight, IL6 is able to rapidly diffuse through cells and tissues to become 

present in a microenvironment surrounding a local area of pathology, while still leaving 

surrounding normal tissue relatively free of the cytokine[197]. There are 3 distinct 

receptor-binding sites to IL6: site 1 contacts IL6R (therefore determining the specificity of 

IL6 binding) whereas sites 2 and 3 contact different domains of gp130[198]. 

2.2 Synthesis 

Regulators of IL6 synthesis (such as NFkB) can be considered by the events which 

result in their activation. First, consider when IL6 serves as a mediator in a cascade 

activated when some dangerous exogenous event is occurring (termed “infectious 

inflammation”). In this situation, pathogen-associate molecular patterns (PAMPs) are the 

biologically recognized “signatures” of exogenous pathogens and are recognized by 

pathogen-recognition receptors (PRRs, such as the Toll-like receptors) in immune cells 

like monocytes and macrophages[199]. These PRRs then stimulate multiple pathways, 

including NF-κB, and ultimately result in enhanced transcription of inflammatory cytokine 

mRNA, including TNFα, IL1β, and IL6. Importantly, TNFα and IL1β themselves also 

activate transcription factors that generate IL6 in this and other situations where they are 

present.  
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Second, IL6 is utilized as a warning signal where there is tissue damaging (termed 

“sterile inflammation”). Here, damage-associate molecular patterns (DAMPs) are 

released from damaged or dying cells in noninfectious trauma (eg, burns, surgery, etc), 

such as S100B is released from glial cells after various types of neuronal injury[200]. 

Finally, in addition to immune cell types, mesenchymal cells, endothelial cells, 

adipocytes, myocytes, and fibroblasts produce IL6 in response to various stimuli[201] 

and it has been hypothesized that the purpose of this stromal production of IL6 is to 

coordinate crosstalk between these supportive cells and the immune system for both 

immune and homeostatic functions[202]. In regards to the homeostatic function of IL6, it 

has meaningful roles as a trophic factor for both immune and non-immune cells, which 

are thoroughly discussed in a later section. 

The IL6 gene mapped to chromosome 7p21. IL6 is strictly regulated both on the level of 

gene transcription and post-transcriptionally. Cis-regulatory elements in the human IL6 

gene 5’ flanking region have binding sites for NFκB, specificity protein 1 (SP1), nuclear 

factor IL6 (NF-IL6), activator protein 1 (AP1), and interferon regulatory factor 1. When 

any of these elements are stimulated by proinflammatory factors ranging from IL1 and 

TNFα to TLRs and forskolin, the IL-6 promotor is then activated[203-205]. There are also 

viral products that act to enhance DNA-binding activity of NF-κB and NF-IL6, ultimately 

increasing IL6 mRNA transcription[206]. 

On the other hand are transcription factors that suppress IL6 expression: peroxisome 

proliferator-activated receptors (PPARs), specifically the α subtype, interacts with c-Jun 

and the p65 NF-κB subunits to negatively regulate IL6 transcription[207]; also, hormone 

receptors including estrogen[208] and the glucocorticoid receptor[209]. Indeed, this is 

thought to be one of the mechanisms by which corticosteroids reduce inflammation 
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Post-transcriptionally there are kinases, RNA-binding proteins, nucleases, and multiple 

microRNAs that regulate IL6 both at the 5’ (acting on initiation of translation) and 3’ 

(acting on stability of mRNA) untranslated region[210]. Data suggests that the balance 

between these elements may even induce development of some human autoimmune 

diseases. 

2.3 Receptors, Binding, Signal Transduction 

The IL6 receptor complex consists of the binding transmembrane glycoprotein (IL6R, 

also referred to as CD126 or gp80) and the transmembrane signal transducer protein 

gp130 (CD130). IL6R is an 80kDa glycosylated type I membrane protein[211]. 

Specifically, binding of IL6R to IL6 is mediated by IL6R domains 2 and 3. The N-terminal 

immunoglobulin(Ig)-like domain stabilizes the receptor during intracellular trafficking and 

is necessary for physiological shedding of the soluble IL6R (discussed below)[212]. 

Gp130 is a 130-150kDa glycosylated type I membrane protein with 6 extracellular 

domains, a single transmembrane domain, and a cytoplasmic domain. Not only goes 

gp130 have physical interactions with membrane-bound (m)IL6R but it also physically 

binds with IL6 itself: the Ig-like domain of gp130 (domain 1) binds to site 3 of IL6 and the 

N-terminally located CBM-(cytokine binding module)-domain of gp130 to site 2 of 

IL6[198, 213]. Consistent with the need for these additional physical connections, 

preformed, inactive gp130 dimers are found physiologically at the cell membrane[214], 

as are preformed dimers of mIL6R[215], indicating juxtaposition of these preformed 

dimers are not sufficient to initiate signal transduction. 

Domains 4-6 (those ones closest to the membrane) are necessary for cytoplasmic 

transmission of signal[216]. Gp130 is non-covalently associated with the Janus kinases 

(JAKs: JAK1, JAK2, TYK2) which become autophosphorylated when IL6 binding occurs. 
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Subsequent phosphorylation of specific gp130 residues allows reorganization of the 

receptor complex to initiate intracellular signaling[190]. 

The exact structure of the IL6•IL6R•gp130 complex once bound is still under debate. 

Both hexameric (2 of each IL6, IL6R, gp130) and tetrameric (with only 1 IL6 and 2 of 

IL6R and gp130) receptor complexes have been proposed, as experiments have shown 

that interaction with only one of the two IL6-binding sites on gp130 is sufficient to induce 

the signaling cascade[198, 217, 218]. In vitro dose response curves of IL6 are bell curve 

shaped, with higher concentrations of the cytokine causing a decline in the biological 

response (order starts to decline after 0.7 pg/mL of human IL6)[219, 220]. This evidence 

could be in agreement with a model whereby lower IL6 concentrations favor tetrameric 

complexes and higher concentrations shift to formation of hexameric complexes as the 

dose-response bell curve descends[191]. However, these models did not include the 

physiologically present soluble IL6 receptor or soluble gp130 (sgp130), and thus may fail 

to mimic the true in vivo conditions. 

At physiological levels (<10pg/mL IL6 and ~50ng/mL soluble (s)IL6R), IL6 is reported to 

bind to the membrane-bound or sIL6R with an affinity of 0.5-1 nM[221]. Kinetically, this 

would translate to the majority of IL6 being caught in IL6:sIL6R complexes. However, 

there have been multiple studies refuting these findings and reporting a Kd of 14-34nM 

whereby IL6:sIL6R complexes are much less readily formed (consider that this would 

indicate 1% vs 60% of IL6 within the complexes)[222, 223].  

In classical signaling (figure 1), also referred to as membrane-bound or classical 

signaling IL6 first binds on target cells to the membrane-bound non-signaling α-receptor 

(mIL6R) creating an IL6•mIL6R complex which then binds 2 gp130 molecules leading to 

homodimerization of gp130 and IL6 signal transduction[224]. The signaling complex 
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(IL6•mIL6R) is internalized within minutes by dileucine-like motifs in the cytoplasmic 

domain of gp130[225]. This means that new protein synthesis, taking on the order of 

hours, is required for repeat gp130 phosphorylation[226].  

Cytokines often have both soluble and membrane-bound forms of their receptors. But 

while most soluble cytokine receptor molecules are antagonists, that is they will compete 

with the membrane-bound receptors for ligand[227], uniquely, the soluble receptors for 

IL6 (sIL6R), IL27 (EBI3), and CNTF (sCNTF-R) are agonists. Transsignaling, also called 

secreted-signaling, occurs when the IL6•sIL6R complex binds directly to transmembrane 

gp130. 

Generation of sIL6R (50-55kDa protein) is via two major mechanisms. First is the 

dominant mechanism in humans: proteolytic cleavage of mIL6R, dependent on Zn2+-

metalloproteases[228, 229], specifically of the ADAM (a disintegrin and metalloprotease) 

family[230-232]. ADAM proteases, type-I-transmembrane proteins, are involved in the 

shedding of many cytokine receptors in the IL6 family[233]. It is important to note that 

the C-terminal cleavage fragment of mIL6R leftover after ADAMs-mediated shedding is 

not biologically active but is instead rapidly endocytosed[232]. In humans, <10% of 

sIL6R is generated by transcription of alternatively spliced IL6R mRNA that lacks the 

transmembrane and cytosolic domains[230, 234] [235]. A 2010 study of wound healing 

in mice with cell-specific IL6R knockouts suggested that hepatocytes (~30%) and 

hematopoietic cells (~60%) are the main sources of sIL6R found in circulation[236].  

Here we must discuss an important caveat to any the data involving IL6 derived from 

mouse models, that is, murine and human IL6 and sIL6R exhibit fundmental differences. 

First, while human IL6 binds to both mouse and human IL6R, mouse IL6 binds 

exclusively to the mouse IL6R[237], although whether the difference lies in the human 
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IL6R or mouse IL6 is, as of yet, unknown. Second, the alternative spliced mRNA that 

codes for sIL6R has not been identified in the mouse, indicating that this second 

mechanism that exists for sIL6R generation is solely seen in humans. Finally, mouse 

IL6R is shed exclusively by ADAM10[238] while in humans both ADAM10 and ADAM17 

act to shed the receptor. 

25 ADAM proteins are encoded in the human genome with ADAM10 and ADAM17 being 

the closest related. They share several substrates, including IL6R[239]. Induced 

ectodomain shedding is defined as rapid proteolysis after activation by mechanisms 

such as bacterial MMPs or apoptosis. Induced ectodomain shedding of IL6R is mediated 

by ADAM17 whereas the slower, constitutive shedding is mediated by ADAM10[240, 

241]. The mechanisms that trigger induced ectodomain shedding are often associated 

with pathological states: proinflammatory cytokines[242], bacterial toxins[241], cellular 

cholesterol depletion[231], and proteasome inhibitor drugs[243]. In fact, multiple studies 

have produced evidence that the proinflammatory activities of IL-6 rely on the sIL-6R 

derived from ADAM17-mediated shedding of IL-6R[240, 244, 245]. 

Interestingly, apoptosis-activation of ADAM17 is not dependent on intrinsic or extrinsic 

induction of apoptosis but is able to propagate transsignaling: experiments done in the 

murine air pouch model of inflammation showed sIL6R generated by induced 

ectodomain shedding to stimulate transsignaling in neighboring non-apoptotic cells[240]. 

That propagated transsignaling was not dependent on ADAM17: infiltrating sIL6R from 

circulation, which could be the result of constitutive shedding by ADAM10 or 

microvesicle release[246], could also be responsible for role of IL6 transsignaling in the 

resolution of an acute inflammatory episode[247]. 
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Shedding of the IL6 receptor is tightly controlled by a genotypic mechanism involving a 

single nucleotide polymorphism (SNP) in the receptor sequence at the interface of the 

cell membrane, and within the ADAM17 cleavage site, resulting in a dose-dependent 

increase of the sIL-6R in bodily fluids with presence of the minor allele[248-250]. This 

SNP, rs2228145 (Asp358Ala), was originally identified in a study of 57,800 people as an 

asthma susceptibility locus in subjects of European ancestry[251]. Further testing 

characterized this SNP; the minor (358Ala or “C”) variant allele was found to be 

associated with more severe asthma, poorer lung function tests, and with greater 

amounts of sIL6R expressed in multiple cells types within the lung, including airway 

epithelium, vascular endothelium, airway smooth muscle, and individual submucosal 

cells[252]. The IL6R 358Ala variant was also found to be associated with poorer 

pulmonary function tests in healthy subjects[253]. The differences in pathogenic effects 

of acute and chronic, long-term, IL6 transsignaling will be discussed in a subsequent 

section. 

As discussed above, limited cell types physiologically express mIL6R and are therefore 

able to respond to un-complexed IL6: first identified were hepatocytes, along with 

neutrophils, macrophages/microglia, and specific subsets of T-cells; conversely, gp130 

is near-ubiquitously expressed, including on CNS glial and neuronal cells, which is what 

allows for the pleiotropic effects of IL6 across various cell types[240, 254-261]. Cell 

types shown to be dependent on sIL6R for their response to IL6 include neural cells and 

neural stem cells[262-264], hematopoietic stem cells[265, 266], liver progenitor 

cells[267], and embryonic stem cells[268] 

Transsignaling differs from classical-signaling in binding kinetics which can cause a 

fundamentally different cellular outcome[269]. Studies in human airway smooth muscles 

cells (HASMs) revealed that classical-signaling induced downstream signal transduction 
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and activator of transcription (STAT)3 phosphorylation with attenuation of 

phosphorylation over a period of 60 min demonstrating time-dependent loss of classical 

IL6 signaling. In contrast, transsignaling resulted in rapid STAT3 phosphorylation at 60 

min and remained sustained at 24 hours[270]. Many studies done in mice to investigate 

transsignaling utilize hyper-IL6 which is a fusion protein of IL6 and sIL6R that super-

stimulates transsignaling[266, 271, 272] (see[273] for review). 

A third way that IL6 may signal to cells only expressing gp130 and not mIL6R is through 

a dendritic cell-mediated mechanism called trans-presentation whereby the dendritic cell 

(DC) essentially “holds up” a complex containing DC-expressed IL6Rα bound to IL6 for 

“presentation” to a cell with the gp130 surface receptor. Trans-presentation has been 

proposed as the mechanism whereby pathogenic Th17 cells (a subset of effector T cells) 

are primed in encephalitis[274].  

Sgp130 (IL6 signal transducer, IL6ST, or CD130) circulates in relatively high levels (100-

400ng/mL in human plasma) and is produced primarily by alternative splicing[228]. 

Sgp130 is able to bind IL6•sIL6R physiologically present in circulation and act as an 

inhibitor specifically of transsignaling, as classical-signaling is not affected[275, 276]. 

One hypothesis for the existence of this system is as a “sink” for excess IL6, that is, One 

hypothesis is that sIL6R in combination with sgp130 forms an sIL-6R-sgp130 buffer to 

binds and thus eliminate activity of circulating IL6[277, 278].  

It is important, however, to note that there is no change in plasma sgp130 levels with 

presence of the IL6R 358Ala allele[279]. An in vivo study in human hepatocytes revealed 

that the capacity of the buffer system is limited by the concentration of the sIL6R, as 

sgp130 is always present in a molar excess compared with sIL6R[280]. Together, this 

emphasizes the central influence of the IL6R 358Ala allele not only for creating 
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IL6•sIL6R complexes for transsignaling but also for buffering the potential ability of IL6 to 

signal through classical-signaling, as has been implicated in other studies[281]. 

IL6 signal transduction occurs through 4 main signaling-pathways: classical janus kinase 

(JAK)-mediated pathways (mainly JAK-STAT3 with additional STATs dependent on cell 

type and physiological context), the mitogen associated protein (MAP) cascade 

(specifically RAS-MAPK), PI3K/Akt/mTOR signaling, and SRC/YAP/NOTCH signaling. 

These signal transduction pathways are not specific for IL6 but can also be activated by 

all other cytokines associated with gp130 and JAK1/2 (including all members of the IL6 

family) with the relative strength of activation of specific pathways differing depending on 

the cytokine, cell type, and physiological context. It is through the JAK-STAT3 signaling 

pathways that IL6 exerts most of its effects, including regulation of production of acute 

phase proteins by the liver, the aforementioned transsignaling-induced HASM 

proliferation, and resolution of inflammation and tissue repair[282, 283]. STAT3 is a 

known regulator for numerous anti-apoptotic genes and its activity is associated with 

tumor growth, survival, angiogenesis, and metastatic processes[284]. 

Traditional negative feedback regulation of IL6 signaling is through suppressor of 

cytokine signaling 1 (SOCS1) and SOCS3, which share the SH-2 domain. SOCS1 binds 

to tyrosine-phosphorylated JAK[285] whereas SOCS3 binds to tyrosine-phosphorylated 

gp130 and is responsible for the negative feedback loop that terminates IL6 

signaling[286]. However, there are multiple mechanisms for ending the signal-

transduction cascade of IL6, each active at a different point within the system: 

internalization and degradation of gp130, recruitment of either SOCS protein, or 

degradation of IL6 mRNA. 

2.4 Mechanisms to Block IL6  
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A number of pharmacological mechanisms exist to block IL6. Neutralizing anti-IL6 

monoclonal antibodies (B-E4, B-E8) have been used in clinical trials but proved 

ineffective in the long term: IL6 increased to an exaggerated level which ultimately 

overrode the neutralizing activity of the antibody[287]. Siltuximab (CNTO328) is a 

chimeric monoclonal antibody that binds IL6[288] and has been used in trials for various 

cancers including metastatic renal cell carcinoma[289], prostate cancer[290], and 

multiple myeloma[291] with varying levels of success. It was, however, approved by the 

FDA in 2014 for treatment of Castleman’s disease. Clazakizumab (BMS945429, 

ALS518) is an aglycosylated, humanized rabbit monoclonal antibody against IL6 that 

has been used in a number of trials treating cancer symptoms[292], including cachexia, 

rheumatoid and psoriatic arthritis[293], and solid organ transplant rejection[294] but has 

yet to receive any FDA approval. Olokizumab (CDP6038) is another humanised anti-IL6 

monoclonal antibody currently being investigated in phase III trials as a second line 

treatment in rheumatoid arthritis (RA) [295]. 

Tocilizumab (intravenous formula) is a humanized anti-IL6R IgG1 type monoclonal 

antibody. It was first generated in 1993 by grafting the complimentary determining region 

of a mouse-antihuman IL6R antibody onto human IgG1[296]. It effectively blocks binding 

of IL6 to both membrane bound and soluble forms of the receptor[297]. By 2012 it had 

been approved for the treatment of RA in more than 100 countries with high 

efficacy[298] and is currently approved for Castleman’s disease in a number of countries 

other than the US. 

The initial approval in the US in 2010 was as a second line treatment for moderate to 

severe rheumatoid arthritis (RA); currently it is FDA-approved for first line treatment of 

RA, giant cell arteritis, systemic juvenile idiopathic arthritis, and cytokine release 

syndrome[299]. A search of nct.gov for keyword “Tocilizumab” results in 110 ongoing 
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studies, 66 of which are currently recruiting for a wide variety of inflammatory and non-

inflammatory conditions including (but not limited to) ALS, graft vs host disease, 

depression, polymyalgia rheumatica, types 1 and 2 diabetes, hemophagocytic 

lymphohistiocytosis, bechet’s disease, various primary and metastatic cancers, 

schizophrenia, myocardial infarction, and cardiac arrest[300]. 

If free serum concentration of tocilizumab is maintained at >1ug/mL, c-reactive protein 

(CRP, a pharmacodynamic biomarker of tocilizumab activity) remains negative[301]. 

Despite the fact that administration of tocilizumab causes an apparent increase in serum 

IL6 and sIL6R, the continued concomitant decreased levels of CRP indicate that these 

increases do not reflect functional consequences. Additionally, a study of kinetics 

reveals that as long as free tocilizumab was detectable sIL6R was saturated with 

tocilizumab, completely inhibiting IL6 signaling[297]. 

There is an incredibly wide range of conditions that have increased CRP and therefore 

likely involve IL6-related pathogenesis therefore it is crucial for researchers to clarify 

mechanisms that allow tocilizumab to be efficacious in these phenotypically diverse 

diseases. For example, modulating the balance between Th17 and regulatory T cells 

(anti-inflammatory “Treg” cells) is a mechanism through which many autoimmune 

diseases are shown to be alleviated by tocilizumab treatment[302]. However, it is 

unlikely that this is the sole disease-relieving mechanism, as production of antibodies 

known to be relevant to disease pathogenesis are also decreased with treatment[303-

305] and IL6 has a known role in stimulating antibody production from B cells. Lastly, it is 

important to retain the notion that tocilizumab is an not-insignificant immune suppressant 

drug, thus increasing the possibility of serious infections (as has been seen in clinical 

trial[306]). Attempting treatment with tocilizumab should always balance benefits and 
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risks and defining what populations may benefit most will contribute greatly to this 

discussion. 

Sarilumab, another IgG1 human monoclonal antibody against IL6R, is administered 

subcutaneously, was approved by the FDA in 2017 for RA treatment[307]. Like 

tocilizumab, it also binds to both soluble and membrane-bound IL6R, thus inhibiting 

trans and classical-signaling. It showed a significantly greater affinity to recombinant 

human IL6Rα when compared with tocilizumab along with a longer half-life and similar 

safety profile[308, 309]. 

Targeted blockade of transsignaling theoretically should relieve the innate-immunity-

suppressive effects of IL6 blockage. For example, the transgenic PEPCK-sgp130Fc 

mouse will specifically block transsignaling in the periphery[310] while the GFAP-

sgp130Fc mouse will block transsignaling only in the CNS[311]. Exogenously delivered 

microRNAs are another option: mir-145 was seen to suppress an IL6+sIL6R paracrine 

signaling pathway in the tumor microenvironment of squamous cell carcinomas[312]. 

Sgp130Fc is a fusion protein of extracellular portion of gp130 fused to Fc region of 

human IgG1[275]. Because sgp130Fc forms dimers it acts as an inhibitor only of 

transsignaling with more than 10 times the inhibitory potential compared to the 

physiologically occurring sgp130[275]. Experiments have shown it to be effective in 

blocking the migratory response of Th17 effector cells in bacterial infection[313] and in 

lowering production of monocyte chemotactic protein (MCP)-1; neutrophil and 

macrophage infiltration is disturbed at later stages of inflammation[310, 314]. It has 

shown beneficial effects in mouse models of antigen-induced arthritis, inflammatory 

bowel disease (IBD), and certain colon cancers[244, 245, 315]. Sgp130Fc may even be 

efficacious in the CNS: in a murine model of LPS-endotoxemia, intracerebroventricular 
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injection of sgp130 reduced neuropathological change associated with the 

conditions[316]. Importantly, sgp130Fc is not capable of crossing the blood brain barrier 

(BBB) but it might be modified to do such through receptor-mediated transcytosis[317]. 

3. IL6 and Homeostasis: Cell Growth, Differentiation, and Survival 

3.1 Promoting Neuronal Cell Growth & Survival 

In broad terms, IL6 belongs to a family of neuropoietic factors[318] with trophic factor 

functions who share the common signal transducer gp130[318-323]. Ciliary neurotrophic 

factor (CNTF) has been the most extensively studied member of this family as far as 

neurotrophic factor functions are concerned and, despite no homology with the other 

neurotrophic growth factors (BDNF, NFG and NT3), is known to enhance neuronal 

survival, including in MNs, and extended neurite outgrowth[324-326]. A number of 

studies have used CNTF with success as a treatment for spinal cord injury, with or 

without autologous stem cells[327, 328]. In vitro experiments have shown IL6 also 

supports survival of multiple neuronal subtypes including septal cholinergic 

neurons[329], rat dopaminergic neurons[330], and acetylcholinesterase-positive spinal 

neurons[331]. In vivo it prevents neuronal cell death, protecting striatal cholinergic 

neurons from neurotoxicity[332].  

The role of IL6 in survival also appears to be significant to motor neurons as IL6 

administration rescues spinal motor neurons from axotomy-induced cell death[333] and 

IL6 mRNA is induced following axotomy of the facial nerve[334]. However - when 

astrocytes were forced to increase production of IL6 following facial nerve axotomy[333], 

motor neuron cell death was increased. This emphasizes the importance of the local 

cellular environment on the ultimate effects of IL6 on any neuron. 
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Both in vitro and in vivo, following nerve trauma, Schwann cells produce IL6 in the distal 

portion of the lesion[335] and treatment with IL6 accelerates regrowth in peripheral 

nerves affected by trauma[336]. Not only does it promote regrowth post-trauma, but IL6 

also enhances functional recovery and synapse re-formation after spinal cord 

injury[337]. It remains unclear if IL6’s effects in neurons are mediated by classical or 

transsignaling.  

The soluble reception appears to be required further functional integration of neurons as 

the combination of IL6 and sIL6R but not IL6 alone promoted neuronal differentiation 

and formation of a neural network in cultured cells[336, 338]. During normal 

development, early neurogenesis with functional GABA-A receptors is strongly 

supported by IL6 transsignaling and occurs in a STAT3- dependent process[339]. These 

effects are not only physiologic but can overcome pharmacological intervention: treating 

human neuroblastoma cells with IL6 and sIL6R protects them from drug-induced 

apoptosis in a STAT3-dependent mechanism[340]. 

The discrepancy in reports of whether or not neurons respond to IL6 alone, that is, 

without sIL6R, could be due to production of the spliced version of IL6R that produces 

sIL6R[234]. While this is only responsible for a minority of sIL6R in circulation, it may be 

of more importance in the local tissue microenvironment as sIL6R excreted from the cell 

upon production, rather than produced and then cleaved, would be undetectable in cell 

lysates. Indeed, this would agree with reports that sIL6R transcripts are detectable in 

human brain tissue[341] and data that, although the cellular response is minimized, 

neurons can respond to IL6 alone by increasing certain mRNA transcripts[338]. 

3.2 Homeostasis: Appropriate Glial Cell Differentiation & Activation 
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Production of IL6 has many roles in the activation and differentiation of various glial cell 

types. IL6 overproduction in the brain leads to reactive astrocytosis and increase in 

activated microglia phenotypes, ultimately resulting in neurodegeneration[342, 343]. The 

complete absence of IL6 leads to reduced glial activation and reduced recruitment of 

peripheral immune cells to the site of injury in traumatic brain injury (TBI). This also had 

a negative effect on recovery from injury as levels of neuroprotective antioxidants and 

regenerative factors were reduced[344-346]. Astrocyte specific increased expression of 

IL6 even decreased apoptotic cell death under degenerative conditions[347]. Thus, 

appropriate levels of IL6 are be tied to the appropriate levels of glial activation in 

response to injury or disease, influencing the outcome of these events.  

As is the case with the majority of IL6 functions, cell-specific expression of the receptor 

appears responsible for specific activation patterns. While in vitro cultures and co-

cultures of glial cells and neurons show that microglia do express IL6R, 

oligodendrocytes and astrocytes do not[348-350]. Specifically, IL6R mRNA is detectable 

in cultured microglia, neurons and astrocytes[350], but IL6R protein is only detectable in 

microglial cells[349].  

Comparing hyper-IL6 and IL6 alone, Lin and colleagues were able to show that classical 

signaling does not pathologically activate microglia[348]. In fact, appropriate classical 

signaling within microglia has been shown as protective to neurons during infection[351]. 

In contrast, IL6 promotes the differentiation of oligodendrocytes[352-354], a process 

which is assumed must be via transsignaling as oligodendrocytes lack mIL6R. Similarly, 

in cultures of primary rat astrocytes IL6+sIL6R induces production of neurotrophic 

factors of the nerve growth factor (NGF) family, while IL6 alone produced no 

response[355].  
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Glial activation does have the potential to be detrimental to neurons and astrocytes have 

been proposed as a key player for initiating motor neuron damage and apoptosis: when 

activated they produce substances that cause mitochondrial damage in cultured 

neurons, secrete pro-apoptotic mediators (including NGF), and contribute to 

excitotoxicity[356]. Microglia activated in a way such that they produce IL1α, TNF and 

C1q are both necessary and sufficient to induce an astrocyte phenotype that no longer 

promotes neuronal survival but rather prompts neuronal death; these characteristic 

astrocyte phenotypes are found in vivo in ALS cases[357]. Similar as to how production 

and subsequent withdrawal of NGF promotes survival and then death of vulnerable 

neurons, this demonstrates how activated astrocytes take on a spectrum of phenotypes 

that serve different roles across development and disease.  

3.3 A Myokine 

Skeletal muscle can be consider an endocrine organ, capable of secreting many 

bioactive molecules. Among these are myokines: small molecules or proteins produced 

by skeletal muscle in response to various stimuli that act to maintain homeostasis of the 

tissue. Myokines act in autocrine, paracrine, and endocrine like fashions and include 

various interleukins and growth factors such as IL6, IL8, IL15, brain-derived neurotrophic 

factor (BDNF), and LIF. Of all the cytokines and chemokines expressed in muscle, IL6 

has the largest post-exercise increase in plasma level (up to 120x following endurance 

exercise)[259, 358-360]. 

