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DEVELOPMENT OF A NEW MODEL AND A NEW IMMUNOTHERAPY FOR ALS 
 
Scientific Proposal 
We hereby propose to characterize a novel model of neurodegenerative disease and to develop a 
novel immunotherapy for ALS. 
  
Current state-of-the-art 
Amyotrophic Lateral Sclerosis (ALS) is a generally fatal neurodegenerative disease 
characterized by progressive paralysis of skeletal muscles associated with motor neuron death 
and glial activation in the lumbar spinal cord. There is currently no curative treatment and the 
available medications have little effect on the clinical course (Lu et al, 2016). The origin and 
progression of this multisystem neurodegenerative disease is not clearly understood and there is 
obviously an unmet medical need in development of effective therapies. 

Research into ALS has provided increasing evidence of the concerted action of multiple 
cell types in the devastating loss of motor neurons (Frakes et al, 2017). In transgenic rodent 
models the accumulation of reactive astrocytes, microglia and oligodendrocyte precursors in the 
degenerating spinal cord is thus evident (Trias et al, 2017). During recent years there has been a 
particular focus and appreciation of the role of microglia, the CNS-resident myeloid cells, in this 
process of primary motor neuron death. The pathophysiology of ALS is characterized by a 
chronic microglial reaction in the surroundings of degenerative motor neurons (Henkel et al, 
2009) and in rats expressing the ALS-linked SOD1G93A mutation the emergence of neurotoxic 
and proliferating glia cells coincides with rapid spread of paralysis. Genetic reduction of mutant 
SOD1 toxicity within microglia significantly slowed the disease progression of ALS (Yamanaka 
& Yamanshita, 2007). The activation of microglia during ALS leads to release of cytokines, 
chemokines, and neurotrophic or neurotoxic factors that in turn can stimulate astrocytes and 
mobilize other peripheral immune cells, which can similarly produce new cytokines to establish 
a chronic inflammatory response (Chiu et al, 2013; Hellwig et al, 2013; Rentzos et al, 2010; 
Mitchell et al, 2009). Importantly, pro-inflammatory Ly6Chi monocytes are recruited in the 
degenerating spinal cord of chronic murine ALS (Butovsky et al, 2012) and circulating myeloid 
cells of ALS patients have a pro-inflammatory phenotype (Puentes et al, 2016). 

Taken together the scientific evidence indicates both an early and late action of activated 
microglia and monocytes, indicating a neuroinflammatory basis of ALS (Henkel et al, 2009) that 
could be immunotherapeutically targeted.  
 
Why use gene depletion mouse models? 
The rationale for using gene depletion mouse models is that they facilitate characterization of the 
relative roles of resident microglia and infiltrating monocytes during neurodegeneration. We 
have spent the last 2 years establishing several different mouse strains in which we are able to 
specifically deplete macrophages or microglia for different periods of time.  
 

    MOUSE STRAIN     PHENOTYPE 
    CX3CR1CRE x Rosa26DTR  Deficient in microglia (80%) for 1 day 
 CX3CR1CRE x Rosa26DTR  Deficient in microglia (50%) for 1 week 
    CX3CR1CRE x Rosa26DTA  Deficient in microglia (90%) for 4 weeks with macrophage                                  

repopulation 
 CX3CR1CRE x Rosa26DTA  Deficient in microglia (70%) with no macrophage repopulation 
    CX3CR1CRE x TGFbr2fl/fl  Deficient in TGFβ signaling in microglia 

 
Using the Rosa26-DTR system in CX3CR1-CreER mice we can deplete 80% of microglia 
within 1 day, but within 7 days the microglia have successfully proliferated to yield full 
repopulation. By treating the mice repeatedly with diphtheria toxin we can maintain a 50% 
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microglial compartment in the CNS. Conversely, using the Rosa26-DTA system in CX3CR1-
CreER mice (instead of expressing the diphtheria receptor the diptheria toxin is expressed 
intracellularly in this mouse) we can deplete 90% of microglia for almost a month. However, in 
this model we observe a repopulation of the CNS by blood-derived macrophages. We can now 
prevent this macrophage repopulation by reducing the rate of microglial cell death, yielding a 
permanent 70% reduction of CNS microglia. We also have a strain in which the TGF-β receptor 
is depleted on macrophages and microglia. Taken together these mouse strains provide a 
platform that enable us to discern a comprehensive understanding of the role of specific myeloid 
cell populations at distinct timepoints during neurodegenerative disease states.  
 
Why use anti-inflammatory macrophage therapy? 
As ALS is characterized by a pathogenic response including the death of motor neurons, due in 
part to the pro-inflammatory action of microglia, it is logical that an anti-inflammatory strategy 
should be of beneficial therapeutic effect. While blockade of specific cytokines using antibodies 
has been a clinical success in Rheumatoid Arthritis and Psoriasis, the specific cytokines driving 
ALS are less evident and thus these strategies are not yet clinically applicable. In addition, there 
is no certainty that antibodies will efficiently access the CNS if administered intravenously. 
General immunosuppressive agents such as corticosteroids are now known to silence not only 
pro-inflammatory immune processes, but also the anti-inflammatory and healing processes, 
which is why this is also not a very efficient therapeutic strategy.  