IL6 appears especially important in recovery after metabolic challenges. It is produced 

by both type I and II skeletal muscle fibers in response to muscle contraction and acts 

locally and remotely to increase the availability of substances with energy-producing 
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potential to the contracting muscle[361]. However, it has been reported that following 

exercise in humans both IL6 mRNA and protein are expressed mainly in type II[362]. 

Skeletal muscle was first proposed as the dominant source of circulating IL6 based on 

the increase in arterial-femoral venous differences in the concentration of IL6[363, 364] 

but this would not definitively prove that the skeletal muscle cells specifically are 

responsible for muscle tissue production. Yet at least two studies have shown IL6 to also 

localize to skeletal muscle satellite cells (Pax7+) and fibroblasts after eccentric 

exercise19,[365]. 

IL6 is proposed to have anti-inflammatory action after stress – whether that be positive 

physiological stress in the form of exercise, or pathological muscle breakdown that can 

occur in disease states with metabolism-shifting effects. Human myotubes that undergo 

cyclic mechanical stress or are exposed to reactive oxidative species respond with a 

release of IL6[366, 367]. This contraction-induced production of IL6 occurs in the 

absence of other inflammatory mediators indicating that this cascade is not resembling 

inflammation[368]. Additionally, IL6 mRNA in leukocytes remains unchanged after 

exercise24,[369]. Furthermore, data suggests that skeletal muscle produced IL6 stimulates 

production of IL1rα and IL10, two major anti-inflammatory cytokines[370]. 

It is notable that LIF, a myokine within the IL6 family, has positive effects on myogenesis 

by increasing survival of myoblasts in skeletal muscle[371]. These myoblasts secrete IL6 

to promote their own differentiation during development, in fact, increased expression of 

IL6 and reduced expression of BDNF is necessary for them to differentiate[372]. 

Receptor specificity of IL6 as a myokine remains open to investigation. While gene 

expression of sIL6R (but not gp130) is increased in skeletal muscle 4-9 hours after 

exercise[360], the plasma concentration of sIL6R does not change or only increases 
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slightly[373-375]. However, some effects may be inferred from the following studies: first, 

human patients on tocilizumab, which blocks all IL6 signaling, experience an increase in 

body weight, hypercholesterolemia, and hypertriglyceridemia56. ALS patients 

experienced unexpected weight loss in a trial where they were given recombinant 

human CNTF; in the preliminary analysis of results from a trial of tocilizumab in ALS, 

patients homozygous for the IL6R 358Ala variant had a significant reduction in body 

mass index (BMI) with 8 weeks of treatment[376-378]. Mice with hyperstimulated 

transsignaling via overexpression of IL6 and sIL6R are significantly smaller than wt 

mice[269]. Together, these data suggest that there is likely a link between complete IL6 

blockade and impaired metabolic homeostasis that appears to be differentially 

dependent on whether classical and transsignaling.  

A recent study in healthy, non-obese, young adults found positive association between 

body‐fat percentage and sIL6R but an inverse relationship between sIL6R and muscle 

mass[379]. After 2 weeks of high-intensity exercise training in obese men, although 

plasma IL6 did not change, adipose IL6 significantly decreased and sIL6R 

increased[380]. As IL6 is secreted not only by skeletal muscle but also by adipocytes 

this raises the possibility that transsignaling could be a regulatory mechanism for 

muscle-adipose balance, especially in times of metabolic stress when IL6 is high. 

Too much IL6, as may be seen in the dysregulation of disease, can become detrimental 

in that the balance between muscle breakdown and repair is shifted too far towards 

breakdown as IL6 overexpression is associated with atrophy and increased catabolism 

of muscle protein[381]. Using plasma from patients in the early phases of sepsis, it was 

found that plasma IL6 was associated with myosin loss and activated key regulators of 

proteolysis in skeletal myotubes in these critically ill patients[382].  
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Other recent studies in various cancer cachexia states have shown wasting of both 

muscle and adipose tissues to be closely linked to abundance of IL6 in the presence of 

chronic high levels of inflammation[383, 384]. In a case report of a patient with lung 

cancer-associated cachexia who also had high expression of IL6, tocilizumab treatment 

not only attenuated their cachexia but ultimately prolonged the chemotherapy-free 

survival of the patient [385]; this effect was seen again in repeated trials in cancer 

cachexia and rheumatoid arthritis-associated sarcopenia[386-389]. These effects appear 

to be amenable to pharmacological manipulation as a clinical trial of clazakizumab, the 

anti-IL6 antibody, in cancer cachexia was successful in slowing loss of lean body 

mass[390]. 

3.4 Differentiation and Survival of T cells  

The role of IL6 in T cell regulation and differentiation has been highly studied and there 

is mounting evidence that the balance between protection and detriment is receptor 

specific, as not all T cells can directly respond to IL6 alone. IL6 acts as a major control 

for the balance between Treg and effector T cells (pro-inflammatory, CD4+ Th17 

cells)[391]. While Th17 cells have an important role in adaptive immunity but are 

associated with the development of many autoimmune diseases whereas Treg cells act 

to inhibit autoimmunity and protect resident tissues from damage by over active immune 

cells[392]. sIL6R is important for T cell effector functions and T cell survival in inflamed 

tissues whereas mIL6R is crucial for initiating regulatory T cell activity[393]. This is 

logical in the setting of restricted receptor expression because endothelial cells and 

smooth muscle cells, which play key roles in inflammation, lack mIL6R, but could signal 

through gp130 to IL6+sIL6R to maintain local inflammatory responses. 
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It is specifically transsignaling that induces the generation and maintenance of Th17 

cells together with transforming growth factor (TGFβ)[392, 394]. It is persistent STAT3 

activation, like is induced with transsignaling, that is needed for maintenance of 

infiltrating Th17 cells to continue secreting IL17A at a local level. In vitro, induction of 

Th17 by IL6 is strongly increased in the presence of sIL6R[391]. However, in vivo 

studies show that prior to T cells being recruited to the site of inflammation, there is a 

crucial role for classical signaling in naïve T cells, that do express mIL6R, for 

differentiation of Th17 cells[313, 393]. Furthermore, with IL1β and IL23, IL6 can actually 

induce pathogenic Th17 cells by upregulating the IL23 receptor in naïve CD4+T 

cells[395].  

Transsignaling also is responsible for strongly inhibiting TGFβ-mediated differentiation of 

Treg cells[396]. It is pro-survival in that it controls proliferation and resistance of resting T 

cells against apoptosis by inducing IL2 production and STAT3 activation. Finally, IL6 

activates Th2 cytokine production (IL4, IL13; proinflammatory cytokines) in CD4+ T 

lymphocytes via the transcription factor C/EBP[397, 398] , negatively regulates Th1 

differentiation, and interferes with IFNγ production by upregulating SOCS1 and 

SOCS3[399].  

The combined result of the above actions is a proinflammatory setting of Th17 effector 

cells where CD4+ T cells are activated to produce Th2 cytokines and where inducible 

and anti-inflammatory Treg responses are suppressed. This has been elegantly shown 

to be true of T cells infiltrating the CNS in many studies of experimental autoimmune 

encephalitis (EAE), the animal model for multiple sclerosis[393, 400-405]. To 

summarize: in the absence of any inflammatory insult, TGFβ suppresses effector Tcells 

and supports generation of Treg cells[403] while during inflammation/infection IL6 is 
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produced and together with sIL6R and TGFβ signals to suppress Treg cells and favors 

differentiation of Th17 cells.  

Positive feedback for transsignaling exists in T cells as sIL6R is produced by activated T 

cells[406]. Thus, once the transition to cellular immunity has occurred, activated T cells 

can serve as a pool of soluble receptor in whichever compartment they are present, and 

this could include the CNS if T cells have crossed a disrupted BBB.  

Experiments and observations in asthma models and patients further demonstrate 

receptor and signaling type specific roles for IL6 in T cell mediated pathogenesis and 

pathophysiology. sIL6R levels in bronchoalveolar lavage (BAL) are increased after an 

allergen challenge in asthma patients, which could mean that one of the aforementioned 

transsignaling-stimulating generation mechanisms is responding or that more sIL6R is 

cleaved from infiltrating immune cells. Additionally, higher serum IL6 in asthma is 

associated with a worse outcome[407]. Infiltrating Th2 cells play an essential role in the 

pathogenesis of asthma, however, complete knockout of IL6 in aggravated experimental 

asthma because, through mIL6R, IL6 modulates survival of local Tregs, known to be 

protective against the disease[408, 409].  

Doganci and colleagues, in 2005 used selective blockades of classical and 

transsignaling in experimental asthma to further delineate these functions. Blocking 

sIL6R with the gp130 fusion protein lowered the number of Th2 cells in the lung in an 

apoptosis-independent mechanism, simply by reducing their survival. In contrast, 

blockade of mIL6R caused a significant reduction in the number of Treg cells, reduced 

ratio of pathogenic Th2 cells to protective Treg cells and ameliorated of airway 

hyperresponsiveness. This mechanism did involve T cell apoptosis mediated by Treg 

cells through cell-cell interactions[410]. 
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3.5 Inflammation on a Systems Level: Respiratory Function 

The integral relationship of IL6 and respiratory function goes beyond T cells and asthma; 

it is a significant factor in health and in other respiratory diseases. Analysis of the 

Whitehall II study of 1,500 participants over 12 years showed that higher baseline levels 

of IL-6 are strongly associated with lower FVC and FEV1 in a healthy population, and 

that an increase in IL-6 over time is associated with a decrease in respiratory function as 

measured by FVC and FEV1[411]. 

Pathogenically speaking, negative correlations have been found between forced 

expiratory volume (FEV1) and sputum IL6 levels in asthma patients, indicating an 

inverse relationship between IL6 levels and lung function[412-414]. IL6 mediates 

severity of acute lung injury in response to aspiration events, without similar effects by 

other cytokines[415]. In fact, in response to acid aspiration, IL6 knockout mice had 

significant improvement of lung function, lung edema formation, and decreased lung 

tissue pathologies as compared to wildtype animals. 

As before, the IL6 has receptor-specific roles within this system. In the air-pouch model 

of inflammatory activation, the transition from the neutrophil-dominated phase to the 

mononuclear dominated phase where the inflammation is appropriately resolved relies 

on IL6 transsignaling[240]. In primary HASM cells, which do not express mIL6R, IL6 plus 

sIL6R increases eotaxin and VEGF release, therefore contributing to local inflammation 

and vessel expansion in airway walls of asthmatic subjects[416] and allowing for 

potential relevance to the development of airway remodeling within this disease.  

Serum IL6 is also increased in chronic obstructive pulmonary disease (COPD)[417, 418] 

with higher levels predictive of increased mortality[419, 420]. These levels even predict 

the development of COPD in smokers[421]. IL6 production is not just a response to 
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smoking, however, as plasma IL6 and sIL6R levels were increased in COPD patients as 

compared to a control group of smokers[418].  The relationship between increased IL6 in 

the setting of poor respiratory function may have global effects as well: the degree of 

sarcopenia correlates with systemic inflammation in COPD[422] as both handgrip 

strength and skeletal muscle mass had negative associations with IL6. As poor 

respiratory function develops before sarcopenia in COPD, it is logical to posit that the 

increased IL6 is a result of and not the initial cause of the disease. 

The trophic-like cell growth and survival functions of IL6 can become hijacked in disease 

states. How this relates to cancer is discussed below but there are also indications that 

plays a role in the pathology of obstructive lung disease. Multiple in vitro studies have 

shown IL6 released by airway epithelium to increase hyperplasia and hypertrophy of 

human airway smooth muscle cells[423-425]. Because the kinetics of STAT3 

phosphorylation differ between IL6 classical and trans-signaling, it has also been 

possible to define a dose-dependent increase in expression of genes associated with 

respiratory disease when there is increased IL6 transsignaling in human airway smooth 

muscle cells[270]. In fact, asthma patients with the IL6R 358Ala variant, indicating higher 

serum sIL6R levels, had these higher levels associated with more impaired respiratory 

function as measured by ppFEV1 and ppFVC. Lastly, IL6 is higher in BAL from COPD 

than in asthma[426] – thus the possibility that IL6 is more strongly associated with the 

obstructive proliferation of airway smooth muscle rather than hyper-responsiveness. 

4. IL6 and Disease 

4.1 The Diseased Nervous System 

The roles in inflammatory diseases on a cellular level is similar to its roles in 

homeostasis in that they are receptor specific. Paradoxically, although it is most 
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commonly thought of as an inflammatory cytokine, most cells that respond to IL6 during 

inflammation do not express the IL6 receptor and therefore cannot respond to IL6 alone. 

The first association between IL6 and disease was established in a case of cardiac 

myxoma in 1987[427].  

Transsignaling has been demonstrated as the prevailing pathogenic mechanism for IL6 

in the brain. Bigenic mice with restricted increased cerebral production of sgp130, that is 

to say that transsignaling was blocked in the CNS but not peripherally, showed 

alleviation of the detrimental inflammatory effects produced by production of IL6, 

including angiogenesis, blood brain barrier leakiness, and reduced hippocampal 

neurogenesis[311]. It has the ability to disturb the dichotomy of central and peripheral at 

the blood brain barrier (BBB): in mouse models, IL6-mediated upregulation of VCAM-1 

disrupts the BBB allowing T-cells to infiltrate the brain[400].  

mIL6R on microglia provides a potential source of sIL6R[349]. This is evidenced by 

experiments in aged mice which showed both higher levels of IL6R on microglia and 

higher levels of the ADAM17 protease when compared younger mice after both groups 

were exposed to and LPS challenge[316]. Furthermore, the hyperactive IL6 response 

could be blocked in these aged mice by intraventricular injection of sgp130, emphasizing 

the importance of route of administration of therapies aiming to block IL6 signaling in the 

CNS. In contrast to transsignaling, after co-cultures of neural progenitor cells and 

microglia are stimulated with IL6 alone, in experiments that to reflect classical-signaling, 

the microglia act neuroprotective and actually prevent neuronal loss[351].  

Experiments by Lin and colleagues in 2009 compared the exposure of primary neonatal 

murine cultures to IL6 alone versus IL6 plus other co-stimulatory molecules[348]. These 

experiments revealed that both dose and context have fundamental influencing 
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properties on the response of microglia. IL6 alone, classical-signaling, directly activated 

STAT3 in microglia along with extracellular signal-regulated kinase pathways in a time- 

and dose-dependent fashion and enhances interferon-gamma (IFNγ)-stimulated IL12 

secretion. However, without sIL6R co-administration, immune properties were either only 

weakly modulated by IL6 or not effected at all. IFNγ-induced microglial expression of 

CD40 (the crucial B-cell and antigen-presenting cell [APC] co-stimulatory molecule, 

necessary for transition to humoral immune responses) was dependent on co-

administration of sIL6R. In microglia with dendritic morphology that were activated with 

GM-CSF, IL6+sIL6R and IFNγ stimulated an even greater increase in CD40 expression 

compared with non-dendritic primary microglia indicating that transsignaling on top of a 

setting of inflammation triggers and even greater response. 

Classical proinflammatory cytokines, TNFα and IL1β, trigger IL6 production in 

astrocytes. IL17, produced by Th17 cells, acts synergistically with IL6 to stimulate further 

IL6 expression in astrocytes[402, 428] a mechanism which is enhanced in the EAE 

murine model of multiple sclerosis (MS). Using primary rat astrocyte cultures, Marz et 

al., showed that it is transsignaling that activates astrocytes but this could be a protective 

mechanism for resolution after insult or injury as these astrocytes showed increases in 

expression of NGF-family neurotrophins in a dose-dependent manner[355]. 

There also appears to be a positive feedback loop for IL6 production within astrocytes. In 

a human astrocytoma cell line, IL6 alone has no effect on IL6 expression but addition of 

sIL6R then produces IL6 transcription. Furthermore, addition of TNFα or IL1β in the 

presence of IL6 and sIL6R leads to synergistic increases in IL6 expression[429]. 

Through this amplification it may be possible for the above-mentioned protective 

activation of local IL6 and IL17 to be hijacked by co-occurring systemic inflammation and 

detrimentally over-activate astrocytes. 
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Interestingly, it is not only the type of signaling IL6 is triggering but also the location of 

that signal that appears to have specific effects. Outside of any pathology, normal sleep 

behavior is modulated differently by transsignaling in the periphery versus centrally. 

Using healthy transgenic mice that block transsignaling separately in those two 

compartments it was shown that blocking transsignaling in the periphery reduced time 

spent in all stages of sleep while blocking it centrally only caused a slight decrease in 

REM time[430]. Importantly, this was additive to other studies that have shown sleep-

regulatory effects of IL6 to be dependent on the presence of absence of an immune 

challenge[311, 431].   

4.2 Immogenic Functions of Specific Organs 

One of the most well-known immune functions of IL6 is that classical-signaling 

stimulates acute phase reactant (CRP, serum amyloid A [SAA], fibrinogen, haptoglobin, 

α1-antichymotrypsin) production by hepatocytes in response to injury/insult[432]. Indeed, 

positive correlations between elevations in circulating IL6 and CRP have been observed 

in many disease states[405]. This production can become problematic when it is 

sustained beyond an the “acute phase”: high levels of SAA over time (a complication of 

multiple chronic inflammatory diseases) causes generation of amyloid A amyloidosis 

(amyloid fibril deposition)[433]. IL6 also acts within the liver to reduce the production of 

fibronectin, albumin, and transferrin. 

Serum iron and zinc are also low in states of chronic inflammation and disease. 

Separate IL6 mechanisms within hepatocytes are involved in the regulation of serum 

iron and zinc levels by controlling their transporters through hepatocyte stimulation. IL6 

enhances expression of the zinc importer (ZIP14) on hepatocytes, likely by 
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transsignaling, causing the liver to hold on to zinc and reducing overall available zinc, 

and therefore is responsible for the hypozincemia seen in inflammation[434]. 

IL6 is both necessary and sufficient for induction of production of hepcidin, an iron 

regulatory hormone. Hepcidin blocks the action of the iron transporter in the gut 

(ferroportin 1) and the release of iron from macrophages therefore reducing serum iron 

levels[435]. Combined with the reduction in transferrin, in this way, IL6 can be 

considered responsible for hypoferremia and anemia of chronic disease. Although it has 

not been specifically investigated, it is likely that this is through classical-signaling as 

hepatocytes are known to have mIL6R and these are the cells producing hepcidin in 

response to IL6. 

In bone marrow, IL6 affects not only granulopoiesis (the production of neutrophils, 

eosinophils, and basophils) and monocytopoiesis but also hematopoiesis. Promotes 

megakaryocyte maturation leading to platelet release[436] - platelets are often 

considered a “poor man’s marker” of inflammation and are used along with acute phase 

reactants in routine clinical analysis. 

4.3 Circulating Immune Cells 

Innate immunity is the human body’s first response to any insult or injury; these 

nonspecific defenses, including granulocytes, monocytes, the complement system, and 

others, begin immediately to trigger a cascade of events that are dependent on basic 

physical properties of the initial insult. Acquired, or adaptive, immunity is a more complex 

response that requires recognition of an antigen so that the immune system can then 

produce specific defenses to that antigen: T cells and B cells, which also retain a 

“memory” of the event. 
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IL6 is intricately involved in multiple aspects of the transition from innate to acquired 

immunity. Part of the transition is resolution of any acute inflammation which becomes 

detrimental when prolonged. Specifically, by controlling the expression of chemokines, 

IL6 transsignaling guides the transition of lymphocytes trafficking from the neutrophil-

dominant phase to monocytes and T cells after 24-48 hours so as to prevent increased 

non-specific tissue damage from accumulation of neutrophil-secreted proteases and 

ROS at the site[240, 310, 314, 437-439]. Endothelial cells are also key in this chemokine 

switch: stimulation of endothelial cells by transignaling leads to a switch in chemokine 

expression from CXC chemokines that attract neutrophils (CXCL1/Groα, CXCL8/IL8, 

CXCL1/fractalkine) to CC chemokines (CCL2/MCP-1, CCL8/MCP-2, CXCL-5/ENA-78, 

CXCL6/GCP-1) leading to the attraction of monocytes and T-lymphocytes[314, 438, 440-

442]. As neutrophils express mIL6R, proteolytic cleavage from initial invading 

neutrophils, occurring as they apoptose, to create sIL6R could be what allows for 

transsignaling in the local microenvironment to attract these other cell types without 

affecting the global IL6 setting. In fact, IL6 induces apoptosis of neutrophils, contributing 

further to their clearance[240, 437].  

Monocytes are the circulating precursors to resident tissue lineage cells: microglial in the 

CNS, and peripheral macrophages and dendritic cells. IL6 skews peripheral monocyte 

differentiation towards macrophages and away from dendritic cells by upregulating M-

CSF receptor expression[443]. Interestingly, unlike the majority of the immune functions 

of IL6, the level of M-CSF receptor expression in monocytes is determined by the extent 

of ERK activation, not STAT-3[444]. 

In cancer states, IL6 produced by tumor associated macrophages (TAMs) contribute to 

tumor progression in the manner of an inappropriate trophic factor. TAMs act in a 

supportive function towards a neoplasm to facilitate tumor outgrowth; high numbers of 
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TAMs are associated with a poor prognosis[445]. Interactions between IL6 and tumor 

microenvironment immune cells is suggested by localized increases in IL6 at the site of 

macrophage infiltration in colon cancer[446]. TAM expression of IL6 also promotes 

tumor growth through its inhibition apoptosis, promotion of myeloid-derived suppressor 

cells, and induction of tumor angiogenesis[447, 448]. Cell growth is observed to have 

become unchecked in cancer where IL6 alters microRNAs to lead to constitutive 

activation of STAT3[449].  

IL6 also has roles in adaptive immunity, beyond the differentiation and survival of T cells 

as discussed in section 3.4. IL6 promotes antibody, IgG4-type in particular, production 

from B cells and promotes the capabilities of naïve memory CD4+ T cells to help B cell 

productivity by increasing production of IL21[450, 451] [452]. This situation can become 

pathogenic as it occurs in such a way that continuous over-synthesis of IL6 results in 

hypergammaglobulinemia and autoantibody production; this is the mechanism by which 

B cell-produced IL6 has a key role in by promoting Th17 cell differentiation during the 

pathogenesis of EAE[453]. Additionally, dendritic cell production of IL6 is critical for 

differentiation B cells into plasma cells (and therefore, for production of 

autoantibodies)[454].  

Also through transsignaling, IL6 induces differentiation of CD8+ T cells into cytotoxic T 

cells[455, 456]. During cytokine storm, a highly-fatal immune reaction produced by 

hyperactivation of T-cells, there is a preferential boost of IL6 production in relation to 

other inflammatory cytokines that can be counteracted by tocilizumab[415, 457].  

4.4 Autoimmune Diseases 

Specific blockade of sIL-6R trans-signaling has been shown to ameliorate multiple 

known human inflammatory diseases. Between use of sgp130Fc and hyper-IL6 in 
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transgenic mice it has been shown to be a crucial step in the development and the 

progression of inflammatory bowel disease, peritonitis, rheumatoid arthritis, 

atherosclerosis, pancreatitis, colon cancer, ovarian cancer and pancreatic cancer[458]. 

Corticosteroids, routinely used to treat inflammatory and autoimmune diseases, may 

transcriptionally inhibit IL6 production at through a receptor-mediated mechanism[459]. 

However, it is important to mention that transsignaling is not the only way that IL6 

participates in autoimmunity: selective blockade of IL6 classical-signaling has revealed a 

potential role in preventing over activation of the immune system in autoimmune skin 

disease through reduction of IL1Rα[460].  

In IBD, IL6 serum levels predict the risk of relapse[461]. sIL6R levels are significantly 

elevated in patients with active IBD compared to inactive[462]. Increased IL6 and sIL6R 

production is seen in the lamina propria layer of the intestinal wall during active IBD and 

this IL6•sIL6R complex activated gp130 positive lamina propria cells, which lacked the 

mIL6R, to become inflamed and pathologic, and recruit damaging effector T cells[463]. A 

gp130 fusion protein that blocks transsignaling was successful in reducing colitis activity 

and induce T cell apoptosis in the lamina propria[464]. 

Transsignaling is crucially involved in the development of antigen and collagen-induced 

arthritis[315, 465]. Clinically effective treatment of these diseases is associated with 

decreased IL6[466] and disease is reduced or ameliorated with IL6 blockade in animal 

models of autoimmune arthritis[467-469]. In rheumatoid arthritis specifically, blockade 

with tocilizumab causes a decrease in symptoms, reduces accumulation of neutrophils in 

the synovium, reduces structural joint damage, and decreases frequency of pathogenic 

Th17 cells in peripheral blood of patients[298, 302, 470, 471]. 
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The bulk of autoimmune diseases are intricately linked to IL6 through pathogenic T cell 

activity. Murine mouse models of experimental autoimmune uveoretinitis with IL6 

knockout had improved pathology by tissue localized inhibition Th1 responses and 

enhancing Treg cell populations[472]. Polymyositis, an inflammatory myopathy, has a 

disease-critical role for IL6 in differentiation of pathogenic Th17 cells producing 

IL17A[473]. IL6 knockout studies. Transsignaling is essential to disease development in 

EAE as blocking with sgp130Fc significantly delayed onset and reduced the number of 

infiltrating effector T cells and macrophages in the lumbar spinal cords[404]. Similar to 

MS, autoimmune-like activity has been repeatedly hypothesized in at least a subset of 

ALS patients[474] (for review see [178]). 

5. Potential Roles of IL6 and ALS 

IL6 expression increases in muscles undergoing atrophy and in lung tissue during 

compromised function. Considering that ALS patients undergo similar pathological 

changes levels of IL6 signaling may be relevant for prognostic value and treatment in 

ALS. Some success in studies using the anti-IL6R antibody, Tocilizumab, implicates IL-6 

signaling in ALS pathology, although these studies are limited in power[475, 476]. 

5.1 A Role in Disease Susceptibility 

It is generally accepted that, as a multifactorial disease, there is no single disease-

initiating factor for ALS. Rather, in any individual patient, it is more likely that there is an 

interplay of genetics and environment which at some point will meet the threshold of 

disease onset. IL6 could have a role in these factors, but especially as it relates to a 

patient’s intrinsic environment.  

There are reports of an increased disease risk in those who have played professional 

sports or had strenuous jobs with increased physical activity (such as those in 
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agriculture)[114, 477-479]. Section 3.3 discusses how, as a myokine, IL6 is released 

with strenuous exercise and that high intensity exercise is also correlated with an 

increase in plasma sIL6R[360]. People with repeated episode of high intensity exercise, 

therefore, may be subjecting themselves to repeated transient increases in 

transsignaling that could become detrimental over time. Genetics may also have a role: 

Several genes (CNTF, LIF, and VEGF-2) related to exercise that have been recognized 

as possible ALS risks factors[480]. 

Other evidence suggests that it is not the singular state of the patient prior to disease but 

rather the change in that patient’s muscle mass makeup that influences disease. Some 

studies have shown that higher lean muscle mass is correlated with lower sIL6R[379], 

and that the response to chronic exercise over the long time is to decrease basal plasma 

IL6 levels[481]. However, these conditions change as the patient ages: loss of muscle 

mass and decrease in BMI with aging is associated with higher IL6[482-484]. Therefore, 

it may be that as muscular patients have more muscle mass to lose they also end up 

with chronically high IL6 levels as this happens, putting them at risk for pathogenic IL6 

effects. Indeed, it has been suggested that loss of body mass precedes overt motor 

symptoms (and thus diagnosis) in ALS patients[485]. Conversely, higher baseline serum 

creatinine, which is often correlated with overall muscle bulk[486], is independently 

associated with slower ALSFRS-R decline and longer survival[487], prevention of 

muscle atrophy is beneficial for disease progression in ALS[488], and effective treatment 

of muscle wasting and weight loss improves outcome and quality of life[120, 489, 490]. 

5.2 Positive Effects in the Periphery in Early Stage 

IL6 transsignaling’s potential role in disease-initiation remains to be determined, 

however, it still has the ability to carry out many roles with potential to contribute to the 
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rate of disease progression. Given the pleiotropic roles of this cytokine, whether it 

speeds up or slows down this progression is likely dependent on presence of sIL6R and 

the local tissue microenvironment, the latter of which would be defined by stage of the 

disease. Given the known roles for IL6 in cell growth and survival discussed in section 3, 

it may assist in maintaining NMJ innervation, promoting MN survival, and repairing 

skeletal muscle.  

When peripheral MNs undergo acute trauma, such as axotomy or chemical denervation 

of the NMJ, IL6 is produced at the site of the injury where it can contribute to nerve 

regrowth and re-formation of synapses[335-337]. Also, classical, IL6 signaling within 

microglia has been suggested to be neuroprotective[351]. Thus it is important to 

consider the microenvironment, where IL6 may initially act more as a trophic factor than 

as an inflammatory one. This may be the situation in the earliest pathological stages of 

ALS, likely even before the patient is symptomatic as weakness is not clinically apparent 

until denervation exceeds compensatory reinnervation capabilities[491, 492].   

While survival and reinnervation are crucial, the presence of a nerve terminal and NMJ is 

only relevant if that connection is usable. Transsignaling may have this role in NMJ 

innervation, as functional integration of new synapses requires IL6+sIL6R[338] and 

treatment with IL-6+sIL-6R, but not with IL-6 or sIL-6R alone, delayed both functional 

and pathological progression of wobbler mouse motor neuron disease[493].  

In muscle injury/stress/atrophy both local IL6 within the muscle and circulating IL6 are 

increased. These transient increases are thought to be acutely anti-inflammatory and 

promote recovery and healthy metabolism of the skeletal muscle tissue[259, 494]. 

Skeletal muscle has two types of fibers, slow-twitch (type I) and fast-twitch (type II), with 

human muscles being made up of a combination of these types. However, all of the 
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muscle fibers of a single motor unit will be of the same type[495]. Following exercise in 

humans both IL6 mRNA and protein are expressed mainly in type II fibers[362]. 

Sarcopenia, a condition with increased IL6, is characterized by a loss of satellite cells 

associated with type II fibers[496]. Similarly, in murine models of ALS, type II fibers are 

denervated first[497]. Likely some component of the type II fiber motor unit is 

responsible for releasing IL6 which could then act as a trophic factor, for any of all of the 

NMJ, the MN, or satellite cells, as STAT3 activity is required for proper muscle 

maintenance by satellite cells (for review, see [498]).  

However, when the presence of IL6 becomes chronic, it may no longer be beneficial: as 

prolonged STAT3 activation in muscles is responsible for muscle wasting via protein 

degradation pathways[499]. Corresponding to all of the above mentioned data, an 

analysis of patients taking various anti-inflammatory medications was consistent with 

some component of the neuroinflammatory process being beneficial for slower disease 

progression[500]. 

5.3 Peripheral Balance of T-cell Populations is Positive or Negative Dependent on 

IL6-driven Differentiation 

IL6 transsignaling suppresses Treg cells and polarizes differentiation towards Th17 cells 

(see section 3.4). Treg cells are both decreased and dysfunctional in ALS, losing their 

neuroprotective capabilities[164]. ALS patients with reduced numbers of Tregs early in 

disease have shortened survival[501]. Additionally, replacement of dysfunctional Treg 

cells with sufficient numbers of Tregs with appropriate inflammatory-suppressive 

functions slowed disease progression in human patients and increased survival in 

animal models of ALS[502-504].  
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A study by Ni and colleagues in 2016 revealed that in the SOD1 mouse model there are 

increased levels of circulating Th17 cells before overt symptoms developed when 

compared to wildtype animals and that motor nerve injury exacerbates the already 

heightened Th17 cell responses[505]. In human patients, elevated levels of CSF IL17 

and IL23, known to be secreted from Th17 cells, were observed in ALS patients with this 

hypothesized to be a marker of heightened Th17 cell activity[506]. Thus, elevations in 

IL6 seen in ALS could easily be a cause of the increased Th17 and reduced Treg 

activity, with quantifiable effects on disease progression.  

5.4 Negative Effects through Neuroinflammation 

Patients with ALS have clear inflammation in the CNS including presence of activated 

microglia and astrocytes, and infiltrating monocytes and lymphocytes (for review see 

figure 2, used with permission[178]). Both in animal models and human ALS patients, 

IL6 is secreted from activated macrophages and microglia[475, 476, 507, 508] and 

multiple immune cell types can serve as a source of sIL6R through protease cleavage. 

Although IL6 is increased in nearly all inflammatory and many pathological conditions, 

basal levels of IL6 in the CNS are so low as to be difficult to detect at all[509]. Thus even 

small increases in IL6 in the CNS would have significant effects on a system habituated 

to usually miniscule levels. 

However, as motor neurons, the primary cell type targeted in ALS, span the peripheral 

and central nervous system, it is logical that inflammation in response to the disease 

would also be found in both of these compartments. IL6 contributes to peripheral 

inflammation through T cells, neutrophils, chemotaxis, and monocyte infiltration, as has 

been discussed in prior sections. It has been suggested that the rate of ALS disease 

progression is increased with a higher degree of systemic monocyte activation[510] but 
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whether this is a cause or an effect of response to more severe cell death is unknown. 

Similarly, evidence in animal models show peripheral macrophages around 

degenerating peripheral nerve fibers and NMJs in ALS animal models[184, 497, 511] but 

this is similar to the response observed in models of peripheral nerve injury. 

Centrally, IL6 contributes to neuroinflammation by increasing, through positive feedback 

loops, activation of glial cells.  Glial activation is associated with cell death and 

expression of IL6 is easily detected.  For example, in the brains of patients with MS, 

double-label immunohistochemistry demonstrated the presence of IL6 in acute and 

chronic active plaques with the IL6 mainly associated with astrocytes rather than 

macrophages indicating that IL6 is predominately in resident glial cells in the CNS at 

sites of ongoing immune activation[512].  

In ALS patients, this could translate to MN cell death triggering glial activation in the 

spinal cord and cortex that is then enhanced by the presence of IL6. Overactivation of 

CNS immunity is associated with worsened disease: spinal cord expression of a 

microglial activation gene negatively correlates with patient survival[177] and 

neuroimaging showing increased microglial activation in the motor cortex correlated with 

worsened clinical upper MN disease[513, 514]. In fact, a study looking at multiple 

oxidative stress and inflammatory markers showed that death after acute ischemic 

stroke was best predicted by increased IL6[515]. Thus, there could be a threshold of IL6 

levels at which a “point of no return” for resolution of neuroinflammation is met. 

IL6 may also bridge the two compartments in a hazardous manner by allowing for 

infiltration of peripheral cells through the BBB. IL6 transsignaling promotes release of 

VEGF from multiple cell types including fibroblasts, mesothelial cells, skeletal muscle 

myoblasts, and glioma cells[516-518]. Excess VEGF leads to increased and sometimes 
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defective angiogenesis and vascular permeability[519-521] and could play a role in 

disruption of the BBB through these same mechanisms, as has been seen in animal 

models[522, 523].  

Chronic IL6 becoming detrimental to muscle could also be contributed to by IL6 

originating from the nervous system. IL6 has been observed as elevated in the CSF of 

ALS patients[161, 162]. A 2018 study examined the response of skeletal muscle of 

heathy rats to CSF from ALS patients and found that ALS-CSF triggered MN 

degeneration, resulting in pathological changes in the skeletal muscle[185]. As the 

muscle and nerve of a motor unit depend on each other for healthy activity, muscle 

damage further aggravates MN pathology, creating a vicious cycle that resembles the 

inexorable degeneration seen in ALS. Also, fibrosis, a mechanism of damage to muscles 

or nervous tissue, is known to be caused by IL6 transsignaling[524] and IL6 secreted 

from microglia and infiltrating immune cells can exacerbate fibrosis in ALS[525]. 

5.5 Cell Death & Inflammation in the Lung 

While respiratory failure in ALS is accepted as a purely restrictive phenomenon, it may 

be that inflammation and IL6 compound the neuromuscularly-initiated loss of lung 

volume through chronic inflammation. As discussed, inflammation from neuronal and 

skeletal muscle cell death appears to contribute to other functional measures of disease 

progression. When you consider this evidence along with the potential for repeated 

subclinical aspiration events and respiratory infections in ALS patients, the lung must be 

considered as an important third compartment to the disease phenotype as it relates to 

inflammation. Inflammatory responses are reported in lung tissue of SOD1G93A mice 

late in disease[526] and processes known to trigger IL6 release are known to occur in 

human ALS patients: hypoxia, microatelectasis, bacterial insults via aspiration. 
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In asthma, antigenic stimulation in the environment triggers mast cell degranulation 

causing smooth muscle bronchoconstriction. This bronchoconstriction leads to the 

recruitment of secondary mediating inflammatory cells (neutrophils, eosinophils, 

monocytes) which themselves cause the release of cytokines, vasoactive factors and 

arachidonic acid metabolites which in turn activate epithelial and endothelial cells to 

enhance inflammatory responses. IL3, IL6, TNF, and IFNγ have all been demonstrated 

as enhancers of this inflammatory response which, when amplified, will become a 

chronic background process[527]. That background results in airflow obstruction by 

multiple mechanisms: chronic bronchoconstriction as a result of smooth muscle 

hyperplasia (known to itself be induced by IL6 transsignaling[270]), mucous plug 

formation (leading to collapse of distal alveoli), and parenchymal edema (compounding 

lost lung volume). 

Antigenic-stimulated bronchoconstriction is not a pathological event in ALS. However, 

the recruitment of inflammatory mediator cells and the rest of the downstream events 

mentioned above could occur via the following described mechanism. Diaphragmatic 

and respiratory muscle weakness, confirmed aspects of ALS pathology, lead to reduced 

chest wall compliance and chronic microatelectasis, the collapse of alveoli occurring in 

cases of low lung volumes[75]. In addition, the physical disability experienced by 

patients and impaired mobility increased the risk of lost lung volume secondary to 

atelectasis, as is often seen in chronic ICU patients. Locally, IL6 is released into 

surround tissues in hypoxic conditions[528], such as atelectasis, and is associated with 

injury even in non-atelectatic lung regions, worsening parenchymal loss[529]. In fact, 

hypoxic ALS patients have higher serum IL6 levels[163].  

Thus, while it is clearly the initiating event and driver of progressive loss of lung function, 

respiratory dysfunction in ALS is not simply related to diaphragmatic/chest wall muscle 
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weakness. In addition to standard care with NIV, phrenic nerve pacing is associated with 

decreased survival in patients with ALS[530] which would not be expected if respiratory 

failure was solely due to muscular insufficiency. ALS patients needing NIV who 

maintained diaphragmatic muscle competency still developed respiratory insufficiency, 

further implicating other pulmonary pathologies in the progressive respiratory failure 

seen in ALS[78].  

As discussed in section 3.5, IL6 has multiple critical roles in the development of 

respiratory failure as it may present in ALS considering the response to aspiration 

events, inflammatory cell infiltration in response to a systemic highly inflammatory state, 

and airway remodeling via smooth muscle cell hypertrophy. mIL6R is expressed in both 

BAL and lung epithelial cells, providing a source of sIL6R[252] which, during acute 

inflammation or local hypoxia when IL6 is increased concurrently by these means, 

creates a prime environment for increased transsignaling. In normal patients, where 

these events are not chronic and IL6 levels return to normal fairly quickly, transsignaling 

would also drop off at that time. However, in a state of persistent inflammation, as there 

is potential for in ALS, the pathways triggered in HASMs by transsignaling, including 

airway remodeling, immune response, and hypoxia, can themselves stimulate more IL6 

production. In fact, vascular smooth muscle cells were the first identified example of 

those in which gp130 expression is subject to substantive up-regulation by 

transsignaling[531]. This study also defined an autocrine amplification loop where 

IL6+sIL6R drives the smooth muscle cells into a proinflammatory state. This may also 

apply to airway smooth muscle cells stimulated by protracted transsignaling. 

An extreme example of this potential is demonstrated in acute respiratory distress 

syndrome (ARDS), a highly-fatal syndrome of widespread lung injury secondary to 

states of life-threatening inflammation such as severe pancreatitis, septicemia, or severe 
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pneumonia. In a study measuring cytokines in the BAL fluid from intensive care unit 

(ICU) patients with varying degrees of ARDS, both IL6 and sIL6R were highly inversely 

correlated with the ratio of arterial oxygen partial pressure to fractional inspired oxygen, 

a measure of ARDS severity where lower numbers are more severe disease[532]. In a 

multicenter RCT of patients with acute lung injury, plasma IL6 was positively associated 

with both morbidity and mortality[533]. These and other studies indicate that IL6 and 

specifically transsignaling can serve as a potential biomarker of respiratory disease 

severity, even in diseases where the initial insult is not a direct respiratory one. 

ALS patients become hypercapnic before respiratory failure and hypoxia. Any patient 

with hypercapnia is prone to develop lung infections and has an increased risk of death 

following pneumonia. It has been shown that, in alveolar macrophages, hypercapnia 

inhibited expression of IL6, and that this disruption in innate immunity has the potential 

to disrupt the natural resistance to pulmonary infections[534]. However, the state of 

global hypercapnia does not exclude the likely presence of local tissue hypoxia around 

atelectatic pulmonary segments. This apparent contradiction between local tissue 

oxygenation and overall patient arterial oxygenation serves to emphasize the importance 

of considering physiologic compartments for cytokine measurement and inhibiting 

therapies.  

6.  IL6 Transsignaling and the IL6R Asp358Ala Polymorphism in ALS 

We propose that in distinct environments, both temporally and in physical location, IL6 

contributes to ALS. IL6 transsignaling in the CNS promotes neuroinflammation and glial 

activation that promote neurodegeneration and speed up disease progression; IL6 

transsignaling in the lung parenchyma spreads inflammation to unaffected areas and 

triggers processes that create an obstructive component to breathing difficulties. Any 
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trophic effects of IL6 that are beneficial in maintaining NMJ innervation must occur via 

IL6 transsignaling in the periphery and membrane bound signaling must be protected to 

allow patients to have an appropriate innate immune response to bacterial insults and 

increase Treg cell populations, thus a full IL6 blockade mid-disease will not be beneficial 

for all patients. As samples of serum or CSF from ALS patients at a time prior to disease 

onset are not available, presence of the IL6R 358Ala variant may be inferred represent 

the potential for increased transsignaling in a particular patient at the time of their 

disease onset.  

6.1 Significance 

The emotional toll of ambiguousness in predicting any individual patient’s disease 

progression on ALS patients, caregivers and family members is incalculable[535]. In 

addition to the inherent value of diagnostic biomarkers, prognostic monitoring and/or 

mechanistic biomarkers would contribute to better clinical trial design and possibly 

insight into disease mechanisms that may serve as targets for therapeutic 

intervention[536].  

IL6 increases in muscles undergoing atrophy, in lung tissue during compromised 

function, and in the CNS during glial activation. With sIL6R, it is either known to or has 

the potential to play both linked and distinct, but crucial, disease-progression-defining 

roles in all three of these anatomical compartments at various points during disease. 

Considering the evidence discussed here, levels of IL6 and its soluble receptor may be 

relevant for prognostic value and treatment in ALS. 

6.2 Methods 

The ALS Clinic at Wake Forest is an ALS Association certified multidisciplinary clinic, an 

active member of the NEALS consortium, and sees over 150 patients annually. A 

61



Neuromuscular Repository was established here in 2011 containing patient and control 

(healthy and neurological disease) serum and DNA. ALS patient material is collected at 

four consecutive visits 3-4 months apart. The repository has over 400 samples of 100 

separate ALS patients, 50 neurological patient samples, and 100 healthy patient 

samples, each with unique identifiers blinded to researchers. The demographics, 

including age range (26-84), mean age (62), and gender distribution (3:1 M:F), of the 

repository patients is similar to that of other ALS population studies[537]. A secure 

RedCap database of ALS patient information, linked to each samples unique identifier, is 

updated at each sample collection. Neurological controls included ALS-mimics including 

those diagnosed with Muscular Dystrophy, Ataxia, Huntington’s disease, Multiple 

Sclerosis, Parkinson’s disease and Charcot Marie Tooth.  

Data collected for each ALS patient are date of birth, gender, race, marital status, 

education, smoking status, family history of ALS, site of disease onset, comorbid 

diagnoses and dates of the following: onset, diagnosis, feeding tube (PEG) placement, 

beginning NIV use, using NIV >4hr/day, using NIV >20hr/day. For each blood draw the 

following information was also recorded: BMI, medications (including rilutek), ALS El 

Escorial research criteria, PEF, MIP, ppFEV1, and oxygen saturation. ALSFRS-R 

component scores and handheld spirometry values are also recorded for each patient 

visit from diagnosis to end point (date of death or tracheostomy).  

Frontotemporal dementia (FTD) patients have shorter survival than patients with normal 

cognitive function[108] and so were excluded from the study if this was their presenting 

diagnosis. For healthy controls, current smokers or those with chronic inflammatory 

disease were excluded given the known influence on serum IL6 levels. Power 

calculations revealed we had greater than 90% power to detect changes in serum IL6 

and sIL6R levels based on the means and standard deviations observed in an 
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exploratory population. For repeated measures analysis, we determined 78% power to 

detect a correlation of 0.5 and above given the number of repeated measures for 

longitudinal samples.  

In this longitudinal study, we chose to collect ALSFRS-R and spirometry as these are the 

most often used parameters in ALS clinical trials and because these factors are 

collected as part of the standard of care in motor neuron disease clinic visits[58, 538]. 

For demographic and disease characteristic variables, we chose age of onset/diagnosis, 

gender, site of onset, time in delay to diagnosis, BMI, race, presence of cognitive 

impairment, and presence of assistive devices (PEG, NIV, DPS, cough assist) as factors 

able to affect survival and/or the course of disease as they have already been identified 

by previous studies (see section 1) and because these data were readily available in 

repository patients. We also included specific comorbidities as potential covariates 

(diabetes mellitus type 2, autoimmune, chronic pulmonary, pre-existing depression, and 

previous cancer) that are known to influence IL6 levels; however, these variables were 

pulled retrospectively from the patient electronic medical record and not asked about on 

repository questionnaires.  

A second cohort of ALS patients from the Northeastern ALS Consortium (NEALS) multi-

center biorepository was utilized for a one-time collection of paired blood and CSF 

samples. All subjects were unrelated persons of self-reported European ancestry. 

Genetic status regarding disease causative mutations (e.g. SOD1) was unknown. 50 

ALS subjects were diagnosed as probable or definite by EECD; 25 diseased controls 

were diagnosed with a degenerative or inflammatory neurological disorder that may 

mimic ALS such as MS, myasthenia gravis, and hereditary spastic paraplegia; the cohort 

also included 50 healthy subjects. 
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6.3 Specific Aims 

In this study, we aimed to evaluate levels of IL6 and sIL6R as diagnostic and/or 

prognostic biomarkers in ALS. Similarly, we expected to determine if the common IL6R 

358Ala variant had utility as a predictive factor in the disease or if it helped define 

protective or detrimental functions which IL6 may be having at any given time within the 

disease. We chose to define disease progression by both subjective and objective 

measures as they were available to us, namely using ALSFRS-R and pulmonary 

function measures. We also chose to look at the peripheral (serum) and central (CSF) 

compartments separately as we believed these boundaries critical in determining 

potential pathological functions of IL6. Our specific research questions were as follows: 

Are levels of IL-6 and its receptor sIL6R, in serum and/or CSF, increased in ALS patients 

compared to healthy and/or neurological disease controls? 

Is there an association between increased levels of peripheral IL-6 production (serum) 

and disease progression across multiple time points in ALS patients? 

Does the inheritance of the IL6R358Ala variant predispose ALS patients to a more rapid 

disease progression or affect survival? 
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Figure 1. IL6 Classical and Transsignaling 

(1) In transsignaling, the IL6/sIL6R complex can signal cells that do not normally express 

the IL6R by binding to gp130. The downstream effects of transsignaling is context 

dependent by cell type. (2) In classical signaling, cells that normally express the IL6R 

can bind to circulating IL6. This membrane bound complex then associates with gp130 

on these cells. This mediates important events in inflammation (acute phase reactant 

production, bacterial defenses). (3) Classical and trans-signaling can also occur 

simultaneously in cells that express mIL6R. In this case there is enhanced and perhaps 

dysregulated inflammation. 
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Figure 2.  
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Figure 2. Inflammation in ALS 

Throughout disease progression, inflammation levels may vary between low and high 

depending on pathological events. Initial NMJ denervation may prime CNS microglia for 

a low inflammatory state (1). As disease progresses, atrophying muscles will release 

pro-inflammatory cytokines into systemic circulation that can activate circulating 

monocytes and lymphocytes (2). Depending on the T cell’s differentiated state, (3) Treg 

cells dampen the activation of other innate immune cells or (3) Th1 and/or Th17 cells act 

with mutual positive feedback to enhance their own activation and the activation of other 

circulating innate immune cells. Motor neuron degeneration in the CNS activates 

microglia (4). Disruptions in the blood–brain barrier allow activated immune cells from 

the periphery to cross into the CNS in response to chemotactic signals where they (5, 6) 

act in mutual positive feedback with activated microglia to further enhance inflammation 

and (7) release pro-inflammatory cytokines to propagate the response. 
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Abstract 

Objective 

To test the hypothesis that patients with amyotrophic lateral sclerosis (ALS) inheriting 

the common interleukin 6 receptor (IL6R) coding variant (Asp358Ala, rs2228145, C 

allele) have associated increases in interleukin 6 (IL6) and IL6R levels in serum and 

CSF and faster disease progression than noncarriers. 

Methods 

An observational, case-control study of paired serum and CSF of 47 patients with ALS, 

46 healthy, and 23 neurologic disease controls from the Northeastern ALS Consortium 

Biofluid Repository (cohort 1) was performed to determine serum levels of IL6, sIL6R, 

and soluble glycoprotein 130 and compared across groups and IL6R genotype. Clinical 

data regarding disease progression from a separate cohort of 35 patients with ALS from 

the Wake Forest ALS Center (cohort 2) were used to determine change in ALSFRS-R 

scores by genotype. 

Results 

Patients with ALS had increased CSF IL6 levels compared with healthy (p < 0.001) and 

neurologic (p = 0.021) controls. Patients with ALS also had increased serum IL6 

compared with healthy (p = 0.040) but not neurologic controls. Additive allelic increases 

in serum IL6R were observed in all groups (average increase of 52% with the presence 

of the IL6R C allele; p < 0.001). However, only subjects with ALS had significantly 

increased CSF sIL6R levels compared with controls (p < 0.001). When compared across 

genotypes, only patients with ALS inheriting the IL6R C allele exhibit increased CSF IL6. 

ALSFRS-R scores decreased more in patients with ALS with the IL6R C allele than in 

those without (p = 0.019). 
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Conclusions 

These results suggest that for individuals inheriting the IL6R C allele, the cytokine exerts 

a disease- and location-specific role in ALS. Follow-up, prospective studies are 

necessary, as this subgroup of patients may be identified as ideally responsive to IL6 

receptor–blocking therapies. 
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1. Introduction 

Amyotrophic lateral sclerosis (ALS) is a uniformly fatal disease of upper and lower 

motoneurons (MNs). It remains unclear whether the body's inflammatory responses, 

either autoimmune or in response to stress and injury, have a role in initiating ALS, 

although data clearly show that these responses involved in disease progression (for 

review, see references 1 and 2). Although several inflammatory biomarkers are elevated 

in the serum of patients with ALS, (3–5) interleukin 6 (IL6) has been considered potential 

therapeutic target in ALS (NCT02469896).(5,6) IL6, a multifunctional cytokine, influences 

diverse cellular mechanisms including cell growth, metabolism, differentiation, death, 

and inflammatory and anti-inflammatory processes with critical influences in the CNS, 

peripherally at the neuromuscular junction (NMJ), and within muscle itself.(7–9) 

IL6 differentially regulates these mechanisms through 2 signaling paradigms: classic IL6 

signaling and IL6 trans-signaling (for review, see reference 8). Although classic IL6 

signaling occurs through membrane-bound IL6 receptors, IL6 trans-signaling is driven by 

systemic and localized increases in extracellular soluble IL6 receptor (sIL6R) generated 

by proteolytic cleavage, termed “shedding,” of the receptor from cell surfaces. These 

soluble receptors can be activated by IL6 and activate IL6 signaling cascades through 

constitutively expressed gp130 coreceptor. Thus, IL6 trans-signaling allows IL6 signaling 

pathways to be activated in cells that do not express IL6R. Of relevance to ALS, IL6 

trans-signaling may mediate trophic activity for neurons, diffuse proinflammatory actions, 

and glial activation.(3,7,9) 

In humans, there is an IL6R coding change (Asp358Ala, A/C; rs2228145), where the A 

allele (Asp358) is the major allele, and the C allele (Ala358) is the variant allele. IL6R 

shedding is enhanced by the commonly inherited C allele, with over 50% of the 

variability in increased sIL6R plasma levels accounted for by the C allele.(10–12) In 
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individuals inheriting the IL6R C allele, increased shedding of the receptor enhances 

both localized and systemic IL6 trans-signaling in the presence of IL6. Given the role of 

IL6 signaling in mediating multiple cell functions, IL6 trans-signaling may be an important 

modifier for diseases associated with IL6 signaling.(13–17) 

To determine whether IL6 trans-signaling could have a potential role in ALS, IL6 and 

sIL6R levels were measured in paired samples of serum and CSF collected at a single 

time point in a cohort of patients with ALS and compared with healthy (HCs) and disease 

controls (DCs) and across IL6R variant groups. Our results suggest that the IL6R C 

allele influences IL6 signaling in the CNS of patients with ALS. In a second cohort of 

subjects with ALS with more defined clinical data, the presence of the IL6R C allele was 

associated with faster disease progression. These results suggest that identifying 

patients who possess the IL6R C allele may provide insight for predicting disease 

progression and identifying those who might benefit most from IL6R-blocking therapies. 

Follow-up studies are warranted. 

2. Methods 

2.1 Subjects 

All subjects were unrelated persons of self-reported European ancestry. Genetic status 

regarding disease causative mutations (e.g., SOD1) was unknown. Cohort 1 consisted 

of paired samples of serum and CSF collected at a single time point from patients with 

ALS, DCs, and healthy subjects. All samples for cohort 1 were obtained from the 

Northeastern ALS Consortium (NEALS) multicenter biorepository. Subjects with ALS 

were diagnosed as probable or definite by the El Escorial criteria; diseased controls 

were diagnosed with a degenerative or inflammatory neurologic disorder that may mimic 

ALS such as MS, myasthenia gravis, and hereditary spastic paraplegia.(18) CSF and 
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blood samples were collected by lumbar and venipuncture, respectively. Cohort 2 

included male and female patients, 18 years and older with a probable or definite 

diagnosis of ALS(18) without other potentially confounding neurologic diseases as 

determined by 2 independent neuromuscular disease specialists. Clinical data for these 

subjects were collected at the Wake Forest ALS Center during routine clinical practice, 

deidentified, and entered into the Wake Forest ALS biorepository database. All subjects 

provided informed consent as required by the respective institutional review boards. 

2.2 Serum and CSF samples 

The NEALS biorepository provided deidentified samples with a separate document 

containing clinical information and subject IDs. Before assays, thawed aliquots were 

cleared by 10-minute centrifugation at 18,000g at 4°C. Protein concentrations for serum 

and CSF were determined using bicinchoninic acid assay total protein assay (Thermo 

Scientific, 23,225) to assure that sample protein content fell within the normal range for 

adults (serum 6.4–8.3 g/dL; CSF15–45 mg/dL) and did not differ between groups (data 

not shown). 

2.3 ELISA assays 

IL6, sIL6R, and sgp130 concentrations were measured with commercial kits (R&D 

Systems, Q6000B, DR600, and DGP00, respectively) according to the manufacturer's 

instructions. ELISA plates were read on a Wallac plate reader. Detection limits of assays 

are reported by the manufacturer to be 0.16 pg/mL for IL6, 6.5 pg/mL for sIL6R, and 

0.25 ng/mL for sgp130. Intra- and inter-assay precisions were determined experimentally 

using a single consistent sample across assays to be <3.3% and <2.1% for sIL6R, 

<5.8% and <6.8% for IL6, and <1.9% and <5.8% for sgp130, respectively. 

2.4 Genotyping of IL6R Ala358 variant rs2228145 
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DNA from the NEALS cohort was unavailable; therefore, DNA was extracted from 

residual serum samples assuming (1) cell-free DNA was present, or (2) small amounts 

of peripheral mononuclear blood cells could still be present. Genomic DNA was isolated 

from 100–500 μL of serum using the ChargeSwitch gDNA Serum kit (Invitrogen, 

CS11040) resulting in 3–25 ng/μL of DNA per sample. DNA fragments were cleaned 

using DNA clean-up spin columns (Zymo Research, D4014) to obtain a 260/280 ratio 

>1.7. For cohort 2, DNA was purified from whole blood using the Qiagen AutoPure LS 

using standard Purgene chemistry. DNA was genotyped using a validated TaqMan 

assay for the IL6R variant rs2228145 according to the manufacturer's instructions 

(Applied Biosystems, assay ID: C_16170664_10; IL6R Ala358 variant) and read using 

the allelic discrimination protocol on an rtPCR system (Applied Biosystems, model 

7500). Positive controls for each genotype and 3 no template controls (blanks) were run 

for each assay set. 

2.5 Measures of disease progression 

ALS outcome is significantly related to the decline in various measures of disease 

progression, especially percent predicted forced vital capacity and the revised ALS 

functional rating scale (ALSFRS-R) score.(19) The ALSFRS-R is a patient-reported 

survey of symptoms and motor ability commonly used in patient care and clinical trials to 

follow functional decline. The progression rate of ALSFRS-R, often referred to as the 

ΔFS, calculated as differential of the total score from 1 time point to another, divided by 

disease duration (time), correlates closely with prognosis and has been found to be a 

significant predictor of survival and overall disease progression.(20,21) Here, we 

calculate ΔFS as a “preslope,” or the loss in function experienced before diagnosis, for 

patients who presented to the Wake Forest ALS Center within 1 year of symptom 

onset.(21) Patients qualified as definite or probable ALS by the El Escorial diagnostic 
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criteria, confirmed by 2 independent neuromuscular clinicians. Time of symptom onset 

was reported by the patient during their first visit to the clinic as when they first noticed 

any symptom of motor dysfunction. 

𝛥𝐹𝑆 =
48 − 𝐴𝐿𝑆𝐹𝑅𝑆𝑅 𝑎𝑡 𝑓𝑖𝑟𝑠𝑡 𝑣𝑖𝑠𝑖𝑡

𝑀𝑜𝑛𝑡ℎ𝑠 𝑓𝑟𝑜𝑚 𝑠𝑦𝑚𝑝𝑡𝑜𝑚 𝑜𝑛𝑠𝑒𝑡
 

2.6 Statistical analyses 

Serum and CSF IL6 levels were winsorized to within 2 SDs of the mean of the cohort as 

a whole to limit the influence of outlying values (4 CSF values and 5 serum values 

winsorized; table S1). IL6 raw values were natural log transformed to normalize the 

distribution before any parametric comparisons; sIL6R and sgp130 were well 

approximated by the normal distribution and did not require transformation. 

Significant age differences had previously measured between ALS and control groups' 

serum IL6 levels (p < 0.001, ρ = 0.12, Spearman correlation). Therefore, age was a 

covariate in all serum IL6 analyses involving generalized linear models (GLM) to test for 

associations (table S2). The data's fit to the model's distributional assumptions of 

conditional normality and homogeneity of variance were examined. Estimated least 

square means and standard errors were computed for summarizing data and individual 

comparisons. All comparisons were determined before data analysis to be as follows: 

ALS vs HC, ALS vs DC (whole group, within AA genotype, or within *C genotypes), and 

AA vs *C (within ALS, HC, or DC groups; table S3). As these were planned 

comparisons, tests for pairwise differences were performed using the Fisher protected 

least significant difference multiple comparison procedure. The Student 2-way t test was 

used on the ΔFS values. Corresponding effect sizes were estimated via Cohen's D 

statistic. 
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3. Results 

3.1 Subject characteristics 

Cohort 1 consisted of serum and CSF samples provided by the NEALS repository and 

comprised 47 subjects with ALS, 46 HCs, and 23 subjects with neurologic diseases that 

mimic ALS. Demographics for each sample included age, sex, race, and disease 

duration (ALS and DCs; table 1). Two subjects with ALS and 11 neurologic DCs did not 

have disease duration information. Significant differences in age existed between the 

ALS and control groups; therefore, this factor was controlled for in subsequent analyses 

when appropriate, as described in Methods. Cohort 2 consisted of 35 subjects with ALS, 

all of whom had contributed DNA samples along with detailed demographic and clinical 

data from their initial visit to the Wake Forest ALS Clinic (table 1). 

3.2 Serum IL6 levels are elevated in subjects with ALS and DCs compared with 

HCs, but only subjects with ALS exhibit increased CSF levels. 

Both ALS and DC individuals exhibited elevated serum IL6 compared with HCs (figure 

1A). CSF IL6 levels were significantly higher in subjects with ALS compared with both 

HCs and DCs (figure 1B). There were no observed differences between CSF and serum 

sIL6R levels between groups (Figure 1, C and D). Together, these data indicate a 

possible CNS-specific role for IL6 in ALS. Although the concentrations of IL6 were 

comparable between serum and CSF, serum levels of sIL6R and its naturally occurring, 

soluble gp130 (sgp130) were consistently ten-fold higher than the CSF levels in all 

groups. We found no significant differences in sgp130 in either serum or CSF between 

groups (figure 1, E and F). These results suggest that in ALS, sgp130 does not 

compensate for the observed increases in IL6. 

3.3 IL6R C allele accounts for serum sIL6R levels in all groups 
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The IL6C allele occurs at a frequency of ∼10% in African, ∼40% in European, ∼30% in 

East Asian, and ∼50% in Native American ancestries (reference 13, NCBI dbSNP). To 

investigate the role of the IL6R C allele on sIL6R levels and the potential influence of 

trans-signaling in ALS, we evaluated the distribution of the IL6R C allele in all subjects 

(table 1; those with AC or CC genotype will be referred to as *C). When contrasting 

subjects with ALS with control sets in cohort 1, the allele frequencies were comparable 

(ALS minor allele frequency (MAF) = 0.394 and p = 0.91, healthy MAF = 0.380 and p = 

0.98, DC MAF = 0.386 and p = 0.81). Similar results were also observed in cohort 2 

(table 1). Importantly, both within each cohort across groups (table S1) and across the 2 

cohorts, the IL6R C allele frequencies (MAF) were comparable and consistent with 

previous reports (0.387 and 0.417 for cohorts 1 and 2, respectively).(13) Both cohorts 

were consistent with Hardy-Weinberg equilibrium proportions (p = 0.72 and p = 0.61 for 

cohorts 1 and 2, respectively). Univariate analysis found no association between the 

IL6R C allele and sex (p = 0.77), age at onset (p = 0.55), or disease duration (p = 0.19). 

These results suggest that the presence of the C allele does not predispose individuals 

to ALS. As expected for an additive genetic model, in all groups, the IL6R C allele was 

also associated with increased (52%) serum sIL6R (figure 2A). Only in subjects with ALS 

were CSF sIL6R levels significantly increased (23%) with the presence of the C allele 

(figure 2B), suggesting potential for CSF trans-signaling to be correlated in a genotypic 

manner with occurrence of ALS-specific pathologic processes in *C individuals. 

3.4 Subjects with ALS with the IL6R C allele have increased IL6 in the CSF 

Univariate analysis was used to check for potential correlations between CSF or serum 

IL6, sIL6R, sgp130, and demographics. Sex and duration of symptoms were unrelated to 

any measure; however, serum IL6 was positively correlated with age (IL6 p < 0.001, ρ = 

0.12, Spearman correlation). We next investigated whether the presence of the IL6R C 
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allele contributed to differences in IL6 levels in subjects with ALS in cohort 1. There was 

no significant difference in IL6 levels between subjects with ALS with and without the C 

allele (figure 2C). Serum IL6 was higher in subjects with *C ALS compared with *C HCs 

(figure 2C). 

*C ALS subjects had significantly higher levels of CSF IL6 compared with AA ALS 

subjects or controls with or without the C allele (figure 2D). In contrast, levels of CSF IL6 

were nearly equivalent between AA ALS subjects (2.33 pg/mL) and AA HCs (2.25 

pg/mL). We and others have reported that IL6 is increased in the CSF of subjects with 

ALS compared with control populations.(5) Our results here suggest that this observed 

increase is not present in every subject but rather is driven by *C subjects, thus 

indicating the potential that IL6 trans-signaling could be active in ALS CSF and 

dependent on inheriting the IL6R C allele. In both serum and CSF, there were no 

significant differences in sgp130 between affected and unaffected subjects (data not 

shown). 

3.5 Subjects with ALS who inherit the IL6R C allele exhibit faster disease 

progression 

We next questioned whether the presence of the C allele is associated with accelerated 

ALS disease progression. Because there were no disease progression data available for 

cohort 1, and to investigate whether the presence of the C allele resulted in faster 

disease progression compared with patients without the variant, we turned to an 

independent sample (cohort 2) that included clinical outcomes, although paired CSF and 

serum samples were not available. Subjects in cohort 2 had reliable information 

regarding symptom onset with diagnosis and clinic visits within 1 year of onset. We 

limited our progression comparison to those subjects who were diagnosed within 1 year 

of their first symptom to most accurately obtain disease onset time. Thus, we were able 
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to assess early stages of disease as secondary pathologic outcomes where IL6 may be 

a contributing factor (e.g., lung inflammatory responses and advanced muscle atrophy), 

have either not yet occurred, or would be less significantly progressed. Functional 

decline (ALSFRS-R progression rate) as measured by the ΔFS of patients diagnosed 

within the first year after symptom onset revealed that patients with the IL6R C allele 

have greater loss of function than those without (figure 3). There was no difference in the 

number of patients with bulbar or spinal onset between the 2 compared groups (p = 

0.68). 

4. Discussion 

ALS is a fatal disease with a short survival time after diagnosis, an extensive clinical 

diagnostic process, and few treatment options. To further our understanding of which 

factors influence disease progression and severity, we completed a retrospective study 

of 2 cohorts of subjects with ALS and controls. Our results from cohort 1 show that only 

subjects with ALS with the IL6R C allele have increased IL6 and IL6R in CSF compared 

with HCs and neurologic DCs. The additive nature of the allele appears to be magnified 

only in CSF of patients with ALS and not in controls. From cohort 2, we found that 

individuals inheriting the IL6R C allele exhibit faster disease progression. The IL6R C 

allele regulates IL6 signaling mechanisms reported to influence several disease 

pathologies.(13,14) Knowledge that a specific subgroup of patients with ALS, such as 

those carrying the IL6R C allele, will experience faster decline can contribute to earlier, 

informed diagnosis and application of patient-specific treatments and interventions (e.g., 

noninvasive ventilation) to improve quality of life. These results of the current study may 

have clinical significance and serve as a foundation for future, prospective studies to 

determine whether IL6R genotype and CNS signaling modify disease progression and 

are targets of therapeutic intervention with IL6R-blocking agents. 
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Serum levels of IL6 can easily fluctuate within 12 pg/mL range due to environmental 

factors unrelated to disease, such as age, adiposity, recent exercise, tobacco 

consumption, or comorbid inflammatory conditions.(22–25) Variability in serum IL6 levels 

must also be interpreted in context of a disease, especially one like ALS where 

secondary disease processes may occur coincident with decreased 

functionality.(3,26,27) Patients inheriting the IL6R C allele present with elevated serum 

IL6 at disease onset compared with AA patients because sIL6R extends the half-life of 

circulating IL6.(28) Early in disease, MN degeneration and muscle atrophy stimulate 

production of IL6.(29,30) However, throughout the disease course, other peripheral 

mechanisms can produce IL6, such as aspiration pneumonia or hypoxia resulting from 

decreased bulbar muscle and lung function(3,13,14,31,32) limiting the diagnostic or 

prognostic value of the measure. Although IL6 levels may be partially dependent on 

IL6R genotype and subject age, extensive individual clinical characterization accounting 

for the aforementioned IL6-stimulating factors is necessary for appropriate interpretation. 

Unlike in the periphery, levels of CSF IL6 likely reflect CNS-specific processes and are 

less influenced by acute peripheral undulations. Although there may be a specific 

transport mechanism for IL6 across the blood-brain barrier (BBB) that has only been 

minimally investigated in animals,(33) we found no correlation between serum and CSF 

IL6 levels (figure s1) underlining that CSF IL6 levels are not simply a reflection of serum 

IL6 at any given time. In addition, measurements of the albumin quotient (CSF: serum 

albumin) indicate that there is no BBB disruption in subjects with ALS as a whole or 

within IL6R variant groups. 

To determine whether CSF IL6 is potentially a diagnostic biomarker, we estimated by the 

area under the corresponding receiver operating characteristic curve for cohort 1 (figure 

s2). When age is included as a covariate, CSF IL6 was an informative biomarker, with 
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an area under curve (AUC) of 0.75, sensitivity of 76.6%, and specificity of 70.6%. Given 

the less variable nature of CSF IL6, a normal IL6 CSF level could be a good biomarker 

to exclude an ALS diagnosis and is at least comparable to other recently reported CSF 

diagnostic biomarkers neurofilament (NF) light (AUC = 0.78, 76% sensitivity, and 73% 

specificity) or phosphorylated NF heavy (AUC = 0.87, 84% sensitivity, and 83% 

specificity).(34) Considering that patients with ALS with the C allele exhibited the highest 

levels of CSF IL6, we further estimated the ability of CSF IL6 to discriminate between 

ALS and HCs or DCs using a separate receiver operating characteristic only including 

subjects with the C allele, with age as a covariate. In this case, CSF IL6 as a diagnostic 

tool has superior sensitivity (AUC = 0.82, 90% sensitivity, and 69% specificity). 

Because cohort 1 did not include clinical data, we were not able to evaluate whether 

CSF IL6 levels associate with disease progression as reported to chitotriosidase-1 

(CHIT-1), a biomarker associated with microglial activation in ALS.35 A prospective 

study evaluating IL6R genotype, CSF levels of IL6, CHIT-1, and NF could provide insight 

into how biomarkers of glial activation and neuronal responses correlate with disease 

symptomology and progression. 

As CSF IL6 levels are highest in *C patients, elevated IL6 trans-signaling would be 

expected. The source of CSF IL6 may be activated microglia and astrocytes.(9) 

Although as shown in animal models, activation/IL6 levels may vary throughout 

disease,(36,37) in the presence of circulating CSF IL6R observed in *C ALS patients, 

sIL6R/IL6 complexes could enhance activation via trans-signaling mechanisms to further 

promote MN dysfunction and degeneration.(9,38,39) Indeed, as high levels of CSF 

CHIT-1, a biomarker of microglial activation are associated with faster disease 

progression,(35) we hypothesize that *C patients who experience elevated CNS IL6 

trans-signaling may be associated with increased glial activation and experience a more 
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rapid disease progression. A change in the ALSFRS-R score of ≥3 points is an indicator 

of a substantial decline in function.(40) In our data set, only 3 of 16 (19%) AA patients 

met this threshold (1.3 points lost per month; dotted line, figure 3) as opposed to 8 of 19 

(42%) *C patients. Future studies that include assessment of IL6R genotype, CSF IL6R 

and IL6, and clinical progression will provide more insights into this hypothesis. 

Although the limitations of this study prevent mechanistic evaluation, the potential role of 

IL6 signaling in ALS should be considered to provide perspective for current results and 

design of future studies. IL6 signaling has distinct, localized roles (e.g., peripheral 

muscle/NMJ, diaphragm and lung, and spinal cord/brain) throughout ALS disease 

progression, with some potentially being beneficial and others exacerbating disease 

progression (figure 4). To discover and use effective treatments, it is crucial to better 

understand physiologic causes of variability in ALS disease progression. The possibility 

that *C patients experience faster progression, possibly mediated by CNS IL6 trans-

signaling, merits further investigation and consideration in future therapeutic trials of 

IL6R-blocking strategies. 

5. Study limitations 

As an observational and correlative study, there are several limitations. First, the 2 

cohorts were not collected under identical recruitment schemes, thus availability of 

samples and phenotypic data was not consistent. As a result, it was not possible to 

perform the same assays in each cohort because cohort 1 did not include clinical or 

outcome data. Although containing clinical data, cohort 2 did not include paired serum 

and CSF samples. The difference in cohort design did not allow comparative, 

longitudinal data to be collected to make direct comparisons for disease progression in 

the same cohort. For this reason, we caution the reader not to conflate results presented 

from each cohort. In addition, ALS is a highly heterogeneous in demographics and 
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clinical phenotypes. As such, it is imperative to replicate the above findings in a larger 

cohort of patients where longitudinal clinical indicators of disease and multiple biological 

samples are collected simultaneously. 

  

139



References 

1. Lyon MS, Wosiski-Kuhn M, Gillespie R, Caress J, Milligan C. Inflammation, immunity, 

and amyotrophic lateral sclerosis: I. Etiology and pathology. Muscle Nerve 2019;59:10–

22.  

2. Wosiski-Kuhn M, Lyon MS, Caress J, Milligan C. Inflammation, immunity, and 

amyotrophic lateral sclerosis: II. Immune-modulating therapies. Muscle Nerve 

2019;59:23–33.  

3. Moreau C, Devos D, Brunaud-Danel V, et al. Elevated IL-6 and TNF-alpha levels in 

patients with ALS: inflammation or hypoxia? Neurology 2005;65:1958–1960.  

4. Rentzos M, Rombos A, Nikolaou C, et al. Interleukin-17 and interleukin-23 are 

elevated in serum and cerebrospinal fluid of patients with ALS: a reflection of Th17 cells 

activation? Acta Neurol Scand 2010;122:425–429.  

5. Mizwicki MT, Fiala M, Magpantay L, et al. Tocilizumab attenuates inflammation in ALS 

patients through inhibition of IL6 receptor signaling. Am J Neurodegen Dis 2012;1:305–

315.  

6. Sekizawa T, Openshaw H, Ohbo K, Sugamura K, Itoyama Y, Niland JC. 

Cerebrospinal fluid interleukin 6 in amyotrophic lateral sclerosis: immunological 

parameter and comparison with inflammatory and non-inflammatory central nervous 

system diseases. J Neurol Sci 1998;154:194–199.  

7. Zigmond RE. gp130 cytokines are positive signals triggering changes in gene 

expression and axon outgrowth in peripheral neurons following injury. Front Mol 

Neurosci 2011;4:62.  

140



8. Schaper F, Rose-John S. Interleukin-6: biology, signaling and strategies of blockade. 

Cytokine Growth Factor Rev 2015;26:475–487.  

9. Campbell IL, Erta M, Lim ML, et al. Trans-signaling is a dominant mechanism for the 

pathogenic actions of interleukin-6 in the brain. J Neurosci 2014;34:2503–2513.  

10. Garbers C, Monhasery N, Aparicio-Siegmund S, et al. The interleukin-6 receptor 

Asp358AL single nucleotide polymorphism rs2228145 confers increased proteolytic 

conversion rates by ADAM proteases. Biochemica Biophys Acta 2014;1842:1485–1494.  

11. van Dongen J, Jansen R, Smit D, et al. The contribution of the functional IL6R 

polymorphism rs2228145, eQTLs and other genome-wide SNPs to the heritability of 

plasma sIL-6R levels. Behav Genet 2014;44:368–382. 

12. Bagli M, Papassoritopoulos A, Hampel H, et al. Polymorphisms of the gene encoding 

the inflammatory cytokine interleukin-6 determine the magnitude of the increase in 

soluble interleukin-6 receptor levels in Alzheimer's disease. Eur Arch Psychiatry Clin 

Neurosci 2003;253:44–48.  

13. Hawkins GA, Robinson MB, Hastie AT, et al. The IL6R variation Asp(358)Ala is a 

potential modifier of lung function in subjects with asthma. J Allergy Clin Immunol 

2012;130:510–515.  

14. Peters MS, McGrath KW, Hawkins GA, et al. Plasma interleukin-6 concentrations, 

metabolic, dysfunction, and asthma severity: a cross-sectional analysis of two cohorts. 

Lancet Respir Med 2016;4:574–584. 

15. Mitsuyama K, Toyonaga A, Sasaki E, et al. Soluble interleukin-6 receptors in 

inflammatory bowel disease: relation to circulating interleukin-6. Gut 1995;36:45–49.  

141



16. Stephens OW, Zhang Q, Pingping Q, et al. An intermediate-risk multiple myeloma 

subgroup is defined by sIL-6r: levels synergistically increase with incidence of SNP 

rs2228145 and 1q21 amplification. Blood 2016;119:503–511.  

17. Sasayama D, Wakabayashi C, Hori H, et al. Association of plasma IL-6 and soluble 

IL-6 receptor levels with the Asp358AL polymorphism of the IL-6 receptor gene in 

schizophrenic patients. J Psychiatr Res 2011;45:1439–1444.  

18. Ludolph A, Drory V, Hardiman O, et al. A revision of the El Escodial criteria. 

Amyotroph Lateral Scler Frontotemporal Degener 2015;16:291–292.  

19. Chiò A, Logroscino G, Hardiman O, et al. Prognostic factors in ALS: a critical review. 

Amyotroph Lateral Scler 1009;10:310–323.  

20. Labra J, Menon P, Byth K, Morrison S, Vucic S. Rate of disease progression: a 

prognostic biomarker in ALS. J Neurol Neurosurg Psychiatry 2016;87;628–632.  

21. Thakore NJ, Lapin BR, Pioro EP. Trajectories of impairment in amyotrophic lateral 

sclerosis: insights from the pooled resource open-access ALS clinical trials cohort. 

Muscle Nerve 2018;57:937–945.  

22. Cullen T, Thomas AW, Webb R, Hughes MG. The relationship between interleukin-6 

in saliva, venous and capillary plasma, at rest and in response to exercise. Cytokine 

2015;71:397–400.  

23. Park HS, Park JY, Yu R. Relationship of obesity and visceral adiposity with serum 

concentrations of CRP, TNF-α and IL-6. Diabetes Res Clin Pract 2005;69:29–35.  

24. Ishihara K, Hirano T. IL-6 in autoimmune disease and chronic inflammatory 

proliferative disease. Cytokine Growth Factor Rev 2002;13:357–368.  

142



25. Kastelein T, Duffield R, Marino F. Human in situ cytokine and leukocyte responses to 

acute smoking. J Immunotoxicol 2017;14:109–115. 

26. Lee CW, Chen HJ, Liang JA, Kao CH. Risk of sepsis in patients with amyotrophic 

lateral sclerosis: a population-based retrospective cohort study in Taiwan. BMJ Open 

2017;7:e013761.  

27. Lechtzin N, Wiener CM, Clawson L, Chaudhry V, Diette GB. Hospitalization in 

amyotrophic lateral sclerosis: causes, costs, and outcomes. Neurology 2001;56:753–

757. 

28. Schöbitz B, Pezeshki G, Pohl T, et al. Soluble interleukin-6 receptor augments 

central effects of IL-6 in vivo. FASEB J 1995;9:659–664. [PubMed] [Google Scholar] 

29. Munoz-Canoves P, Scheele C, Pedersen BK, Serrano AL. Interleukin-6 myokine 

signaling in skeletal muscle: a double edged sword? FEBS J 2013;280:4131–4148.  

30. Gadient RA, Otten UH. Interleukin-6 (IL-6)—a molecule with both beneficial and 

destructive potentials. Prog Neurobiol 1997;52:379–390.  

31. Glynn P, Coakley R, Kilgallen I, Murphy N, O'Neill S. Circulating interleukin 6 and 

interleukin 10 in community acquired pneumonia. Thorax 1999;54:51–55.  

32. Hedlund J. Community-acquired pneumonia requiring hospitalisation. Factors of 

importance for the short-and long term prognosis. Scand J Infect Dis Suppl 1995;97:1–

60. 

33. Banks WA, Kastin AJ, Gutierrez EG. Penetration of interleukin-6 across the murine 

blood-brain barrier. Neurosci Lett 1994;179:53–56.  

34. Rossi D, Volanti P, Brambilla L, et al. CSF neurofilament proteins as diagnostic and 

prognostic biomarkers for amyotrophic lateral sclerosis. J Neurol 2018;265:510–521.  

143



35. Gille B, De Schaepdryver M, Dedeene L, et al. Inflammatory markers in 

cerebrospinal fluid: independent prognostic biomarkers in amytrophic lateral sclerosis? J 

Neurol Neurosurg Psychiatry 2019;Epub 2019 June 7.  

36. Weydt P, Yuen EC, Ransom BR, Möller T. Increased cytotoxic potential of microglia 

from ALS-transgenic mice. Glia 2004;48:179–182.  

37. Gifondorwa DJ, Jimenz-Moreno R, Hayes CD, et al. Administration of recombinant 

heat shock protein 70 delays pripheral muscle denervation in the SOD1(G93A) mouse 

model of amyotrophic lateral sclerosis. Neurol Res Int 2012;2012:170426.  

38. Barbeito LH, Pehar M, Cassina P, et al. A role for astrocytes in motor neuron loss in 

amyotrophic lateral sclerosis. Brain Res Brain Res Rev 2004:47:263–274.  

39. Liddelow SA, Guttenplan KA, Clarke LE, et al. Neurotoxic reactive astrocytes are 

induced by activated microglia. Nature 2017;541:481–487.  

40. Castrillo-Viguera C, Grasso DL, Simpson E, Shefner J, Cudkowicz ME. Clinical 

significance in the change of decline in ALSFRS-R. Amyotroph Lateral Scler 

2010;11:178–180.  

144



TABLE 1. DEMOGRAPHIC AND CLINICAL INFORMATION (COHORTS 1 & 2) 

NEALS Biorepository  

(Cohort 1) 

ALS 

Subjects 

Disease 

Controls 

(DC)  

Healthy 

Controls 

(HC) 

Significant 

Differences 

Number (% male) 

 

47 (70) 23 (39) 46 (56) Gender: 

ALS v NC p = 

0.041 

ALS v HC p = 

0.171 

Age at draw (years)  

Mean 

Median 

Range 

 

56.9 

56 

31-78 

 

49.9 

48 

27-72 

 

46.8 

45.5 

25-77 

 

ALS v NC p = 

0.0212 

ALS v HC p < 

0.0012 

Disease duration at draw 

(months) Mean 

Median 

Range 

 

18 

16 

1-62 

 

96 

73 

3-258 

 

N/A 

 

N/A 

Genotype (number (% of 

group)) 

AA 

*C (CC, CA) 

 

18 (38) 

29 (62) 

 

9 (39) 

14 (61) 

 

18 (39) 

28 (61) 

 

ALS v DC p = 

0.951 

ALS v HC p = 

0.931 
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WF ALS Center Biorepository 

(Cohort 2) 

 

ALS Subjects (Figure 4) 

Number (% male) 35 (56%) 

Age at sample collection (years)  

Mean 

Median  

Range 

 

65.3 

64.5 

41.8 – 83.6 

Disease duration (months) 

Mean 

Median  

Range 

 

8.2 

9.4 

3.4 – 11.5 

Genotype n (% of total) 

AA 

*C  

 

16 (45%) 

19 (55%) 

1Significance determined by χ2. 2Significance determined by Fisher’s exact test. 

 

146



Table s1 – Raw values after winsorizing to within two standard deviations of the 

mean of the original distribution  

SERUM mean, ±SD  

Group (n#)  IL6 (pg/mL)  IL6R (ng/mL)  sgp130 (ng/mL)  

ALS (47)  2.85, ±1.25  62.9, ±25.5  307, ±39  

ALS-AA (18)  2.47, ±0.80  42.7, ±16.3  303, ±40  

ALS-C (29)  3.08, ±1.43  75.5, ±21.8  309, ±39  

HC (46)  2.14, ±0.91  57.6, ±23.6  301, ±53  

HC-AA (18)  2.16, ±0.76  41.1, ±18.3  279, ±44  

HC-C (28)  2.14, ±1.01  67.6, ±20.8  312, ±55  

NC (23)  2.66, ±1.23  55.1, ±24.2  288, ±42  

NC-AA (9)  2.58, ±1.52  38.4, ±22.1  289, ±36  

NC-C (14)  2.35, ±0.77  65.8, ±19.3  284, ±48  

  

CSF mean, ±SD  

   

Group (n#)  IL6 (pg/mL)  IL6R (ng/mL)  sgp130 (ng/mL)  

ALS (47)  2.83, ±1.46  1.08, ±0.32  44.3, ±14.4  

ALS-AA (18)  2.33, ±0.69  0.95, ±0.30  41.5, ±13.7  

ALS-C (21)  3.15, ±1.71  1.17, ±0.31  46.5, ±14.7  

HC (46)  2.08, ±0.77  1.02, ±0.25  48.4, ±13.8  

HC-AA (18)  2.25, ±1.00  0.97, ±0.22  53.8, ±14.5  

HC-C (21)  1.96, ±0.58  1.06, ±0.26  45.7, ±12.7  

NC (23)  2.47, ±1.37  1.07, ±0.28  43.8, ±9.4  

NC-AA (9)  2.08, ±0.76  1.01, ±0.39  36.7, ±10.3  
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NC-C (14)  2.87, ±1.08  1.11, ±0.18  45.3, ±9.5  

  

    

Table s2. Regression model  

Variable  Regression Equation  r2  P-value  95% CI  

serum IL6 

(pg/ml)  

1.17 + 0.026*age at draw  0.08  0.002  0.011 to 0.043  
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Table s3. Planned individual comparisons of C allele carriers within group and of 

groups within C allele carriers and non-carriers  

  Ln(CSF IL6)a  Serum  

IL6b  

CSF sIL6Ra  Serum  

sIL6Ra  

CSF 

sgp130a  

Serum 

sgp130a  

ALS AA vs 

*C  

0.021  NS 0.19  0.021  <0.001  NS 0.26  NS 0.62  

HC AA vs *C  NS 0.39  NS 0.87  NS 0.19  <0.001  NS 0.13  NS 0.06  

DC AA vs *C  NS 0.94  NS 0.46  NS 0.47  <0.01  NS 0.27  NS 0.81  

*C ALS vs 

HC  

<0.001  0.045  NS 0.14  NS 0.16  NS 0.83  NS 0.87  

*C ALS vs 

DC  

0.039  NS 0.98  NS 0.51  NS 0.16  NS 0.60  NS 0.12  

AA ALS vs 

HC  

NS 0.62  NS 0.59  NS 0.85  NS 0.80  0.042  NS 0.12  

AA ALS vs 

DC  

NS 0.90  NS 0.89  NS 0.62  NS 0.57  NS 0.74  NS 0.42  

a = comparison by 2-sided students t-test; b = comparison by GLM followed by Fishers protected 

LSD  
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 Figure 1. Subjects with amyotrophic lateral sclerosis (ALS) exhibit increased 

levels of interleukin 6 (IL6) in serum and CSF  

(A) Serum IL6 is significantly elevated in subjects with ALS compared with healthy 

controls (HCs) (p = 0.040, Cohen's D = 0.62) but not to disease controls (DCs) (p = 0.94) 

controls. (B) CSF IL6 is elevated in subjects with ALS compared with both HCs (p < 

0.001, D = 0.61) and DCs (p = 0.021, D = 0.28). (C) Neither serum (ALS vs HC p = 0.30, 

vs DC p = 0.21) nor (D) CSF (ALS vs HC p = 0.32, vs DC p = 0.85) sIL6R varies with 

disease status. (E) Serum (ALS vs HC p = 0.28, vs DC p = 0.09) and (F) CSF sgp130 

(ALS vs HC p = 0.18, vs DC p = 0.07) do not vary with disease status. (A) = p < 0.05, b = 

p < 0.001. For sgp130 and CSF IL6, all were planned comparisons where significance 

was determined by the Student t test. For serum IL6, significance was determined with 

generalized linear models, followed by Fisher protected least significant difference for 

planned individual comparisons of ALS vs HCs and ALS vs DCs; graphed values for IL6 

are least squared means. 
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Figure 2. Interleukin 6 receptor (IL6R) C allele associates with serum levels of IL6R 

in all subjects, but only in patients with amyotrophic lateral sclerosis (ALS), does 

it account for CSF IL6R and IL6 increases  

(A) Concentrations of the sIL6R are significantly higher in subjects with the C allele 

compared with those without (p < 0.001, all groups). (B) CSF sIL6R are significantly 

increased only in subjects with ALS with the C allele compared with those without (CSF 

p = 0.021). (C) In serum, there is no significant difference in IL6 levels between subjects 

with ALS with and without the C allele; subjects with ALS with the C allele have more IL6 

than healthy patients with the C allele (p = 0.045, D = 0.71). (D) Subjects with ALS with 

the C allele have more CSF IL6 than subjects with ALS without the C allele and than 

subjects with the C allele in the healthy control (HC) or disease control (DC) groups (p = 

0.021, D = 0.56 compared with AA ALS; p < 0.001, D = 0.84, compared with *C HCs; p = 

0.039, D = 0.18 compared with *C DCs). For serum and CSF sIL6R, and CSF IL6 all 

analyses were planned comparisons where significance was determined by the 2-sided 

Student t test. For serum IL6, significance was determined with generalized linear 

models, followed by Fisher protected least significant difference for planned individual 

comparisons of AA vs *C.  
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Figure 3 
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Figure 3. Subjects with amyotrophic lateral sclerosis (ALS) with the interleukin 6 

receptor (IL6R) C allele have faster disease progression  

Subjects with ALS who are diagnosed within 12 months of symptom onset (table) who 

have the C allele lose more points on the ALSFRS-R between symptom onset and their 

first ALS clinic visit than those without the C allele. Results express as mean +SD; AA: n 

= 16; *C: n = 19; a = p = 0.019, D = 0.70; significance by Wilcoxon rank-sum. 
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Figure 4 
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Figure 4. In amyotrophic lateral sclerosis (ALS), interleukin 6 (IL6) trans-signaling 

effects on motor neurons may shift the balance from trophic activity to promoting 

a toxic environment  

In conditions of axonal injury, muscle injury, muscle stress (e.g., exercise), and atrophy 

(e.g., sarcopenia), increases in muscle-specific expression of IL6 are correlated with 

increased levels of circulating IL6. (9,38,39) Of relevance to MNs, IL6 is a member of the 

CNTF/CT/LIF gp130 family of trophic factors that are critical in MN development and 

survival following injury and disease. (7) In the local environment, in the presence of 

sIL6R, the myokine-receptor complex can bind to gp130 on MNs acting as a trophic 

factor. Accordingly, IL6 signaling may be beneficial in maintaining NMJ innervation, 

promoting MN survival, and rebuilding muscle (lower panel). Despite the potential 

prosurvival effect of IL6 on neurons in the periphery, it may be that in *C patients, CNS 

IL6 trans-signaling effects on glial cells promote damaging effects in the CNS. (9,38,39) 

In the CNS, microglia become activated in response to NMJ denervation, and both 

microglial and astrocytes become active in response to disease-associated MN 

pathology. These and other CNS cells have been reported to be sources of IL6 (upper 

panel). In this central environment, IL6 can bind sIL6R and, as in the periphery, bind 

gp130 on MNs promoting trophic activity. However, the IL6-sIL6R complex can also bind 

to gp130 on glial cells to further activate them. In ALS, activated astrocytes have been 

shown to create a toxic environment for MNs. (38,39) We hypothesize that this toxic 

activity overpowers any potential trophic activity, shifting the balance for MNs toward 

dysfunction and degeneration. 
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Figure s1  

 

 CSF IL6 (pg/mL)    
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Figure S1. For all ALS samples within cohort 1, there is no correlation with 

disease duration and CSF IL6 or serum IL6. Additionally, CSF IL6 is not a simple 

reflection of serum IL6 levels within these patients. (A) CSF and serum IL6 ρ=0.12, 

p = 0.44. (B) CSF IL6 and disease duration ρ=0.18, p = 0.25; serum IL6 and disease 

duration ρ=0.18, p = 0.25. All are Spearman’s correlations. Line of best fit and R2 by 

linear regression.  
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Figure s2  
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Figure s2. High IL6 in the CSF may be indicative of an ALS diagnosis. This 

diagnostic value of CSF IL6 is improved for subjects with the C allele. ROC curve 

to discriminate ALS vs healthy + neurological controls (red line; AUC = 0.7525, 76.6% 

sensitivity, 70.6% specificity). All measures of the test are improved when performed 

only on subjects with the C allele (AC and CC, green line; AUC = 0.82, 90.4% sensitivity, 

69.7% specificit)y. Where the tangential line meets the ROC curve is the point of paired 

maximal sensitivity and specificity. Blue dashed line of unity represents a test of pure 

chance, ie, 50% sensitivity and 50% specificity.   
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Abstract  

Interleukin-6 (IL6) expression increases in atrophying muscles and lung tissue during 

compromised function. Considering ALS patients undergo these same pathological 

changes, IL6 levels may be relevant for prognostication and treatment. The amount of 

soluble IL6 receptor, dictated by the IL6R358Ala variant, and local tissue environment in 

which IL6 signaling occurs is known to influence the ultimate effects of IL6 in multiple 

diseases.  

In this longitudinal study, we show that serum IL6 levels negatively correlate both with 

the patient’s functional status as measured by the overall ALSFRS-R and subscores, 

and with respiratory function as measured by the percent predicted FVC (ppFVC). The 

correlations are strongest in the two-thirds of patients who carry the IL6R358Ala variant 

that mediates pro-inflammatory transsignaling. These results suggest that any observed 

associations between IL6 and ALS are driven by the subset of patients carrying the 

IL6R358Ala variant and thus that any IL6-targeted therapeutic approaches should be 

aimed at this group. Specifically, with relation to respiratory decline, these patients may 

benefit from closer respiratory follow-up and strict, early initiation of non-invasive 

ventilation.
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1. Introduction 

Amyotrophic lateral sclerosis (ALS) is a uniformly fatal disease of unknown pathogenesis 

and a highly variable rate of progression(1, 2). The rate of clinical progression could be 

explained by differences in the multisystem inflammatory components of ALS(3). While 

several cytokines are reported to have increased expression in ALS, interleukin 6 (IL6) 

stands out as an intriguing therapeutic target and has become a focus of research and a 

recent clinical trial (NCT02469896). IL6 is a multi-functional cytokine that influences 

diverse cellular mechanisms, many key in ALS pathology(4-8). Patients with ALS exhibit 

elevated IL6 in serum and CSF(9-13) that may correlate with muscle atrophy and 

compromised lung function(14-20) experienced by all ALS patients.  

The ultimate effect of IL6 is determined both by the target cell and the receptor type 

activated(21). In contrast to classical signaling through the membrane-bound IL6 

receptor, IL6 transsignaling occurs by binding to a circulating soluble receptor (sIL6R), 

cleaved from specific cell surfaces by proteases, which can then, as a complex, bind to 

any cell expressing the near ubiquitous gp130 molecule(8). Cleavage of the IL6 receptor 

to produce sIL6R is tightly controlled by a genotypic mechanism involving a single 

nucleotide polymorphism, the IL6R358Ala variant, in the receptor sequence at the 

interface of the cell membrane, resulting in a dose-dependent increase of the sIL6R in 

bodily fluids with presence of one or two copies of the variant (the “C”) allele; individuals 

with no copies of the variant allele have the AA genotype(16). With a minor allele 

frequency of 0.39, the IL6R358Ala variant is present in approximately 2/3 of those with 

European ancestry; this is consistent with previously published ALS patient cohorts and 

with the cohort in this study(13, 22). Presence of the IL6R358Ala variant has been shown 

to be a modifier of respiratory compromise in individuals with asthma and can predict 

responsiveness to anti-IL6 therapies in chronic inflammatory conditions(23, 24). 
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Transsignaling is proposed to be the pathologic mechanism for IL6 in the nervous 

system(25), and may regulate much of the circulating IL6 observed in ALS patients, 

possibly modifying disease progression(13).  

ALS is characterized in research and clinical evaluation by changes in the Revised ALS 

Functional Rating Scale (ALSFRS-R) and respiratory function [spirometry, specifically 

forced vital capacity (FVC)]. A reliable serum and/or genetic biomarker which could 

explain contributions to the variable decline in one or more clinical measure of ALS 

would allow for improved prognosis and could identify potential molecular targets for 

therapeutic intervention in specific subgroups. 

2. Materials and Methods 

2.1 Subjects 

All subjects were unrelated persons of self-reported European ancestry. Genetic status 

regarding disease causative mutations (e.g. SOD1, C9ORF) was unknown for the 

majority of patients, therefore those patients with known familial ALS were not excluded 

(n=28 visits from 10 individuals). Potential subjects included men and women, 18 and 

older with a probable or definite diagnosis of ALS(26) as determined by two independent 

neuromuscular disease specialists and without other potentially confounding 

neurological diseases. Clinical data for all subjects were collected at the Wake Forest 

ALS Center during routine clinical practice, de-identified, and entered into the Wake 

Forest ALS Biorepository database by research staff. All subjects provided informed 

consent as required by the Wake Forest School of Medicine Institutional Review Board 

(IRB00015673).  

2.2 Serum Samples 
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De-identified blood samples were collected by venipuncture during routine consecutive 

clinic visits for up to four visits. Serum was separated from whole blood within an hour of 

collection by centrifugation (2500rpm at 23° C) and stored at -80° C. Prior to assays, 

thawed aliquots were cleared by 10-min centrifugation at 18000 x g at 4°C. Protein 

concentrations for serum were determined using bicinchoninic acid assay total protein 

assay (Thermo Scientific, USA, 23225) to assure that the sample protein content fell 

within normal range for adults (serum 6.4-8.3 g/dl).  

2.3 ELISA Assays 

IL6 protein levels were measured in triplicate with commercial kits according to 

manufacturer’s instructions with appropriate dilutions (R&D Systems, USA, Q6000B). 

Plates were read on a Wallac plate reader. The lower detection limit of the utilized assay 

is reported by the manufacturer to be 0.16 pg/mL. Intra- and inter-assay precisions were 

determined experimentally using a single consistent sample across assays to be <5.8% 

and <6.8%, respectively.  

2.4 Genotyping of IL6R Ala358 variant rs2228145 

DNA was purified from whole blood using the Qiagen AutoPure LS using standard 

Purgene chemistry. DNA was then genotyped a using a validated TaqMan assay for the 

IL6R variant rs2228145 according to manufacturer’s instructions (Applied Biosystems, 

USA, assay ID: C_16170664_10; IL6R Ala358 variant) and read using the allelic 

discrimination protocol on an rtPCR System (Applied Biosystems, USA, model 7500). 

Positive controls for each genotype and three no template controls (blanks) were run for 

each assay set.  

2.5 Measures of Disease Progression 
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For each clinic visit where repository samples were collected, a clinical research nurse 

recorded the subject’s ppFVC and ALSFRS-R global (0-48 points) and subscores (limb, 

bulbar, and respiratory) to quantify disability and symptoms as previously described(27). 

ppFVC was determined by one of two neuromuscular respiratory therapists on handheld 

spirometry (EasyOne Air, NDD Medical Technologies, USA) with the best of three 

measurements recorded. If the patient was noted to be cognitively limited during 

spirometry measurements or was unable to perform a maximal effort due to bulbar 

symptoms this was noted by the therapist and the data was later excluded from this 

study. Laboratory research staff were given de-identified biological samples along with 

the corresponding clinical data so as to maintain blinded experimenters. Eighteen patient 

visits did not include information for ALSFRS-R or FVC and therefore were not included 

in the respective analyses dependent on those parameters.  

Because the delineating value of ppFVC≤55% is not a strict cutoff for diaphragmatic 

paralysis in ALS and because FVC measurements may be influenced by a patient’s 

effort we also performed all computations that were split by this value at ppFVC≤60%, 

≤50% and ≤45%. We found no change in the statistical significance of our results and 

were thus able to determine that ppFVC≤55% was most reflective of the overall pattern. 

2.6 Statistical Analyses 

Demographic and disease characteristic comparison p-values for *C vs AA groups were 

determined by Chi-square tests of independence or student’s two tailed t-tests where 

appropriate. Prior to analyses, serum IL6 levels were winsorized to within two standard 

deviations of the mean of the cohort as a whole to limit the influence of any highly 

outlying values (14 of 300 total values winsorized). All data were non-normally 

distributed, thus Spearman’s correlations were performed on the experimentally 

determined and clinically collected values described above. Because prior evidence has 
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shown that the effect of the C allele may be strongest in those patients with fast 

progressing disease(13), in order to maintain within the dataset those 18 patients where 

only one visit was recorded, each visit was evaluated as a discrete data point unrelated 

to patient ID for sections 3.3-3.5. Student’s one-tailed t-test was used to compare groups 

for rtPCR.  

For linear regressions, patient ID was used longitudinally as a random effect using 

REML method in the 79 patients with multiple visits. The following effects were entered 

into a multiple regression model: IL6 (pg/mL), age at time of visit (years), sex, diagnostic 

delay from symptom onset to diagnosis (in months, termed “dd”), presence of the C 

allele, and site of onset (bulbar or non, termed “site”). Those effects with p≤0.2 were 

retained for the final model as reported for the case of each identified variable of interest. 

95% confidence intervals are reported for those effects that were statistically significant 

in the final model. 

Values of p<0.05 were considered to be statistically significant. Analysis and graphs 

generated with JMP Genomics 9 software (SAS studio).  

3. Results 

3.1 Patient cohort  

Table 1 contains demographic and disease-specific information for this patient cohort, 

which is similar in makeup with respect to gender, age, and location of onset of disease 

to both many large population-based studies of ALS and randomized controlled trials in 

ALS(28-33). There were no significant differences when comparing demographic and 

disease-specific information between *C and AA groups, notably sex, site of onset, age, 

and disease duration.  
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3.2 Longitudinally, serum IL6 negatively correlates with overall patient function as 

measured by ALSFRS-R global, respiratory, and limb subscores in all ALS 

patients 

In order to determine if there is a relationship between serum IL6 and clinical disease 

measures that is maintained over time we examined the visits for 79 patients with 

multiple study visits longitudinally. These analyses confirm that IL6 negatively correlates 

with ALSFRS-R global (p=0.001), limb (p=0.004), and respiratory scores (p=0.039) 

(Table 2). While the relationship between IL6 and ppFVC was not statistically significant 

it was retained in the final model with a p value of 0.15.  

3.3 The negative correlation between ALSFRS-R and serum IL6 is strongest for 

those patients carrying the IL6R358Ala variant 

To determine if subjective measures of patient function correlate with IL6 we looked at 

the relationship between ALSFRS-R and serum IL6 for 97 patients across 295 visits. We 

found a significant negative correlation between ALSFRS-R global score and serum IL6 

(figure 1A; Spearman’s correlation, rho=-0.2968, p<0.0001, n=295 visits). When 

encounters were divided into groups of patients carrying the IL6R358Ala variant C allele 

(CC and AC, referred to from hereon as *C) or not (AA), the negative correlation was 

stronger for *C patients (figure 1C; Spearman’s correlation *C, blue, rho=-0.3093, 

p<0.0001, n=184; AA, red, rho=-0.2612, p=0.0056, n=111). 

3.4 In patients carrying the IL6R358Ala variant, serum IL6 negatively correlates with 

ALSFRS-R limb subscore 

IL6 is a multi-functional cytokine whose increased circulating levels are associated with 

changes in metabolism, cell stress and inflammatory/immune responses, including those 

in denervated and atrophied muscle; similar processes are expected in the pulmonary 
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compartment(34, 35). Using IL6 gene expression data in the SOD1 mouse model of 

ALS, our lab has confirmed the potential for both denervated skeletal muscle and 

pulmonary tissue to serve as production sites of IL6 during disease (supplemental 

results). To further understand the temporality of this correlation, we investigated IL6 

levels before and after severe respiratory insufficiency (here defined as ppFVC>55%).  

Above ppFVC 55%, IL6 production is likely due to skeletal muscle denervation without a 

substantial contribution from respiratory compromise and atelectasis(14, 36-42). Looking 

at these visits where ppFVC is above 55% there is a significant negative correlation 

between ALSFRS-R limb subscore and serum IL6 for all subjects (figure 2A; 

Spearman’s correlation, rho=-0.3251, p<0.0001; n=189 visits). This negative correlation 

is only significant for *C patients (figure 2C; Spearman’s correlation *C, blue, rho=-

0.3679, p<0.0001, n=115; AA, red, p=0.0567, n=74). There is not a relationship between 

IL6 and the ALSFRS-R respiratory subscore (p=0.481) or between IL6 and ppFVC 

(p=0.436) for any group or subgroup of patients with ppFVC>55%.  

3.5 In patients carrying the IL6R358Ala variant, serum IL6 negatively correlates with 

subjective and objective measures of respiratory function after the patient has 

severe respiratory insufficiency 

For visits where ppFVC≤55%, IL6 increased in a manner associated with a decrease in 

subjective lung function as measured by a decreasing ALSFRS-R respiratory subscore 

(figure 3A; Spearman correlation, rho=-0.3060, p=0.0034; n=90 visits). This negative 

correlation exists only for *C patient visits (figure 3C; Spearman’s correlation: *C, blue, 

rho=-0.3114, p=0.0146, n=61; AA, red, p=0.141, n=29).  

Objectively, as measured by a further decreasing ppFVC, serum IL6 also increased with 

a decrease in lung function (figure 4A; Spearman correlation, rho=-0.3082, p=0.0030; 
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n=91 visits). Similar as for ALSFRS-R, within IL6R genotype subgroup the negative 

correlation between IL6 and ppFVC is only significant in *C patients (Spearman 

correlation: *C, blue, rho=-0.3119, p=0.0144, n=61; AA, red, p=0.070, n=30). While 

global hypoxia (measured by SpO2) may be a driving factor behind IL6 levels(11), it did 

not have a significant relationship with circulating IL6 values in our study (p=0.35). 

Of note, the relationship between limb score and IL6 does still exist for visits where 

ppFVC≤55% (rho=-0.2203, p=0.0369) possibly reflective of a continuum of disease 

processes. However, it has an effect size (equivalent to the rho) that is smaller than that 

for the respiratory scores, and for limb subscores prior to ppFVC dropping below 56%. 

4. Discussion 

Identification of predictive biomarkers in ALS is an active area of research. However, in 

complex neurodegenerative diseases such as ALS, fluctuations in levels of an individual 

marker are unlikely to be associated with a single pathological event. Here, we 

presented data suggesting that IL6 can serve as a molecular marker, both for overall 

decline and when combined with other clinical indicators for the various deteriorating 

processes at work during a specific period in disease. IL6 is able to reflect distinct 

aspects of ALS because, in concert with its various receptors and cellular sources, it 

guides and responds to distinct cellular functions. In neurodegenerative diseases, 

synaptic dysfunction has been proposed to be an early event, and in both animal models 

and ALS patients, neuromuscular denervation precedes many non-autonomous cellular 

events(43-45). Muscle atrophy that follows denervation is associated with increased 

expression of IL6 (3, 14, 17, 46-48). 

While the initial loss of and decrease in respiratory function is purely neuromuscular, as 

alveoli are continually sub-maximally inflated, a process of microatelectasis and local 
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tissue hypoxia can trigger release of IL6 within the lung parenchyma(49, 50). Once local 

IL6 production is turned on, transsignaling can propagate tissue damage to parts of the 

lung tissue that are still functioning, resulting in hyperplasia of smooth muscle cells thus 

creating obstruction of small airways that further worsens loss of functional 

parenchyma(16, 51, 52). Therefore, we hypothesize that it is once severe respiratory 

insufficiency is experienced and the IL6 “trigger” has been flipped on that circulating IL6 

will demonstrate a negative relationship with respiratory function. In cases of bilateral 

diaphragmatic paralysis, supine FVC has been reported to be reduced by 45-55%(36-

39). Thus, after ppFVC has dropped below 56%, we expect pathologic processes 

stemming from microatelectasis in the lungs to make a larger contribution to overall 

serum IL6 levels. Serial pulmonary function tests in ALS patients show a progressive 

reduction in the FVC that accelerates towards the end of the disease and we propose 

that as severe respiratory insufficiency sets in, increases in IL6 will reflect further loss of 

FVC (53). 

While our initial longitudinal analyses of the relationship between ppFVC and IL6 were 

not statistically significant (p=0.15), we feel that it is worth mentioning that this may be 

due to the fact that this analysis included all visits, both before and after ppFVC was 

below 56%. Due to limitations on subject numbers from having to exclude patients with 

only one visit from the longitudinal model, if we had limited the linear regression to only 

include those patients with ppFVC below 56%, our power would be such that revealing 

any relationship would be severely restricted. Future studies should make efforts to 

recruit patients such that they can be stratified with multiple visits above and below these 

values. Given the evidence presented here, comparing the relationship between IL6 and 

ppFVC in the same patients before and after severe respiratory insufficiency will be 

especially revealing. 
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Virtually all ALS patients experience weakness of the respiratory muscles, both those of 

the chest wall and the diaphragm, leading to respiratory failure(54). In neuromuscular 

respiratory failure, patients’ lungs are repeatedly underinflated, causing alveolar 

hypoventilation and chronic microatelectasis(49, 55-57). IL6 is released in local hypoxic 

conditions(50), such as atelectasis, and is associated with injury even in non-atelectatic 

lung regions, worsening parenchymal loss(51). It has been reported that IL6 

transsignaling also causes the hyperplasia of airway smooth muscle cells(52). As 

expected, those patients with greater amounts of sIL6R (*C) have a more significant 

relationship between experienced and/or objectively measured respiratory function and 

circulating IL6. It is important to note that the hypoxic conditions referred to are those 

within the microenvironment of affected alveoli and that we do not claim a global hypoxic 

state in ALS.  

We have shown that IL6 negatively correlates with discrete measures of functional 

performance in ALS patients and that this relationship holds only for, and thus is driven 

by, the *C genotype patients who have potential for greater transsignaling when IL6 is 

elevated. Inhibition of IL6 at its site of production and detrimental action (skeletal muscle 

or within the lung) may be beneficial in this subset of patients. As *C patients show 

negative relationships between IL6 and dual measures of respiratory function, they may 

benefit from closer respiratory follow-up as their respiratory decline has the potential to 

be steeper when IL6 is elevated. Finally, earlier initiation of non-invasive ventilation in *C 

patients could reduce the propagation of atelectasis mediated by IL6 transsignaling(51). 

Further studies characterizing the specific response of *C patients to NIV, both 

functionally and as reflected by IL6, are needed. 
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Table 1. Demographic and disease-specific information  

  AA  *C  Total  p-value (AA vs  

*C)  

Gender (total,  

%Female)  

39, 36% F  58, 33% F  97, 34% F  0.75  

Age (Range,  

Mean) at first 
draw  

26-83, 62.9  29-80, 61.1  26-83, 61.8  0.62  

Bulbar Onset (n)  13  15  28  0.43  

Number of visits  

(n)  

114  186  300  n/a  

Duration at first 
draw (Mean in 
days)  

769  787  780  0.88  

Average length 
between visits 
(Mean in days)  

128  141  137  0.24  

Average length 
of follow-up 
(Mean in days)  

243  296  275  0.09  

5-year mortality 
(%) (time from 
onset)  

64%  62%  63%  0.84  

ppFVC at first 
visit  

(Mean)  

73.8  70.7  72.0  0.54  

ALSFRS-R 
Global at first 
visit (Mean)  

38.3  36.2  37.1  0.06  
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Table 2. Regression models 

Patient ID was used longitudinally as a random effect using REML method. The 

following effects were entered into a multiple regression model: IL6 (pg/mL), age at time 

of visit (years), sex, diagnostic delay from symptom onset to diagnosis (in months, 

termed “dd”), presence of the C allele, and site of onset (bulbar or non, termed “site”). 

Those effects with p≤0.2 were retained for the final model as reported for the case of 

each identified variable of interest. 95% confidence intervals are reported for those 

effects that were statistically significant in the final model.  

Variable Regression Equation r2 P-value 95% CI 

ALSFRS-R 

global 

40.15 – 0.646*IL6 – 

0.049*diagnostic delay 

0.13 IL6: 0.0012 

dd: 0.19 

-1.030 to -0.262 

 

ALSFRS-R 

limb 

23.63 – 0.057*age – 

0.460*IL6 – 2.288*site of 

onset – 0.040*diagnostic 

delay 

0.30 Site: <0.001 

IL6: 0.004 

Age: 0.16 

dd: 0.19 

-3.340 to -1.236 

-0.769 to -0.149 

ALSFRS-R 

respiratory 

11.01 – 0.134*IL6 – 

0.022*diagnostic delay 

0.08 IL6: 0.039 

dd: 0.09 

-0.258 to -0.007 

ppFVC 105.93 – 0.435*age – 

1.129*IL6 – 

0.253*diagnostic delay 

0.11 Age: 0.021 

dd: 0.10 

IL6: 0.15 

-0.803 to -0.066 
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Figure 1.  
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Figure 1. As ALSFRS-R score worsens, serum IL6 increases; this relationship 

exists for all patients but is more predictable across those with the C allele. 

A) Patients who have lost over half the possible points on the ALSFRS-R scale on 

average have double the serum IL6 as someone who has lost less than a quarter of the 

available points (“<24” vs “36-48” *p<0.001; student’s t-test); mean values left to right 

(n#): 2.75 (136), 3.82 (89), 5.29 (45), 5.94 (25). B) Scatterplot of data tested. (C) The 

elevation in serum IL6 with worsening (decreasing) ALSFRS score is maintained more 

consistently for individuals with the C allele at worsened scores. Mean values from left to 

right (n#) for *C: 2.88 (77), 3.91 (54), 5.21 (32), 6.18 (21). Mean values from left to right 

(n#) for AA: 2.59 (59), 3.68 (35), 5.49 (13), 4.69 (4); Spearman correlations: all patients 

rho=-0.2968, p<0.0001; *C rho=-0.3093, p<0.0001; AA rho=-0.2612, p=0.0056.  
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Figure 2.  
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Figure 2. When ppFVC>55% (before severe respiratory insufficiency), as ALSFRS-

R limb subscore worsens, serum IL6 increases. When divided by presence of the 

C allele, this relationship is only significant for *C patients.  

(A) Patients who have lost over half the possible limb subscore points on the ALSFRS-R 

scale on average have nearly double the serum IL6 as someone who has lost less than 

a quarter of the available points (“<13” vs “19-24”*p<0.001, student’s t-test); mean 

values from left to right (n#): 2.53 (63), 3.15 (81), 4.80 (45). (B) Scatterplot of analyzed 

data. (C) The elevation in serum IL6 with worsening (decreasing) ALSFRS limb 

subscore for is apparent for individuals with the C allele with a doubling of the average 

serum IL6 after a patient is at or below the half-of-normal ALSFRS-R limb subscore (“19-

24” vs “13-18” and “19-24” vs “<13” *p<0.001, student’s t-test). Mean values from left to 

right (n #) for *C: 2.73 (45), 3.14 (45), 6.08 (25). Mean values from left to right (n #) for 

AA: 2.02 (18), 3.17 (36), 3.19 (20). Spearman correlations: all patients rho=-0.3251, 

p<0.0001; *C rho=-0.3679, p<0.0001; AA p=0.0567. 
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Figure 3.  
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Figure 3. When ppFVC≤55% (severe respiratory insufficiency), as ALSFRS-R 

respiratory subscore worsens, serum IL6 increases. When divided by presence of 

the C allele, this relationship is only significant for *C patients.  

(A) Patients who have lost at least 1/3 of the points on the respiratory subscale (“<8”) 

have a 31% increase in their serum IL6 from patients with little to no subjective 

respiratory impairment (“11-12”). Mean values from left to right (n#): 3.35 (19), 4.38 (42), 

4.87 (29). (B) Scatterplot of analyzed data. (C) Patients with the C allele who have lost at 

least 1/3 of the points on the respiratory subscale have an average 45% increase in their 

serum IL6 from patients with little to no subjective respiratory impairment (“<8” vs “11-12” 

*p=0.05, student’s t-test). Mean values from left to right (n#) for *C: 2.84 (10), 4.67 (19), 

5.17 (32). Mean values from left to right (n#) for AA: 4.46 (16), 3.94 (4), 3.71 (9). 

Spearman correlations: all patients rho=-0.3060, p=0.0034; *C rho=-0.3114, p=0.0146; 

AA p=0.141. 
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Figure 4.  
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Figure 4. After ppFVC≤55%, IL6 increases with lower values of ppFVC. When 

divided by presence of the C allele, this relationship is significant only for *C 

patients.  

(A) On average, patients have over 100% increase in serum IL6 when 10-15 percentage 

points are lost from ppFVC after reaching ppFVC≤55% (“<40” vs “50-55” *p<0.01, 

student’s t-test). Mean values from left to right (n#): 2.41 (21), 4.64 (37), 5.11 (33). (B) 

Scatterplot of analyzed data. (C) The elevation in serum IL6 with worsening (decreasing) 

ppFVC is maintained significantly for patients with the C allele; those *C individuals have 

a significant increase in IL6 just after reaching severe respiratory failure (“50-55” vs “40-

50” and “50-55” vs “<40” *p<0.05). Mean values from left to right (n#) for *C: 2.54 (14), 

4.96 (28), 5.17 (19). Mean values from left to right (n#) for AA: 2.17 (7), 3.66 (9), 5.03 

(14). Spearman correlations: all patients rho=-0.3082, p=0.0030; *C rho=-0.3119, 

p=0.0144; AA p=0.070. 
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Chapter 4 

Mixed Obstructive-Restrictive Respiratory Insufficiency in ALS 

Abstract 

Progression of respiratory insufficiency in ALS is an especially crucial as a predictive 

and prognostic measure of disease progression as most patients die of causes related to 

respiratory failure. In this study we characterized the subjective (ALSFRS-R respiratory 

domain score) and objective measures (handheld spirometry and maximal inspiratory 

pressure) of respiratory insufficiency for 97 ALS patients from their first visit to a 

multidisciplinary ALS clinic until death or the end of the study period (5/2008 – 10/2017). 

We highlight testing that suggests an obstructive component to respiratory insufficiency 

that was not accounted for by subjective bulbar dysfunction. Existing treatments for 

obstructive respiratory disorders or new treatments targeting proliferation of airway 

smooth muscle cells in response to inflammatory growth factors may prove beneficial in 

ALS patients.  
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1 Introduction 

Amyotrophic lateral sclerosis is a neurodegenerative disease of motor neurons (MN) in 

the spinal cord, brainstem, cortex and peripherally at the neuromuscular junction (NMJ). 

The progressive MN death results in fasciculations, spasticity, muscle weakness, 

atrophy and death, on average within 3-5 years from symptom onset1, 2. Muscle 

weakness in ALS is due to denervation of the NMJ and upper and lower MN dysfunction 

and does not spare the muscles of respiration, including the diaphragm. Virtually all 

patients with ALS will experience respiratory decline as part of their natural disease 

course3. Neuromuscular respiratory failure begins with dysfunction of the phrenic nerve 

MNs causing subsequent failure of diaphragm and intercostal muscles. Compensatory 

use of accessory muscles is eventually exhausted as these muscles become denervated 

as well with the eventual outcome of this process being in alveolar hypoventilation and 

atelectasis, further leading to shunting, hypoxia, and the subjective feeling of dyspnea4-6.  

Treatment guidelines for ALS recommend serial PFTs at intervals of 3-4 months for all 

patients in order to initiate non-invasive ventilation, the only intervention known to 

improve survival, quality of life, and cognitive function in ALS patients, at the optimal 

time7-14. The American Academy of Neurology recommends following an ALS patient’s 

forced vital capacity (FVC), maximal inspiratory pressure (MIP), sniff nasal pressure 

(SNP) and nocturnal oximetry, however, no single respiratory test is considered to be the 

most appropriate for detecting impending respiratory failure in ALS patients15.  

Disease progression has been observed as curvilinear16, 17 but a small percentage of 

patients survive beyond 5 years with longitudinal data showing an eventual plateau in 

mortality 2, 3, 18-26. Prognosis in ALS may be predictable from the rate of early symptom 

progression26-30 with the majority of studies using the ALS Functional Rating Scale 

(ALSFRS)31 to assess symptoms.  
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Respiratory insufficiency is present in almost all ALS cases at some stage in the illness – 

it is the most common cause of death in ALS32. There are multiple causes of respiratory 

muscle failure, all of which act to produce a progressive decline in pulmonary function. 

Diaphragmatic weakness, coupled with respiratory muscle weakness, leads to reduced 

lung compliance (the ability for the lung to expand) and atelectasis (collapsed alveoli). 

Pulmonary measures are commonly used as predictors of survival in the clinical setting, 

specifically, ppFVC and its rate of decline as a predictors of survival28, 33-37. Together, 

normal values of FVC, PEF (peak expiratory flow) and MIP at any one time are known to 

be highly predictive of 1-year survival in ALS38, 39. Early recognition of respiratory decline 

and symptomatic intervention (bipap or non-invasive ventilation, NIV) has the potential to 

significantly enhance both expectancy and quality of life in ALS. 

In this study we characterized the subjective and objective respiratory disease 

progression of 97 ALS patients from their first visit to a multidisciplinary ALS clinic until 

death or the end of the study period (5/2008 – 10/2017). We paid specific attention to 

spirometry testing that suggests an obstructive component to respiratory insufficiency 

that cannot be accounted for by subjective bulbar dysfunction. 
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2 Methods 

2.1 Subjects 

All subjects were unrelated persons of age >18 years, diagnosed as probable or definite 

by El Escorial criteria40 as determined by two independent neuromuscular specialist 

physicians. and without other potentially confounding neurological diseases. Clinical and 

demographic data for these subjects, as described in tables 1 and 2, were collected at 

the Wake Forest ALS Center during routine clinical practice, de-identified and entered 

into the Wake Forest ALS Biorepository database.  Patients with known familial ALS 

were not excluded from this study, and genetic status regarding disease causative 

mutations (e.g. SOD1, C9ORF) was unknown for the majority of patients. All subjects 

provided informed consent as required by the Wake Forest IRB (IRB00015673).  

2.2 Data Collection 

ALS functional rating scale (ALSFRS-R) component scores and ppFVC were recorded 

for each patient visit from diagnosis to end point (date of death or tracheostomy). 

Handheld PFTs in the clinic were performed by one of two neuromuscular respiratory 

therapists on handheld spirometry (EasyOne Air, NDD Medical Technologies, USA) with 

the best of three measurements recorded and with rest in between each assessment, to 

ensure that the results are reproducible and accurate. Some ALS patients have difficulty 

performing accurate PFTs due to difficulty making a tight seal around the mouthpiece, 

especially when their disease has bulbar involvement38. Another issue relevant to all of 

the pulmonary function tests discussed here is that they are volitional. That is, they 

require a patient to understand instructions and give maximal effort during the testing. 

Thus if the respiratory therapist noted any difficulty in performing a spirometry 

measurement due to weakness or cognitive impairment, that data was excluded.  

198



2.3 Statistical Analyses 

Correlations were determined with repeated measures multiple linear regression models 

with subject as a random effect and responses nested within subject. Where indicated, 

slope estimates were determined by averaging the slopes generated from each of the 

multiple linear regressions. Residuals, determined by lease squares method, were 

checked to ensure normal distributions. Values of p<0.05 were considered to be 

statistically significant. Analysis and graphs generated with JMP Genomics 9 software 

(SAS studio). 
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3 Results 

3.1 FVC decreases in a linear fashion 

Pulmonary decline in our cohort of ALS patients is presented (Tables 1, 2) and is 

consistent with reported trends (References). Forced vital capacity (FVC) is the 

maximum amount of air that can be exhaled after a maximal inhalation. A normal value 

here indicates healthy lung tissue. If this value is lows it is reflective of a restrictive or 

obstructive respiratory disorder making it a largely nonspecific test of the airways, 

muscles, chest wall and lung parenchyma41.  

Spirometry values are often expressed as the percent predicted for a specific patient’s 

age, height, sex and ethnicity (NHANES III42) reflecting the average predicted value for 

that individual if they were healthy. 

 
𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑉𝑎𝑙𝑢𝑒

𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑉𝑎𝑙𝑢𝑒
× 100 = % 𝑜𝑓 𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑  

The lower limit of normal is also used and represents the threshold below which a value 

is considered abnormal (i.e., of a normal population, 95% of people will be above this 

value). Clinically, this is often considered 80% of predicted for FVC, PEF, and FEF25-75 

(ppFVC, ppPEF, ppFEF25-75). 

Patient ppFVC was collected using handheld spirometry from 97 ALS patients across a 

total of 708 clinic visits (Figure 1A). The average ppFVC at first visit was 77.6% (n=85 

patients), and 47% of patients had an above normal value (n=40 patients with 

ppFVC>80%). A loss of 1.35% predicted FVC was observed per month after symptom 

onset or 1.54% per month after diagnosis (Figure 1B).  

3.2 Expiratory Measures of Pulmonary Function Negatively Correlate with Time 

Since Diagnosis 
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Forced expiratory volume in the first 1 second of expiration (FEV1) that follows a full 

inspiration and is the single most important measure of airflow obstruction43. For 

example, in patients with asthma, FEV1 declines in direct linear proportion with clinical 

worsening of airway obstruction and increases with successful treatment. FEV1 is 

commonly used to determine the degree of obstruction (mild, moderate, or severe) when 

following patients with asthma or chronic obstructive pulmonary disease (COPD). 

The maximal flow rates between 25%-75% of the vital capacity (FEF25-75) can be 

measured to supply information about the function of small airways. Small airway 

obstruction, defined as a reduction in FEF25-75 and otherwise normal spirometry (FVC, 

FEV1, FEV1/FVC), can represent inflammatory involvement of the small airways44.  

The commonly used tests of expiratory muscles are peak expiratory or peak cough flow 

(PEF or PCF), used to determine if a patient can generate adequate flow to clear 

pulmonary secretions. Although quiet expiration is passive, the abdominal and 

intercostal muscles will contract during a forced expiration. Naturally, although primarily 

determined by strength of expiratory muscles, inspiratory muscle weakness will also 

decrease PEF as reduced lung capacity limits the volume of air behind expiration. 

Beyond usefulness as a measure of expiratory muscle strength, PEF has direct clinical 

utility in that the cough is a defense mechanism to remove mucus or foreign bodies from 

the airways. A PEF >160 L/min (2.7 L/s) is necessary to clear airway debris and an 

impaired cough predisposes a patient to chest infections that will increase mortality45. 

Inspiratory mouth pressures are determined by a patient generating their maximum 

inspiratory pressure against a blocked mouth piece to ensure lung volume does not 

change46. Therefore, the output of that test, the MIP, is a function solely of the inspiratory 

respiratory muscles (diaphragm and external intercostals with aid from the accessory 

muscles: sternocleidomastoid and scalenes). A normal value indicates not only intact 
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central motor processing but also a normally working phrenic nerve. The most widely 

used test sensitive for excluding diaphragm weakness is MIP, a noninvasive test with 

well-established reference values38, 47. A normal value for MIP is considered to be -100 

cm H2O with values <-80 indicating inspiratory muscle weakness48. 

Individual measures of pulmonary function, ppFEV1, ppPEF, and ppFEF25-75, exhibited 

a negative correlation with time after symptom onset (p<0.001 for all; Figure 2). For 

ppFEV1 there is an average loss of 0.89% per month from symptom onset or 0.94% per 

month from diagnosis (Figure 2A,B). For ppPEF there is an average loss of 0.60% per 

month from symptom onset or 0.61% per month from diagnosis (Figure 2C,D). For 

ppFEF25-75 there is an average loss of 0.57% per month from symptom onset or 0.62% 

per month from diagnosis (Figure 2E,F). For MIP there is an average loss of 0.79 per 

month from symptom onset or 0.90 per month from diagnosis (Figure 2G,H). 

3.3 A Subset of ALS Patients Have Obstructive-Restrictive Respiratory 

Insufficiency 

The FEV1/FVC ratio is the fraction of the forced vital capacity that can be exhaled in the 

first second. While it is the most important parameter for identifying airflow limitation in 

obstructive pulmonary diseases, it is not used to quantify severity of disease. When the 

FEV1/FVC falls below the fixed threshold of 0.7, a patient is considered to have an 

obstructive component of their respiratory disease. In cases where the obstruction is 

caused by airway reactivity (bronchospasm) this is at least partially reversible with 

inhaled bronchodilators. This avenue has not yet been explored in patients with 

neuromuscular disease. 

When determining the pattern of pulmonary disease, an algorithmic method is employed 

where the first branch point is evaluating the FEV1/FVC49. If FEV1/FVC is below 0.7 
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(70% as graphed in Figure 3) then the disease is characterized as having some element 

of obstruction that is then further classified by severity as determined by FEV141, 43, 49. If 

FVC is also reduced, then a mixed obstructive-restrictive pattern of disease is defined. In 

this cohort, a quarter of ALS patients show a mixed obstructive-restrictive disease 

pattern (below the red line and red in color).  

3.4 Presence of Obstruction is Not Related to Bulbar Dysfunction 

Although much of the literature on ALS claims that the disease is purely a restrictive 

one50, when spirometry that is indicative of obstruction is recorded, it is attributed to 

bulbar muscle weakness creating obstruction at the level of the oropharynx4, 6, 51, 52. If 

other mechanisms of obstruction, including bronchospasm, small airway inflammation, or 

smooth muscle proliferation creating narrowed airways, are involved then these would 

each represent new avenues for treatment or intervention. 

To determine if observed reductions in FEV1 were related to bulbar reduction, we 

evaluated measures in patients with fully intact bulbar function as reported on ALSFRS-

R and without prior diagnoses of pulmonary disease (n=51 patients). FEV1:FVC and 

FEV1 in these subjects indicated obstructive deficits of varying severity (Figure 4A, B). 

These results suggest reductions in FEV1 are not solely due to bulbar dysfunction. 

3.5 Change in ALSFRS-R Respiratory Score is Not Reflective of Lost Lung Volume 

The majority of ALS patients die causes related to respiratory insufficiency53 making the 

issue of pulmonary function especially relevant to ALS disease progression and 

prognosis. Respiratory symptoms are generally inversely correlated with pulmonary 

function tests (PFTs) but deterioration of respiratory function is not time-linked and as 

many as two thirds of patients with insufficiency do not experience symptoms as 

measured on the ALSFRS-R6, 54, 55. Most ALS patients don’t complain of feeling short of 
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breath until their predicted forced vital capacity (FVC) is less than 50%, a point lower 

than for patients with other disease causes respiratory insufficiency56. 

Although as discrete scores (pairwise) they correlate (A), the change in respiratory 

subscore between visits is not reflective of changes in lung volumes between those 

same visits (B). This means that while, as singular scores, the two measures of objective 

and subjective lung function do have a relationship, a steep decline in one does not 

been there has been a steep decline in the other. For example, a patient who has lost 

25% of her predicted FVC since the last visit may not have any change in her ALSFRS-

R respiratory subscore. This emphasizes the impact of looking at progression and not 

just discrete one time values, and also the importance of getting both subjective and 

objective measures of function as disease progresses. For further example, all 

measures of respiratory function (even MIP) correlate with ALSFRS-R resp subscore 

with p<0.001, but none of their changes correlate with the change in ALSFRS-R.  

4 Discussion 

Respiratory insufficiency is present in almost all ALS cases at some stage in the illness – 

it is the most common cause of death in ALS32. There are multiple causes of respiratory 

muscle failure, all of which act to produce a progressive decline in pulmonary function. 

Diaphragmatic weakness, coupled with respiratory muscle weakness, leads to reduced 

lung compliance (the ability for the lung to expand) and atelectasis (collapsed alveoli). 

Early recognition of respiratory decline and symptomatic intervention (bipap or non-

invasive ventilation, NIV) has the potential to significantly enhance both expectancy and 

quality of life in ALS. 

Respiratory symptoms are generally inversely correlated with pulmonary function tests 

(PFTs) but deterioration of respiratory function is not time-linked with disease onset and 
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as many as two thirds of patients with insufficiency do not experience symptoms as 

measured on the ALSFRS-R6, 54, 55. Furthermore, ALS patients generally don’t complain 

of shortness of breath until their predicted forced vital capacity (FVC) is less than 50%, 

which is a lower ppFVC than when dyspnea is described by patients with other diseases 

that reduce FVC56. This may be because ALS patients are not able to physically able to 

exert themselves to the point of dyspnea57, thus making questions about symptoms less 

sensitive than objective testing. However, patients with COPD do not complain of 

dyspnea when the FEV1 is greater than 50 percent predicted58. The evidence presented 

here emphasizes the importance of following not only symptoms but also multiple 

respiratory tests and the changes in those tests as averaged across the time between 

visits. Recording %FVC lost since last visit may improve estimations of patient status. 

Although much of the literature on ALS claims that the disease is purely a restrictive 

one50, many studies, including this one, have observed patients with FEV1 and 

FEV1:FVC < 80% of predicted32, 59-61, even at disease onset, indicating a co-existing 

obstructive process. However, no study that we are aware of has attempted to expound 

on this other that pointing to general bulbar dysfunction. It could be explained, however, 

if respiratory dysfunction in ALS is not simply a matter of diaphragmatic and chest wall 

muscle weakness.  

IL6 expression increases in atrophying muscles and lung tissue during compromised 

function,62, 63 pathologies characteristic of ALS. IL6 released by airway epithelium 

increases hyperplasia and hypertrophy of human airway smooth muscle cells64-66 and 

there is a dose dependent increase in expression of genes associated with respiratory 

disease when there is increased IL6 signaling through its soluble receptor (sIL6R) in 

human airway smooth muscle cells67. Asthma patients with the common IL6R358Ala 

variant which increases serum sIL6R levels have more impaired respiratory function as 
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measured by ppFEV1 and ppFVC68. Diaphragmatic and respiratory muscle weakness, 

confirmed aspects of ALS pathology, leads to reduced lung compliance and atelectasis, 

the collapse of alveoli occurring in cases of low lung volumes. IL6 is released in hypoxic 

conditions69, such as atelectasis, and is associated with injury even in non-atelectatic 

lung regions, worsening parenchymal loss70. In fact, hypoxic ALS patients have higher 

serum IL6 levels71.  

In addition to standard care with NIV, phrenic nerve pacing is associated with decreased 

survival in patients with ALS72 which would not be expected if respiratory failure was 

solely due to muscular insufficiency. ALS patients needing NIV who maintained 

diaphragmatic muscle competency still developed respiratory insufficiency, further 

implicating other pulmonary pathologies in the progressive respiratory failure seen in 

ALS73. We propose, based on the evidence presented here that respiratory dysfunction 

in ALS is not simply related to diaphragmatic/chest wall muscle weakness but also 

involves some amount of obstruction due to hyperplasia of airway smooth muscles in 

response to both systemic and local inflammatory environments. Thus, FEV1 should be 

followed as a marker of disease progression, at the least in patients with preserved 

bulbar function who can do the test reliably.  

Identifying these patients who either have always had a rapid respiratory decline or who 

are entering a period of disease where their respiratory status is rapidly dropping off 

would allow them to benefit from more frequent PFTs for optimal initiation of NIV. The 

ideal timing for initiation of NIV may also be different for these “fast respiratory decline” 

patients. Great variability in clinical progression in ALS means that, while some patients 

may only live for a few months past diagnosis, others, up to 10%, will live for more than 

five years. The ability to identify a subset of “rapid progressor” patients early in disease 
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onset would be of great clinical utility as these patients could, at the least, be offered 

earlier intensive care and benefit from an improved quality of life.  

In addition, these patients could provide insights into mechanisms driving aggressive 

progression of respiratory insufficiency. Mechanistic understanding could, in turn, 

provide new candidate biomarkers, therapeutic targets, and disease management. The 

information presented here and in future studies of obstructive-restrictive patterns of 

respiratory failure in neuromuscular disease will be useful in future clinical studies of 

ALS. Finally, existing treatments for obstructive pulmonary disorders or new treatments 

targeting proliferation of airway smooth muscle cells in response to inflammatory growth 

factors may prove beneficial in ALS patients.  
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Table 1. Clinic Visit Measurements (n=97 patients, 708 visits) 

Measurement (n) Range, Median Mean, StDev 

Onset to visit in months (708) 3-159, 34 41.1, 27.7 

ppFVC (648) 3.5-149, 63 64.2, 25.9  

ppFEV1 (537) 6-159, 57 58.1, 26.3 

ppPEF (541) 6-142, 41 47.8, 29.4 

ppFEF25-75 (520) 1-199, 45 49.5, 30.3 

MIP (622) -130-0, -70 -70.6, 32.3 

ppFVC lost per month (558) 24.1 lost to 21.8 gained, 1.3 

lost 

1.4 lost, 4.4 

ppFEV1 lost per month (464) 33.7 lost to 21.8 gained, 1.0 

lost 

1.2 lost, 5.3 

FEV1/FVC (524) 16-100, 74 70.9, 14.6 

ALSFRS-R Respiratory Score 

(673) 

1-12, 9 9.1, 2.4 

ALSFRS-R Global Score (673) 3-48, 33 31.7, 9.0 
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Table 2. Population Characteristics (n=99 patients, 708 visits) 

 Range, Median Mean, StDev 

Age at Symptom Onset 

(years) 

23.4-82.8, 57.5 55.9, 13.2 

Onset to Diagnosis (months) 1-85, 14 18.8, 15.9 

Onset to Death (months) 5.9-162.3, 62.7 67.6, 36.4 

Diagnosis to Death (months) 0.43-111, 46 48.8, 27.3 

Age at visit (years) 24.7-84.0, 60.6 59.3, 12.6 

 

Parameter n-number of patients, n-number of visits with device 

Used bipap >4hr/day 53, 189 

Used CAD 48, 158 

Got DPS 7, 24 

 

Demographic n-number of patients, n-number of visits by these 

patients 

Age of Onset > 65 31, 177 

Site of Onset 

      Bulbar 

      Diaphragm 

      Frontotemporal Dementia 

      Lower Limb 

      Upper Limb 

 

29, 179 

1, 3 

1, 5 

34, 299 

32, 222 

Female 34, 251 
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White Race 95, 689 

Smoking Status 

      Current 

      Former 

 

15, 127 

31, 199 

Familial ALS 

      C9ORF 

      SOD1 

 

3, 18 

5, 62 

Prior Pulmonary Diagnosis 4, 23 
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Figure 1.  

(A)                                                                                (B) 
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Figure 1. FVC begins normal but decreases in a linear fashion as time from 

symptom onset increases. 

(A) Each line represents an individual patient’s progression of loss of lung volume as 

reflected by values of ppFVC from first to last visit to ALS clinic as determined by linear 

regression; n=648 visits for 85 patients, p<0.001. Not all patients progress below normal 

FVC (ppFVC=80). (B) Histogram of slope of each line of ppFVC, reflecting the average 

loss of ppFVC per month for n=85 patients. Using a multiple linear regression for each 

patient with multiple measures (n=85), we found an average decline of 1.35% per 

month.  
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Figure 2.  

(A)                                                                         (B) 

 

(C)                                                                         (D) 
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(E)                                                                           (F) 

 

(G)                                                                               (H) 
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Figure 2. Expiratory measures of pulmonary function, but not an inspiratory 

measure, negatively correlate with time since disease onset indicating worsened 

function with time.  

The loss of respiratory health can be reflected by longitudinal collective measures of 

expiratory function in a patient, specifically FEV1, PEF, FEF25-75, and MIP. Each line 

represents an individual patient’s progression of the test indicated on y-axis as 

determined by repeated measures linear regressions (p<0.001 for all). (A) FEV1 n=537 

visits for 71 patients; average loss of 0.89% per month from symptom onset. (B) 

Histogram of slope of each line of ppFEV1 progression, reflective of the average loss of 

elastic recoil of pulmonary tissue, for n=71 patients. (C) PEF n=541 visits for 72 patients; 

average loss of 0.60% per month from symptom onset. (D) Histogram of slope of each 

line of ppPEF progression, reflective of the average loss of peak expiratory power, for 

n=72 patients. (E) FEF25-75 n=520 visits for 71 patients; average loss of 0.57% per 

month from symptom onset. (F) Histogram of slope of each line of ppFEF25-75 

progression, reflective of the average loss of integrity of the smaller airways, for n=71 

patients. (G) MIP n=622 visits for 82 patients; average loss of 0.79 per month from 

symptom onset. (H) Histogram of slope of each line of MIP progression, reflective of the 

average change in inspiratory power generated by the diaphragm and accessory 

muscles, for n=82 patients shows a distribution that is centered around zero, unlike the 

tests of expiration which all skewed towards a loss of function. 
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Figure 3.  
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Figure 3. A mixed restrictive-obstructive pattern of respiratory insufficiency is 

seen in ALS patients across time. 

FEV1:FVC <70% indicates obstruction. This is 37% of all measures (n=194 of 524 

visits). 60% of all measures with FEV1:FVC<70% also have FVC<80%; overall, 22% of 

all measures taken have a mixed restrictive-obstructive pattern (n=116 of 530 visits).  
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Figure 4.  

(A) 

 

(B) 
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Figure 4. Presence of obstruction is not related to bulbar dysfunction 

(A) 63 (of 172) visits have FEV1/FVC < 70% and of those 33 also have FVC<80% (B – 

red markers below the red line), indicating that 19% of visits by patients with good bulbar 

function have a mixed obstructive-restrictive pattern of respiratory impairment. 
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Figure 5.  

(A) 

               

(B) 
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Figure 5. Discrete scores correlate but change in ALSFRS-R respiratory score is 

not reflective of lost lung volume 

Each line represents an individual patient’s tests across visits as determined by repeated 

measures linear regressions. (A) There is a significant linear correlation between 

ALSFRS-R and ppFVC such that both tests will decrease at a similar rate, p<0.001, 

n=613 visits for 85 patients (B) The loss of objective respiratory function (ppFVC) is not 

mirrored by the points lost on ALSFRS-R respiratory subscore; repeated measures 

linear regression is NS, n=524 changes between the same 613 visits as in A 
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1 Aims 

Prior to these studies, we hypothesized that in distinct environments, both temporally 

and in physical location, IL6 contributes to ALS. Production of IL6 by stressed muscle 

around the time of initial denervation or motor neuron dysfunction may initially maintain 

motor neuron axons and NMJs. However, in the CNS transsignaling could fuel damaging 

neuroinflammation and gliosis, speeding up disease progression. In the lung 

transsignling could propagate inflammation to otherwise healthy parenchyma and 

stimulate smooth muscle proliferation creating obstruction.  

In chapter 2 we answered our first aim and determined levels of IL6 and sIL6R in serum 

and CSF in ALS patients as compared to healthy and neurological disease controls. In 

chapter 3 we looked for an association between levels of serum IL6 and sIL6R and 

disease progression across multiple time points in ALS patients using ALSFRS-R 

domain scores and FVC. In both chapters we also partitioned these results by 

inheritance of the IL6R 358Ala variant. Finally, in appendix 1 and appendix 2 we 

presented results showing that within our cohort inheritance of the IL6R 358Ala variant 

did not predispose ALS patients to a more rapid disease progression or affect survival. 

However, it remains important to keep in mind that these last findings are influenced by 

our population being enriched with patients who have a slowly progressing disease, and 

that the findings in chapter 2 indicate that patients who are more rapidly progressing 

appear to be those who have a progression influenced by presence of the IL6R 358Ala 

variant. 

2 Results and Importance  

2.1 Levels of Interleukin-6 in ALS 
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In chapter 2, we sought to better understand the potential for IL6 and transsignaling to 

have an effect on disease through the central and peripheral circulation in ALS patients. 

To do this we used paired samples of serum and CSF collected at a single time point in 

ALS patients, healthy controls, and subjects with ALS-mimics (neurological controls), 

determined protein levels of IL6 and sIL6R, and compared these levels across IL6R 

358Ala variant groups. In a second cohort we used clinical data reflecting early disease 

progression and determined if presence of the C allele was associated with a faster 

disease progression.  

First we found that, when compared to healthy controls, both CSF and serum of ALS 

subjects have significantly elevated IL6. In contrast, when comparing ALS subjects to 

ALS-mimics, only CSF and not serum has significantly elevated IL6 in ALS.  

Importantly, we and others have reported that IL6 is increased in the CSF of ALS 

subjects when compared to control populations1-3. In concordance with variant-driven 

patterns seen in chapter 3 as discussed later, our results in chapter 2 suggest that the 

observed increase of IL6 in CSF is not present in every subject but rather is driven by *C 

subjects, as IL6 was significantly elevated in CSF of *C ALS subjects above all other 

groups examined. Thus, similar to the results with sIL6R, this supports an IL6 

transsignaling component present specifically in ALS CSF and dependent on inheritance 

of the IL6R 358Ala variant.  

While IL6 does have a protective, pro-survival effect on neurons4-9, the role of IL6 in 

regrowth and reintegration likely occurs during this prodromal phase and thus the 

positive role of IL6 may be exhausted by the time the patient presents to a clinician with 

a complaint related to ALS. At a certain “tipping point”, in the right cellular environment, 

the positive effects begin to be outweighed by the negative effects of glial activation, the 

activated glial cells turn toxic to MNs, and the prodromal phase becomes the evident 
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disease. Once the patient is overtly symptomatic, once they are able to be enrolled in 

any active research trial, this will already have happened and therefore any increase in 

transsignaling will be detrimental and increase disease progression. 

However, what exactly is meant by disease progression? Especially in a disease like 

ALS where multiple functionalities are deteriorating at a time, it is vital to define what 

element is worsening. It follows that in our next study we attempted to delineate motor 

and respiratory progression. The ALSFRS-R domain specific subscores (motor/limb, 

bulbar, and respiratory) are more informative of disease progression than the global 

combination score10, 11 and up to two thirds of patients with measurable respiratory 

insufficiency do not experience symptoms as measured on the ALSFRS-R12-14. 

Therefore, in chapter 3 we correlated serum IL6 with the limb and respiratory domains of 

ALSFRS-R and with ppFVC.  

While virtually all ALS patients experience some degree of respiratory impairment, it is 

rare for this to be the presenting symptom of the disease – so much so that case reports 

must serve as evidence that it does occur. Additionally, multiple large studies have 

shown that at a baseline visit to a neuromuscular physician it is more likely that a patient 

has a normal vital capacity than have one below normal15-19. Contrary to this, some type 

of skeletal muscle weakness is the most frequent presenting symptom.  

Early in disease, MN degeneration and muscle atrophy stimulate production of IL620, 21 

but as disease continues, other peripheral mechanisms known to produce IL6, such as 

aspiration pneumonia or hypoxia resulting from decreased bulbar muscle and lung 

function1, 22 come into play. Indeed, our supplementary results in chapter 3 from the 

SOD1 mouse model of ALS show that IL6 production capacity (in the form of mRNA) is 

increased in muscle at early symptomatic stages and in lung tissue late in disease.  
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To delineate when respiratory processes may become pathological and productive of 

IL6, we divided patients into before and after ppFVC reached 55%. While the cohort we 

took advantage of for this study did have longitudinal serum and clinical information, 

there was no CSF available, thus we were unable to correlate with CNS-specific IL6 

activity in this study. Serum IL6 negatively correlated with overall patient function 

(ALSFRS-R) in all ALS patients.  

We hypothesized that prior to severe respiratory insufficiency the foremost source of 

peripheral IL6 is muscle stressed by loss of innervation. In agreement with this we found 

that there was not a relationship between IL6 and the ALSFRS-R respiratory subscore or 

between IL6 and ppFVC but that there was a significant negative correlation between 

IL6 and ALSFRS-R limb subscore. Then after our hypothesized “on-switch” for IL6 

production within the lung had been hit (ppFVC<55%), the negative correlation was 

extended to then include a relationship between IL6 and both ALSFRS-R respiratory 

subscore and ppFVC. Once divided into non-variant and variant-carrying groups, all 3 of 

these correlations only remained significant for those patients with the IL6R 358Ala 

variant.  

Serial pulmonary function tests in ALS patients show a progressive reduction in the FVC 

that accelerates towards the end of the disease23. While FVC may be the best 

retrospective tool, as it is and has been regularly collected for multiple decades, in some 

patients it changes very little in the last months before death24 and in the context of 

significant bulbar weakness it is especially prone to inaccurate measurements, or 

complete inability to do the test at all25. Rather than depend on a single spirometry 

measure that requires patient cooperation (and may be difficult to measure accurately in 

those with cognitive decline), we propose that as respiratory insufficiency sets in, 
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increases in IL6 will reflect further loss of FVC. In those patients who have not yet stared 

NIV, serum levels may serve useful to encourage earlier initiation.  

Though most ALS physicians agree that earlier initiation of NIV is better26-28, patients 

may find themselves in a situation where their insurance does not cover this device 

before certain tested values are reached. If IL6 is able to detect impending respiratory 

insufficiency, perhaps this could serve as impetus to initiate NIV earlier and prevent 

severe volume loss. Further studies with patient samples from before and after initiating 

NIV may show that IL6 has a role in helping titrate ventilation device settings.  

2.2 Disease Progression and the IL6R 358Ala Variant 

In chapter 2 we examined the presence of the IL6R 358Ala variant in healthy, ALS, and 

ALS-mimic populations. There we determined that the presence of the C allele does not 

predispose individuals to ALS. This was an expected result as none of the previously 

conducted sequencing studies had identified this as a causative or predisposing 

variant29-36.  

Also expected was the finding that within all subject groups the additive genetic model of 

the IL6R Asp358Ala SNP was maintained as there was an average increase in serum 

sIL6R of 52% with presence of the C allele. However, this model was not maintained for 

either group of control subjects as only in ALS subjects were CSF sIL6R levels 

significantly increased (23%) with presence of C allele. This indicated the potential for 

CSF transsignaling to be correlated with the occurrence of elevated IL6 either as a 

cause or result of pathological processes, MN degeneration and gliosis, specific to ALS 

in *C individuals.  

The final results of chapter 2 began to determine if IL6 and transsignaling may contribute 

to disease progression. We did find that ALS subjects who inherit the IL6R 358Ala 
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variant exhibit faster disease progression towards the onset of disease. In between 

pathological onset at the cellular level and disease presentation is a prodromal period, 

likely indicating the redundancy of MNs, but how long this period is remains a mystery.  

It is important to keep in mind that the finding of IL6R 358Ala variant patients exhibit 

faster disease progression was for a subset of fast progressing patients who may not be 

as strongly represented in prevalent cohorts due to the nature of a rapidly progressing 

disease, and that it was also for how quickly their disease progressed from the onset of 

their symptoms up until diagnosis. This is unlike the data presented in appendix 2 which 

followed a prevalent cohort, where slowly progressing patients are overrepresented, 

from diagnosis to death.  

Similar to the clinical findings of faster early disease progression, we found in chapter 3 

that the correlation between serum IL6 and ALSFRS-R global score was strongest for 

those patients carrying the IL6R 358Ala variant. These results could be due to the same 

process – a disease more driven by the damaging effects of IL6 will have both a steeper 

(reflected by a higher value of the rho) and more tightly correlated descent (a lower 

variance).  

Only ALS patients with the IL6R 358Ala variant had significant negative correlations 

between IL6 and ALSFRS-R limb subscore for the duration of disease. After the point of 

severe respiratory insufficiency, those patients also had negative correlations between 

IL6 and subjective and objective measures of respiratory function: ALSFRS-R 

respiratory subscore and ppFVC.  

There are a number of reasons that subjects with the IL6R 358Ala variant could be the 

group driving these statistical correlations. The IL6 measured in our protein assays is not 

differentiated between free IL6 and IL6 bound to sIL6R. There has been some evidence 
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that the body attempts to compensate for neutralized IL6 by increasing IL6 production37 

so it is possible that IL6 is amplified in subjects with more sIL6R. However, this 

explanation seems unlikely consider that, in general, IL6 levels do not follow the additive 

genotypic pattern as seen in sIL6R38, 39 which we have also shown in chapter 2. 

Additionally, sIL6R does not neutralize IL6 and, if anything, makes it more biologically 

active by vastly increasing the number of target cells to which it can bind.  

Power calculations reveal that, because the non-variant group is approximately half the 

size of the variant group, the power to detect a correlation of similar magnitude in that 

group is nearly halved, thus our methods may be limiting. For example, to detect a 

correlation of 0.3 with p<0.05, as seen between IL6 and ppFVC in *C patients, a group 

of 61 patients (the n for *C) has a power of 0.65 whereas a group of 30 patients (the n 

for AA) has a power of only 0.37. Nonetheless, when we split the *C patients further 

down into AC or CC, creating n-numbers closer to that of AA, despite reduced power, 

both variant-containing groups still show a significant negative correlation between IL6 

and ppFVC.  

A more likely reason that the IL6R 358Ala variant carrying patients are driving these 

patterns lies within the biological significant of higher amounts of circulating IL6•sIL6R 

complexes. As seen in a number of inflammatory diseases38, 40, this variant, by 

increasing IL6 transsignaling, a mechanism known to be more pathologically relevant, is 

influencing disease progression itself. This explanation would also be in agreement with 

the findings in chapter 2 that variant-carrying patients have faster disease progression 

and with recent findings in Alzheimer’s, another neurodegenerative disease, that the 

IL6R 358Ala variant lowered age of onset in APOE ε4 carriers, indicating an increase in 

those patients’ pathological progression41.  

2.3 Respiratory Insufficiency 
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Finally, in chapter 4 we sought to further characterize respiratory progression in ALS 

patients. While decrease in respiratory function in ALS patients begins as a purely 

neuromuscular restriction, alveoli are continually under-inflated, initiating a process of 

microatelectasis and local tissue hypoxia with known potential to trigger release of IL6 

within the lung 42, 43. Once local IL6 production is turned triggered by these events, 

transsignaling is able to propagate tissue damage to parts of the lung tissue that are still 

functioning where it results in hyperplasia of smooth muscle cells thereby creating 

obstruction of small airways and further worsening loss of functional parenchyma44-46. 

If the above described cascade is indeed occurring then we would expect to see an 

obstructive element to respiratory decline in ALS patients, at least in a subset of 

patients. In accord with these predictions, in our analysis of the patterns of spirometry 

testing in ALS patients we found a significant percentage of patients display a mixed 

restrictive-obstructive pattern of reduction in FVC and FEV1. This pattern could not be 

account for by quantifiable bulbar muscle dysfunction or preexisting conditions.  

As we pointed out previously, we are not the first group to report this finding in their 

cohort47-50, although we appear to be the first to attempt to acknowledge it as 

hypothetically related to disease pathogenesis. Ideally, further studies will utilize 

pulmonary lab-conducted PFTs will sufficient numbers of pressure-volume curves to 

further describe any obstructive effects. However, if only the very small airways are 

affected there may not be a quantifiable effect on PFTs. A 2019 study of nearly 100,000 

individuals showed that the IL6R 358Ala variant was not associated with airflow 

limitation as defined by FEV1/FVC<70%51.  

Adjusting currently utilized therapy for ALS respiratory insufficiency may be an option for 

intervention on this cascade. It is possible that initiation of NIV before significant loss of 

lung volume could prevent transsignaling from amplifying locally within the lung and 
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stimulating airway smooth muscle hyperplasia. Similar as to how incentive spirometry is 

used in post-surgical, ICU, and other hospitalized patients with limited mobility to prevent 

atelectasis and subsequent secondary pneumonias, even limited use of bipap would 

prevent recurrent passive atelectasis52, 53, preventing the hypothesized initial trigger of 

IL6 release within the lung. This is because, not only does bipap have the ability during 

inspiration to recruit areas of the lung that may be unused due to respiratory muscle 

weakness, but the end positive airway pressure during exhalation prevents the alveoli 

from fully collapsing.  

Prevention of secondary pulmonary infections will remain tantamount to preventing 

atelectasis. This is because in acute lung injury, when inflammatory fluid fills the alveoli, 

neutrophil activation and recruitment is increased, just as it is in repeated atelectasis, 

further increasing cytokine release and inflammatory propagation in either setting54. 

Because neutrophils have mIL6R they would then serve as a new, amplified source of 

cleaved sIL6R, further contributing to pathological IL6 transsignaling55, 56. If sIL6R 

produced in this way then enters circulation it could also combine with IL6 from atrophic 

muscles and further damage muscle or motor neuron – in this way a local insult could 

become globally detrimental to an ALS patient’s already fully taxed neuromuscular 

system. In fact, a recent study profiling differentially expressed genes in peripheral blood 

to characterize patient heterogeneity identified a subgroup of ALS patients who show a 

phenotype of neutrophilia and hypoxia along with higher expression of IL6R57.  

2.4 Contribution to ALS Research and Care 

Overall, knowledge that a specific subgroup of patients, such as those carrying the C 

allele, will experience a faster decline is of great benefit to clinicians and researchers. 

Clinically, these patients could be given an earlier resolution to the diagnostic process, 

as demonstrated in chapter 2 figure s2, and have a more accurate estimate of their 

238



disease trajectory. Earlier, informed diagnosis may allow treating physicians to follow 

specific patients with the idea of initiating supportive therapies and interventions (e.g., 

non-invasive ventilation) that increase quality of life and may even extend survival.  

In addition, patient needs for assistive devices occur at predictable points in disease, 

however predicting the time at which each patient will reach that point on an individual 

basis is difficult. Any predictive information about the specific degenerative course for a 

singular patient may allow them not only to plan financially but also determine if there is 

time for changes can be made structurally to their housing or if they need to plan to 

pursue residential care.  

As a final point, clinical trial design benefits from predictive or prognostic biomarkers that 

identify subpopulations according to likely therapeutic responses and established 

knowledge of a pattern of survival, respectively. Either of these things would allow for 

effective stratification, decreasing the number of study patients enrolled for adequate 

power, ultimately lowering costs of these trials. Given the high number of unsuccessful 

trials for immune- or inflammatory-modulating therapies in ALS it seems likely that a 

one-drug-cures-all approach is not appropriate58. Rather, it makes more sense, 

economically and ethically, to recruit those specific individuals who may receive the most 

benefit from anti-IL6 therapies. As such, the results presented herein are important not 

only to the patient and researcher, but also the tending health care team. 

This is exemplified in the recent phase 2 clinical trial of tocilizumab in ALS 

(NCT02469896). Subjects were recruited on the basis of high levels on inflammatory 

markers in peripheral blood mononuclear cells (PBMCs). After the study, the IL6R 

Asp358Ala status of patients was determined and it was found that there was a higher 

than expected frequency of the IL6R 358Ala variant, potentially because transsignaling 

in the setting of ALS was related to the increase in the specified PBMC inflammatory 
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markers59. This allowed us to determine that, while treatment-associated reductions in 

plasma CRP were consistent across genotype, CSF CRP reductions were only 

significant in subjects with the IL6R 358Ala variant. This could be taken as further 

evidence for the role of IL6 as specific to transsignaling in the CNS.  

3 Considerations and Limitations 

3.1 Foundational Evidence 

When weighing the evidence presented in these studies, attention must be paid to the 

various limitations. First, a brief discussion of limits of prior basic science research done 

on the role of IL6 and the assumptions often made therein. A large number of 

experiments that attempt to delineate the roles of IL6 classical versus transsignaling use 

immunohistochemistry (IHC) to co-localize IL6 and IL6R to the cell membrane and claim 

that signaling must be through mIL6R. However, the same picture would be present if a 

preformed IL6•sIL6R was bound to gp130 on the cell membrane.  

Especially in the case where a manufacturer considers the binding site of their IHC 

antibody to be proprietary knowledge, this method alone will not prove sufficient. 

Complementary methods such as in situ hybridization or single cell RNA analysis from 

animal models or human samples would need to be employed. Even experiments done 

in vitro or in vivo showing a difference of effect when IL6R is added does not mean that 

the difference isn’t due to additive effects of trans+classical signaling60. 

3.2 Challenges with cohort research & clinical trials 

Prevalent cohorts, such as the ones use in the studies presented here, usually differ 

from incident cohorts in ALS in that they tend to be younger and with longer survivals61. 

If a certain biological factor, such as presence of the IL6R 358Ala variant, is specifically 

influential in patients with shorter survival, and therefore faster disease progression, then 
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their effect will not be detectable in a prevalent cohort. This is seen when comparing the 

results for the influence of IL6R 358Ala variant exhibit on disease progression in chapter 

2 and those presented in appendix 2. One could also appropriately call this a participant 

bias as those characteristics, younger and longer survival, tend to describe patients 

more likely to participate in research. Moreover, in clinical trials, evaluation with a 

functional endpoint (such as ALSFRS-R is) can result in survivorship bias in that only 

those alive will have measurements and that the measurements appear to be better 

simply because those patients doing better are the ones surviving or the ones still 

physically able to make it to their clinic visits. This problem is not unique to ALS and has 

been attempted to be addressed most often in medical research within the field of 

oncology62-64.  

If patients within a study cohort are unable to physically make it to their scheduled clinic 

visits then collection of relevant information over the phone is helpful. In fact, in the 

Wake Forest ALS Center cohort there is occasionally information for the ALSFRS-R 

without paired spirometry values as the ALSFRS-R information was able to be collected 

over the phone. The simplest methods of data procurement which can be employed by 

the patient or their caregiver will also be ideal. While a technically complicated procedure 

such as a lumbar puncture to collect CSF cannot be performed at home, other biofluid 

measurements such as a fingerstick glucose can be. Thus striving not only to search for 

easily collectable measurements but also endeavoring to develop new assay techniques 

can prove fruitful. Finally, if a reliable longitudinal pattern of biofluid levels can be 

gleaned from a single factor, such as sIL6R levels and IL6R 358Ala genotype, it could 

help address this issue. 

While researchers often address survivorship bias by using the cautious method of 

constraining his or her claims to the narrowest set of conditions that are true for the 
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sample used, in a tragic disease with hardly any treatments such as ALS these 

constraints are often understandably overlooked by those with preference for 

hopefulness. Unfortunately, while survivorship bias cannot be "avoided", it can only be 

contemplated and responded to when appropriate. We urge the field to keep this in the 

forefront when designing cohort and trials, and to triangulate their data against outside 

data sources (hospital records, mortality reports, etc.) whenever possible. 

3.3 Source of Biomarkers 

Studies using CSF and genetics have identified numerous potential ALS biomarkers. 

Blood is a preferable place to look for biomarkers as samples are easily obtained by a 

minimally invasive venipuncture. Several studies have indicates high correlations 

between serum/plasma and CSF levels of the same biomarker65-68 (for review see 69). 

This may be expected for some substances as there is transfer between blood and CSF 

at the blood-CSF barrier, chiefly within the choroid plexus and subarachnoid spaces.  

Yet levels of other biomarkers found in blood do not correlate with its presence in CSF 

pointing to an independent regulatory system for the two spaces as far as these 

substances are concerned70, 71. In addition to regulation of biomarkers, substances in the 

blood can also be there as result of production in other organs than the nervous system, 

including those affected by the ALS disease process, like degenerating muscle. While 

production of IL6 by multiple tissues affected in ALS (nervous tissue, muscle, immune 

cells, lung tissue) makes it a likely candidate biomarker, it also could muddy the picture 

for source of elevations.  

Despite the advantages for convenience, cost, and comfort that a blood-based 

biomarker would have, there are significant advantages to utilizing CSF biomarkers, 

especially in the case of IL6. Because the CSF is in direct contact with MNs in the brain 
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and spine, alterations in the CSF biochemistry are more likely to be indicative of 

neuronal injury and/or neurodegeneration. Of note, if the disease is following a “dying 

forward” mechanism whereby the initial insults are within the MNs themselves, then it 

follows that this is where alterations should first be seen. 

In peripheral circulation, levels of IL6 can rise and fall over a matter of hours in response 

to acute events unrelated to ALS, such as smoking a cigarette72; in some diseases, IL6 

even shows diurnal variation73, 74. In CSF, IL6 reflects more CNS-specific processes and 

more quickly returns to baseline after acute disturbances75-77; there has been one report 

of circadian patterns in CSF as well these were less pronounced than in plasma and 

consistent with CNS production78. Especially in a disease where known secondary 

processes such as changes in muscle mass and adiposity79-82, or pulmonary infectious22, 

83, 84 can influence serum levels of the biomarker in question (IL6 in this case) without 

reflecting neuronal changes, isolating a biofluid with a more consistent profile for this 

biomarker should be prioritized.  

A transport mechanism for IL6 across the blood brain barrier (BBB) has only been 

minimally investigated in animals, and studies since have suggested either two-way or 

no transport without any general agreement78, 85, 86. Considering that age, disease, 

exposures, and many other variables contribute to permeability of the BBB it seems 

paramount to determine this factor separately within any population of interest. To this 

end, we found no correlation between serum and CSF IL6 levels (chapter 2, figure S1) 

underlining that, in ALS, CSF IL6 levels are not simply a reflection of serum IL6 at any 

given time and vice versa. Additionally, by determining the albumin quotient (CSF:serum 

albumin) and comparing this to patient specifics on a Reibergram87 we determined no 

difference in BBB disruption in ALS subjects as a whole or within IL6R variant groups.  
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Of relevance to the above paragraph, the results in chapter 2 show that, while serum 

levels of sIL6R and sgp130 were consistently ten-fold higher than the CSF levels for all 

subjects, the magnitude of IL6 concentrations were comparable between serum and 

CSF. Here we must again emphasize the importance of considering the location from 

which biomarker sample is drawn in context of the disease it is following. Our results 

suggested that in the peripheral circulation, because sIL6R and sgp130 are both 

magnitudes higher than IL6, both types of signaling could be blunted by the sink effect of 

inactive complexes of circulating IL6+sIL6R+sgp130. Contrary to this, in the CNS, levels 

of sIL6R and sgp130 being ten-fold lower while IL6 levels are within the same range as 

in serum means that any changes in IL6 are likely less blunted by excess sIL6R+sgp130 

and in general will have a greater downstream effect88-90. 

It follows here that the kinetics of IL6, sIL6R, and sgp130 will be important to determining 

just how much functional dulling a sink effect may have. In the introduction it was 

discussed how there is disagreement in published reports of the binding affinity of IL6 to 

mIL6R, sIL6R and of the IL6:sIL6R complex to sgp13091-93. Therefore, it should be a 

particular point of emphasis that the full kinetics (including but not limited to Kd and Ki) 

need to be definitively determined in human physiological conditions before assumptions 

about the functional significance of these levels are made and before any drug trials 

which attempt to block transsignaling are initiated.  

3.4 Disease Progression 

In chapter 2 we chose to measure disease progression in a subset of patients for whom 

had their first visit within one year of symptom onset. While this likely limited us to a 

subset of patients in whom disease was progressing faster, we felt that recalling the date 

of symptom onset would be more accurate if it were in recent memory. Studies have 

shown that while initial rates of progression calculated from the patient’s recalled date on 
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onset tend to underestimate the subsequent rate of disability progression, the recalled 

symptom onset-anchored rate of progression predicts survival more accurately than 

interval estimates (from visit to visit, that is) of changes in ALSFRS or FVC94. This helps 

to substantiate our choice of including in our analysis of disease progression only those 

patients who were closest to time of symptoms onset.  

Nonetheless it remains true that there is significant discrepancy in the rate of disease 

progression whether it is calculated with or without an estimated date of symptom 

onset95. We were able to show in chapter 3 that there remained a consistent relationship 

between functional decline and IL6 when the data used came from intervals between 

visits and not time of symptom onset. This add consistency to our speculative hypothesis 

of IL6 transsignaling driving disease progression, with more transsignaling increasing the 

speed of progression and functional decline. 

Here we must consider if the relationships between IL6 (or any fluid biomarker) and both 

subjective and objective measures of respiratory function are simply a reflection of the 

correlation between symptoms and PFTs. It has been shown that respiratory subscore 

and FVC are correlated but the respiratory subscore hardly accounts for half of the 

variation seen in ppFVC96. Additionally, while the respiratory subscore is a 12 integer 

scale, FVC can take on any value and therefore would be more sensitive to change: a 

majority of patients with insufficiency do not experience symptoms as measured on the 

ALSFRS-R 12-14.  

Changes in the many different strategies for measuring respiratory function in ALS 

(blood gases, non-invasive oxygenation monitoring, PFTs, and symptom questionnaires) 

do not happen simultaneously and respond differently to therapeutic intervention16. It is 

likely that a similar statement may be made about the strategies for measuring muscle 

weakness and motor neuron function. A clinically determined value is of no more 
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importance than a patient’s experience of the disease and a biomarker for either of these 

things will prove useful for any of the reasons enumerated above. When looking for 

biomarkers, we encourage researchers to employ multiple clinical approaches for 

quantifying symptom and disease progression, as we have begun to do here, to mitigate 

this issue. 

4 Further studies  

4.1 Confirmatory Human Studies 

The finding presented here reinforce the need within the ALS research community for 

simultaneous measurement of multiple functional outcome measurements, both 

subjective and objective, that are taken at the same time, and longitudinally, with 

candidate biomarkers. Ideally, future cohorts will also use selection of an inception 

cohort and register reliable information about all multidisciplinary treatment given and 

other prognostic variables. Patients with shorter survival and faster progression, may 

need to be given corrective factors in statistical analyses so that their contributions to 

evaluating if anything is influencing disease progression is not outweighed by those 

patients who are surviving for longer.  

Patient sample repositories are invaluable to researchers studying rare diseases and 

continue to help advance the field of ALS research. Still, a convenience sample will not 

suffice to truly determine if the IL6R 358Ala variant has an effect on disease progression 

and to properly correlate it with the different functional processes possibly affected by 

transsignaling. Patients would need to be recruited so that there are equal numbers of 

each genotype, ideally matched for age, and paired serum and CSF collected across 

multiple timepoints that would encompass both before and after severe respiratory 

sufficiency.  
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In addition to the above suggestions about cohort selection and clinical data collection, 

the ideal human study to test the principle implications of the findings in this dissertation 

would employ the following methods. Serum IL6 would be collected serially along with 

measurements of muscle atrophy including EMG and muscle ultrasound. If human 

muscle or NMJ biopsy is collected it could be evaluated for the presence of IL6 and its 

receptors on the surface of myocytes and/or satellite cells. CSF would be collected at 

the same time as serum and levels of IL6 correlated with denervation, quantified with 

MUNIX or MUNE, and with glial activation, quantified with imaging using the translocator 

protein (TSPO) tracers [11C]-PBR28 or [11C]-ER176 97-100. Lung function would also be 

longitudinally measured, preferably a few times with true lab-conducted pulmonary 

function tests, and correlated with IL6 in BAL or tracheal aspirate. Determining if the 

IL6R 358Ala variant associates with any of the respiratory progression phenotypes 

determined in a recent group-based trajectory model may also be useful101. All of these 

results would be compared with ALSFRS-R with or without other symptom evaluations of 

the patient such as the Appel ALS Scale, the Upper Motor Neuron Burden scale, or the 

DALS-15102, 103.  

We suggest collecting direct pulmonary samples for IL6 in addition to serum because 

while our results suggest a correlation between pulmonary function and serum IL6 in 

ALS patients, there has been conflicting evidence about this association in various other 

human studies. One study found that the local increase in BAL fluid IL6 was independent 

of the systemic inflammatory response syndrome as measured by serum IL6 and 

peripheral lymphocytes in lung cancer patients104. Another demonstrated no association 

between serum and sputum IL6 in COPD patients. However this study also stated that 

they found no association between IL6 and lung function measurements which have 
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been reported in multiple other studies, bringing into question the validity of their 

results105. 

In a particular type of procedure where one lung must be collapsed for the procedure, it 

was found that not only did serum IL6 increase but there was also a local increase in 

BAL collected from the collapsed lung106. There it remains unclear how much of the 

elevation in serum IL6 is due to the systemic inflammatory response that occurs with any 

surgical procedure107. Both serum and BAL IL6 are decreased after appropriate antibiotic 

treatment of pulmonary infections108. As a final point, collection of BAL is not an 

uncomplicated procedure and must be done on a sedated and paralyzed patient. One 

study raised the possibility for a non-invasive marker of pulmonary IL6 as IL6 decreases 

after treatment in COPD and is detectable in exhaled breath condensate109. 

4.2 Validation in an Animal Model 

Our human results presented here suggest alterations in IL6 transsignaling mediated by 

genotype. Asking a patient to submit to repeated lumbar punctures, BALs, and muscle 

biopsies is an incredible burden that we should alleviate if possible. While confirmatory 

studies in humans are the gold standard, much can still be learned from complimentary 

investigations in animal models. It is clear that experiments to determine the 

mechanisms in the periphery versus in the CNS are more feasible and efficient in mouse 

models, provided that the experiments are conducted when timing of disease is well 

characterized and reflect the human condition110-113. 

We have raised the issue of differential production of sIL6R between humans and mice 

previously. In summary, the alternative splicing mRNA mechanism that exists for sIL6R 

generation, while only responsible for a small percentage of sIL6R, is only seen in 

humans. Also, mouse IL6R is shed exclusively by ADAMS10114 and the mechanisms 

248



that trigger shedding associated with pathological states in humans utilize ADAMS1755, 

115-117.  

To address this with our research partners, our laboratory has developed a mouse 

model with CRISPR/Cas9 embryo microinjection where a stop codon was substituted at 

the amino acid E357 in the mouse IL6R gene. This termination eliminates translation of 

the transmembrane portion of the mouse IL6R protein, allowing the receptor to be 

secreted into the extracellular space. This IL6RaE357ter knock-in mouse can then reflect 

the human IL6R 358Ala genotypes with homozygote knock-ins analogous to 

homozygote 358Ala variants, and heterozygote knock-ins analogous to heterozygote 

358Ala individuals. Crossing these IL6RaE357ter knock-ins with the SOD1G93A mouse 

model of ALS can then reflect the IL6R 358Ala variant distribution of human ALS 

patients, where the uncrossed SOD1 mouse is a non-variant carrying subject. 

Not only can we collect serum, CSF, and BAL IL6 levels along with functional measures 

of symptoms in the mice118, including PFTs119, but collection of CNS, muscle, and lung 

tissue will allow for exact quantification of IL6 and sIL6R protein and mRNA across 

disease and localize it to specific cell types. We know that actual protein levels of lung, 

muscle, dorsal & ventral spinal cord at different disease time points are correlated with 

known cellular pathology110, 111. By determining the levels of IL6 signaling components 

we can determine not just when and where IL6 is present, but also if it is associated with 

a protective or detrimental process within that compartment.  

If IL6 indeed is acting in a protective role prior to development of overt symptoms, 

looking in animal models where we have guaranteed presence of future disease is the 

only way to determine this. For example, the delineation of monocyte-lineage cells into 

purely inflammatory or purely protective may have led researchers astray by limiting their 

view of these cells as a continuum. By examining neural tissue with multiple markers 
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and examination of morphology (e.g. amoeboid or ramefied) along with markers of cell 

death, apoptosis, and co-occurring complement activation on motor neurons120, we may 

determine the “tipping point” for when toxic glial activation overcomes protection. 

Finally, in addition to the ageing-related reduction in motor neuron number121-123, there is 

an increased vulnerability of the respiratory system, with decreased capacity to 

compensate for pathological insults, that occurs with age124, 125. Different, slower 

progressing animal models of ALS may also be able to delineate the contribution of age 

to IL6-related processes; for example, by using different mouse backgrounds (C57 

versus 129Sv) or decreasing transgene copy number126. 

4.3 Ongoing Human Trials 

Trial-and-error treatment trials are extraordinarily costly in dollars, effort, and time, and 

disappointments for all involved are inherent in multiple failures. Therefore, it is of the 

utmost importance to seek out populations of ideal responders when possible and to 

control for as many disease modifying factors as possible, including multidisciplinary 

disease management information. In this way, even if a new prognostic or predictive 

factor is discovered in the future, the information about it will still have been collected 

and reanalysis will be possible. Increasing the number of secondary outcomes within a 

study also augments this possibility.  

4.3.1 Tocilizumab 

The recent phase 2 trial of the IL6-blocking monoclonal antibody Tocilizumab given 

intravenously to ALS patients (NCT02469896) 3 times over 12 weeks began to address 

these tasks. The secondary objectives of in the study were to describe the expression of 

a number of pro-inflammatory genes in Peripheral Blood Mononuclear Cells (PBMCs), to 

assess the ability of tocilizumab to reduce the expression of these same pro-
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inflammatory genes in PBMCs and pro-inflammatory cytokines (including sIL6R) in the 

cerebrospinal fluid (CSF) of patients with sporadic ALS, and to assess the CSF 

penetration of tocilizumab. Investigators also followed rate of decline in slow vital 

capacity (SVC), ALSFRS-R, handheld dynamometry (HHD) of upper and lower 

extremities, and corresponding plasma cytokine levels. Safety and tolerability was 

ultimately shown. 

Some of the results of this study have been posted to clinicaltrials.gov. The short study 

period likely precluded meaningful results for many of the functional measures found to 

be non-significant: decline in SVC, decline in ALSFRS-R, and loss of strength measured 

by HHD. This fact was expected by study designers. Change in PBMC IL6 was from 

baseline to the averaged amount across treatment time was no significantly different 

between drug and placebo groups. Target engagement as measured by mean change in 

a number of plasma cytokines was confirmed in the drug group. It also appeared that 

sIL6R was significantly increased after the study period in the drug treatment group. As 

the final results of this study have not been published, it is difficult to speculate as to the 

complete picture but some limitations may be addressed here. 

Does peripherally administered tocilizumab make it to the CNS? As a relatively large 

molecular, the CNS penetration of tocilizumab in primates is poor127. Concentrations of 

~4ug/mL are needed to completely inhibit the IL6 receptor128. Measurements of CSF IL6 

may simply reflect changes in peripheral IL6 that impact central concentrations: as IL6 

can disrupt BBB endothelium129, decreasing peripheral IL6 may improve the BBB and 

limit cross of peripheral IL6 into the CNS without actually affecting CNS production of 

IL6. Intrathecal administration of tocilizumab may be needed to produce any direct 

effects on gliosis or neuronal survival.  
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In another study of IL6 injected into the cerebral ventricle of rats, when sIL6R was co-

administered, IL6 levels remained elevated for longer after the injections130 so while IL6 

levels and the biofluid response to tocilizumab may have correlations with IL6R 

genotype, IL6 may not make a good pharmacodynamic marker for response to 

tocilizumab. Indeed, one study in RA showed that while baseline low IL6 was predictive 

of a positive clinical response to tocilizumab, levels after 4 weeks of treatment were not 

useful131. Thus the inclusion of PET imaging for quantification of gliosis in patients where 

it is available was a prudent choice as it may help clarify what changes in CSF 

concentrations of IL6 actually mean.  

A prior study of tocilizumab in rheumatoid arthritis (RA) attempted to predict response of 

patients to the drug according to IL6R 358Ala genotype132. They did not find an effect on 

disease after three months of therapy that was predictable by patient IL6R 358Ala 

genotype alone, but when combined into a haplotype with two other IL6R polymorphisms 

the IL6R 358Ala non-variant was associated with a poor clinical response to treatment. 

Another study which looked at treatment response of RA after 12 months also found the 

IL6R 358Ala variant to not be predictive133. Thus it is possible that ultimately there will be 

no predictive value of the IL6R 358Ala variant in slowing clinical disease progression in 

ALS, or that the previously identified haplotype will need to be examined, but this cannot 

be determined without a properly powered trial.  

Lastly, targeting all of IL6’s functions may actually be too much. While there is no 

difference in gliosis for mice with conditional mIL6R KO in astrocytes, complete IL6 

knockout mice have increased microgliosis and decreased astrogliosis134. Our 

hypotheses and results also emphasize the importance of targeting transsignaling 

specifically. If the pro-survival effects of IL6 are still at work, complete blockade of both 

these effects and any detrimental ones may ultimately have no net benefit for the 
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patient. In fact, in a murine sepsis model blocking transsignaling was sufficient to 

prevent death135, 136 but global IL6 blockade was actually less beneficial than selective 

transsignaling blockade135. This could be due to the fact that during sepsis, levels of IL6 

markedly exceed levels of sIL6R meaning that some IL6 is left free to stimulate cellular 

regeneration of stromal cells classically through mIL6R115, 137. 

It is important to remember here that even if transsignaling specific roles in progression 

are established do not mean a cure. In MS IL-6 transsignaling promotes the pro-

inflammatory phase of T-cells. Blocking both classical and transsignaling in an EAE 

mouse model of MS diminishes onset and progression of the disease138. Blocking 

transsignaling only (with sgp130) causes a later onset of disease139. However, neither of 

these methods completely abolished the symptoms of the disease (similar to the results 

in IL6-deficient mice), indicating that although they clearly have a role in influencing 

disease, that disease is not fully dependent on any IL6 mechanism.  

4.3.2 Treg Cells to Slow Disease 

The balance between protective and detrimental T cells is IL6 and IL6-receptor specific: 

IL6 acts as a major control for the balance between Treg and effector Th17 cells140. Treg 

cells act to inhibit autoimmunity and protect resident tissues from damage by over active 

immune cells141. sIL6R is important for T cell effector functions and T cell survival in 

inflamed tissues whereas mIL6R is crucial for initiating regulatory T cell activity142. IL6 

transsignaling strongly inhibits TGFβ-mediated differentiation of Treg cells143 and 

blocking classical signaling causes a significant reduction in the number of Treg cells. 

Presence of the IL6R 358Ala variant not only increases the amount of sIL6R, but it also 

slightly decreases expression of mIL6R39. Therefore, it follows that the amount of active 

Treg cells would decrease with presence of the IL6R 358Ala variant.  

253



The presence of Treg cells in ALS may then also reflect the attempt at IL6 to protect 

from disease earlier on. A recent study looking at Treg cell genes in PBMCs of ALS 

patients showed that disease duration was the only independent significant determining 

factor that predicted Treg cell counts across at various stages of ALS144. The author’s 

conclusions that loss of Tcell protective ability may be occurring in line with rapidly 

declining phases of the disease is in agreement with our hypothesis about the initial 

defensive role of IL6 against neuronal death. 

There is mounting evidence for Treg cell numbers and neuroprotective abilities to be lost 

in ALS145. ALS patients with reduced numbers of Tregs early in disease have shortened 

survival146. Studies in small numbers of ALS patients have shown that repletion of Tregs 

with appropriate functions slowed disease progression147, 148. A number of clinical trials 

that attempt to expand on these findings are underway: the RAP-ALS trial will utilize 

Rapamycin, a chemotherapy drug, to expand Treg cell populations in a phase II trial149; 

the TEALS study is also in phase II trials using tecfidera, an MS treatment, to increase 

the ratio of Treg to effector T cells150; follow-up studies for autologous Treg cell transfers 

are also planned or ongoing.  

It is important that these trials consider the subpopulation of IL6R 358Ala variant 

carrying individuals which may be ideal responders to increasing numbers of functional 

Treg cells, as mechanistically this group would have the lower numbers of Treg cells to 

begin with. Establishing subpopulations in this way can improve trial results, similar to 

how determining variant status improved the mechanistic value in the phase II 

tocilizumab trials59. Enriching the subjects recruited for phase III of all of these trials with 

variant-carrying patients will also allow them to increase power of treatment effect by 

focusing on the ideal responders.  

4.3.3 Other Human Trials 
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Although not investigated in the studies presented here the link between altered lipid 

metabolism, ALS, and the IL6R 358Ala variant makes for an interesting avenue of 

further exploration. Lower lipid levels in ALS patients may occur as a result of lower 

FVC151, 152 and in the SOD1 mouse model, hypolipidemia is able to be measured even 

presymptomatically153. We suggest that any study that deliberately or through 

compensatory changes may alter IL6 levels follow various metabolic measures including 

BMI and lipid levels.  

Defining patient subgroups by elevations in CSF IL6 or IL6R 358Ala variant could 

improve all future clinical research & trials in ALS. Heterogeneity not only encompasses 

ALS clinical phenotypes but it is also seen when patients are looked at based on 

genetics, and at post-mortem. This important fact needs to be kept in mind when 

designing any clinical trial for ALS as a subgroup of patients may then be demonstrated 

to benefit from a candidate treatment if the statistical analysis is not confounded by 

patient heterogeneity. This is in addition to the cost and time saving effect of reducing 

sample size that decreasing variability would allow. This could be accomplished with 

either a prognostic biomarker to stratify patients or a predictive biomarker indicating the 

ideal group for responding to a certain intervention, rather than simply comparing against 

the natural course of the disease.  

4.4 Conclusion 

Any cohort of ALS patients will be highly heterogenous in demographics and clinical 

phenotypes. As such, it is imperative to replicate and expand on the findings here in a 

larger cohort of patients where longitudinal clinical indicators of disease and multiple 

types of biological samples are collected simultaneously. The results show the 

importance for any interpretations of IL6 or IL6R receptor blocking therapeutic 

approaches to be made in consideration of the IL6R Asp358Ala polymorphism. Further 
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studies are needed to determine if the impact of the variant on disease progression is 

due to peripheral transsignaling, central transsignaling, increases in CSF IL6 or, most 

likely, a combination of these factors.  

In addition, we must determine if these impacts are consistent across the entire 

progression of the disease or, as the findings from chapter 3 suggest, if they are 

dependent on the top pathological process(es) at play during a specific point in the 

disease. Completely abolishing all IL6 functions across the spectrum of ALS patients, 

regardless of IL6R 358Ala variant status or stage of disease may be dangerous because 

membrane bound IL6 signaling is crucial to maintain both an appropriate innate immune 

response to bacterial insults and the protective Treg cell population. 

In summary, the results presented here suggest that there is a CNS IL6 transsignaling 

process specific to ALS patients with the IL6R 358Ala variant, that ALS patients with the 

IL6R 358Ala variant are driving correlations between serum IL6 and disease 

progression, and that early disease progression is increased in these individuals. Also, 

that while there is a constant negative relationship between IL6 and muscle weakness, 

the negative relationship between IL6 and respiratory dysfunction is only apparent after 

severe respiratory insufficiency. Finally, there is an observable pattern of mixed 

obstructive-restrictive respiratory insufficiency in at least a subset of ALS patients, which 

could be driven by IL6 transsignaling. These results are highly relevant to future basic 

science and clinical researchers, as drug developers and trial designers, and to patients 

and the multidisciplinary ALS healthcare team.  
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Appendix 1. Factors with Significant Relationships to Longitudinal Disease 

Progression 

 

Methods 

Correlations were determined with repeated measures multiple linear regression models 

with subject as a random effect, functional measure as the variable of interest and with 

model constructs of subject and “factor” (nested within subject). Where indicated, slope 

estimates were determined by averaging the slopes generated from each of the multiple 

linear regressions. Residuals as determined by least squares method were checked to 

ensure a normal distribution. For Table 1 information from 98 patients across 708 visits 

was used. For Table 2, n numbers are as indicated for each measure.  
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Table 1. 

Factors examined one-by-one: age of symptom onset, time (months) from symptom 

onset to visit, diagnostic delay (months from symptom onset to diagnosis), bulbar onset, 

gender, race, smoking status (current, former, never), presence of IL6R 358Ala variant, 

BMI at diagnosis, ever got diaphragm pacing system (DPS), ever got cough assist 

device (CAD), ever used bipap >4hr/day, ever got PEG, ever had cognitive impairment 

(<17 score in patients who had a cognitive behavioral screening or unknown), DPS at 

visit*, CAD at visit*, on bipap at visit*, PEG at visit *, preexisting conditions (autoimmune, 

pulmonary, depression, cancer, type 2 diabetes). Only significant relationships are 

reported. 

*only those patients who ever had this device looked at in this subanalysis 

Functional 

Measure 

Factor Direction of 

difference 

p-value of 

correlation 

correlation(s) slope 

ALSFRS-R Global Diagnostic delay 

 

Longer delay has 

slower progression 

<0.001 

0.56 

Bulbar onset Faster in patients 

with bulbar onset 

0.002  

-0.97 vs -0.64  

Time from 

symptom onset to 

visit 

Speeds up as time 

increases 

<0.001 

-0.74 

Got PEG Faster in patients 

who got PEG 

0.001 

-0.51 vs -1.03 

PEG in place* Faster after PEG in 

place 

0.05 

-0.64 vs -1.09 
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ALSFRS-R Limb Diagnostic delay Longer delay, 

slower progression 

<0.001 

0.30 

Smoking status Fastest in never 

smokers 

0.022 

-0.30 (current) vs -

0.40 (former) vs -0.51 

(never) 

Time from 

symptom onset to 

visit 

Speeds up as time 

increases 

<0.001 

-0.44 

ALSFRS-R 

Respiratory 

Time from 

symptom onset to 

visit 

Speeds up as time 

increases 

<0.001 

-0.110 

Ever used bipap Faster in those who 

used bipap 

0.002 

-0.05 vs -0.15 

Using bipap* Slower after using 

bipap 

<0.001 

-0.077 vs -0.027 
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Table 2. 

Factors examined one-by-one: age of onset, time (months) from symptom onset to visit, 

diagnostic delay (months from symptom onset to diagnosis), bulbar onset, smoking 

status (current, former, never), presence of IL6R 358Ala variant, using CAD at visit*, 

using bipap at visit*, has dps at visit*, preexisting pulmonary condition. Only significant 

relationships are reported. 

*only those patients who ever had this device looked at in this subanalysis 

Unlike other respiratory measures, more negative MIP values indicate improved 

function. 

 

Respiratory 

Measure 

Factor Direction of 

Difference 

p-value of 

correlation 

correlation(s) slope 

ppFVC 

n=659 visits from 

97 patients 

Time from 

symptom onset to 

visit 

Speeds up as time 

increases 

<0.001 

-1.265 

Diagnostic delay Longer delay, slower 

progression 

<0.001 

1.265 

Bulbar onset Faster with bulbar 

onset 

0.030 

-1.247 without vs -

2.029 with bulbar  

Using bipap at 

visit 

Slows after bipap use <0.001 

-0.915 before bipap 

vs -0.708 with bipap 
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ppFEV1 

n=543 visits from 

97 patients 

Time from 

symptom onset to 

visit 

Speeds up as time 

increases 

<0.001 

-0.834 

Diagnostic delay Longer delay, slower 

progression 

<0.001 

0.930 

Bulbar onset Faster without bulbar 

onset 

0.039 

-0.922 without vs  

-0.735 with bulbar  

Using bipap at 

visit 

Slows after bipap use <0.001 

-0.823 before bipap 

vs -0.449 with bipap 

ppPEF 

n=547 visits from 

97 patients 

Time from 

symptom onset to 

visit 

Speeds up as time 

increases 

<0.001 

-0.602 

Diagnostic delay Longer delay, slower 

progression 

0.003 

0.813 

Using bipap at 

visit 

Slows after bipap use 0.047 

-0.664 before bipap 

vs -0.298 with bipap 

ppFEF2575 

n=526 visits from 

97 patients 

Age of symptom 

onset 

Faster with older age 0.047 

-0.642 

Time from 

symptom onset to 

visit 

Speeds up as time 

increases 

<0.001 

-0.567 
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Diagnostic delay Longer delay, slower 

progression 

0.003 

0.818 

Using bipap at 

visit 

Slows after bipap use 0.028 

-0.455 before bipap 

vs -0.343 with bipap 

MIP 

n=631 visits from 

97 patients 

Age of symptom 

onset 

Faster with older age 0.028 

1.039 

Time from 

symptom onset to 

visit 

Speeds up as time 

increases 

<0.001 

0.970 

Diagnostic delay Longer delay, slower 

progression 

<0.001 

-1.033 

Bulbar onset Faster with bulbar 

onset 

0.002 

1.00 without vs 1.12 

with bulbar  

Using bipap at 

visit 

Speeds up after 

bipap use 

<0.001 

0.243 before bipap vs 

-0.514 with bipap 
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Appendix 2. Factors with Significant Influence on Survival 

 

Methods  

Time to death or trach measured from date of symptom onset. Patients lost to follow up 

were censored at the date of their last visit. Significance determined by Wald statistic. 

Continuous variables (age of onset and diagnostic delay) were checked for non-linearity 

by comparing significance of linear to quadratic models; in both cases the linear model 

was more highly significant. 

Of note, to consider all of our selected factors with genotype simultaneously, that is, in 

order to compare for example groups of “C allele, bulbar onset, used bipap” to “C allele, 

bulbar onset, didn’t use bipap” or any other combinations of factors, we would have 

needed to group our 100 repository patients into a high number of groups, with many 

groups having n=1. This would clearly preclude any meaningful confidence in 

generalizable estimates. Therefore, we confined ourselves to marginal hypotheses 

which consider each factor singly. However, this does not attenuate the importance of 

our data but rather allows it to serve as a starting point for further studies on larger 

populations.  

Results 

Cox proportional Hazard screening on variables of interest:  

*Bulbar onset p=0.045 

Gender p=0.266 

Smoking status (current, former, never) p=0.239 

Genotype p=0.224 
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C Allele p=0.455 

BMI>25 at diagnosis p=0.506 

Got diaphragm pacing system (DPS) p=0.552 

Got cough assist device (CAD) p=0.836 

Used bipap p=0.379 

*Got PEG p=0.008 

*Cognitive impairment (of those who ever had cognitive behavior screening) p=0.075 

Preexisting conditions:  

*Autoimmune p=0.077 

Pulmonary p=0.813 

*Depression p=0.109 

Cancer p=0.673 

DM2 p=0.773 

Ever took riluzole p=0.426 

*Shorter survival with higher age at onset p<0.001 

*Shorter survival with shorter diagnostic delay p<0.001 

Of those with known genetic testing: 

*SOD1 p=0.005 

*C9ORF p=0.005 
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Cox proportional Hazard model with all selected variables with p<0.2 in screening 

(bulbar onset, got PEG, cognitive impairment [unknown, no, yes], preexisting 

autoimmune condition, preexisting depression, age at onset, diagnostic delay, SOD1 

[yes, no, unknown], C9ORF [yes, no, unknown]) then retained factors that remained 

significant (p<0.05 for diagnostic delay, cognitive impairment, age at onset, bulbar 

onset):  

Whole model p<0.001; 14 censored 

Diagnostic delay p<0.001, 0.94 risk per month of time between onset and diagnosis over 

entire range (1-85 months); 95% CI 0.91-0.95 

Cognitive impairment p<0.001, 2.40 risk ratio for impaired:not impaired; 95% CI 1.20-

4.81 

Age at onset p<0.001, 1.03 risk per year of age over entire range (23-82 years old); 95% 

CI 1.01-1.06 

Bulbar onset p=0.048, 2.02 risk ratio for bulbar:non-bulbar; 95% CI 1.14-3.49 
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