For cellular therapies there has been much hype and genuine scientific interest in using 
mesenchymal stem cell transfer as an immunosuppressive strategy. However, clinical trials have 
been disappointing, especially due to the conversion of the transferred stem cells into tumor cells 
in vivo. As the stem cells are undifferentiated prior to transfer, there is thus a concern as to what 
happens to the cells post-transfer, both with respect to their survival and to their phenotypic fate. 
Interest in macrophage therapies is increasing (Lee et al, 2016) and our rationale for using 
macrophages is based on the following properties:  
(1) Human macrophages can be easily differentiated from monocytes available from patient 
blood, and we have developed a robust protocol that induces a stable, anti-inflammatory 
phenotype (Mia et al, Scan J Immunology 2014). As terminally differentiated cells, there is no 
chance that the transferred macrophages will become anything other than macrophages once in 
the tissue, making them a safer choice than stem cells. Importantly, in clinical settings blood can 
be repeatedly sampled from patients, so repeated therapeutic treatment is completely feasible. 
(2) Macrophages are motile and using our specific anti-inflammatory–inducing protocol we 
have demonstrated that following adoptive transfer the macrophages migrate towards sites of 
pro-inflammation in the recipient (Parsa et al, Diabetes 2012). 
(3) Despite an already well-established and ongoing pro-inflammatory process that is 
destroying tissue, we have demonstrated the ability of transferred anti-inflammatory 
macrophages to stop this pathogenesis in settings of both Type 1 Diabetes (Parsa et al, Diabetes 
2012) and chronic experimental Multiple Sclerosis (MOG-EAE) (Zhang et al, Glia 2014). 
(4) Other researchers have successfully therapeutically employed our protocol in settings of 
spinal cord injury (Ma et al, 2015) and in wound healing (Riabov et al, 2017 in Press). 
 
My Vision 
Greater understanding of the neurodegenerative mechanisms underlying diseases such as ALS is 
fundamental for development of new therapies. Considering the variability in clinical disease 
courses in human patients, different models of experimental disease states are necessary for 
development of appropriate therapies. My vision is that our immunotherapeutic intervention will 
prove to be effective in both the SOD1 transgenic model as well as our newly developed model 
of neurodegeneration, providing proof-of-concept for translation to the clinic. Our therapeutic 
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paradigm is applicable to a variety of neurodegenerative disease states, and due to the lack of 
current therapies for ALS, clinical translation of this experimental therapy might be more likely 
to be approved for this patient population. We must do this now, because we have the means and 
there is a desperate clinical need. 
 
My Scientific Contributions to the Field that are Relevant to the Current Project 
My lab has been working with models of neuroinflammation for 15 years. We developed a novel 
model of MOG-EAE that most closely mimics human pathology (Abdul-Majid et al, J 
Neuroimmunology 2000) and used this to provide proof-of-concept for vaccination (Wållberg et 
al, Eur J Immunol) and macrophage cell therapy (Wållberg et al, Int Immunology 2005). We 
have characterized many aspects of cellular involvement in the MOG-EAE model, including a 
comparative analysis of T cell subset involvement (Stromnes et al, Nature Medicine 2009). We 
recently demonstrated the requirement for TGF-β in the healing response during chronic MOG-
EAE (Parsa et al, Glia 2016) using gene deleted mice, as well as a novel regulatory function of 
neutrophils in controlling adaptive immune responses (Parsa et al, J Exp Med 2016; Hägglöf et 
al, Nature Immunology 2016). We currently test macrophage therapy in a glioblastoma brain 
tumor model, having also demonstrated that modulation of macrophage activation status reduces 
tumor growth (Georgoudaki et al, Cell Reports 2016).  
 
PROJECT PLAN PART 1. 
Hypothesis 1. 
Reduced ability of microglia to respond to TGF-β contributes to ALS pathogenesis.  
 

   
Method 1. 
We have recently made an additional mouse model, combining depletion of microglia in the 
CNS with depletion of TGF-β signaling in infiltrating macrophages using a chimeric approach 
involving radiation of the recipient mouse (CX3CR1CRExRosa26DTA) followed by bone marrow 
transplantation from a donor animal (CX3CR1CRExTGFbr2fl/fl). The reason we made this chimeric 
mouse was to study the fate of repopulating cells in the CNS and to determine if TGF-β was 
necessary for crossing of the blood brain barrier by macrophages.  

 
Surprisingly, we observed the development of paralysis in these mice that we initially thought 
was reminiscent of experimental Multiple Sclerosis. We have started to characterize the mice 
and have the following preliminary findings: 
 
 
 
 

	   
Wildtype	  microglia	  have	  a	  normal	  
morphology,	  while	  the	  infiltrating	  
TGFβ	  signaling	  deficient	  
macrophages	  in	  microglia	  depleted	  
mice	  have	  a	  morphology	  
associated	  with	  activation. 

Wildtype	  microglia	   Tgfbr2	  deficient	  
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The model thus seems to be ALS-like. The first part of the project will be to fully characterize 
this new model, and to discern if it is a bona fide model of ALS. To accomplish this we will: 
1. Extend the time course of observation past 20 days (the latest time point we have currently 

kept the mice) to see if the paralysis becomes worse and if death ensues. 
2. FACS analyse the CNS (brain and spinal cord) to assess the activation status of microglia 

and astrocytes (e.g. pro-inflammatory/anti-inflammatory associated markers). 
3. Conduct immunohistochemistry of CNS tissues to assess motor neuron transection (APP 

staining) and death, as well as levels of myelination (fluromyelin staining) and eventual 
grade of inflammation (microglia, macrophage and T cell staining). 

4. Assess sensory and motor behavioural functionality (will be conducted in collaboration with 
Doc. Camilla Svensson, KI-FyFa). 

5. Assess physiological muscle function in affected and non-affected limbs (will be conducted 
in collaboration with Prof. Håkan Westerblad, KI-FyFa). 

6. Assess glial activation using micro-PET and the TSPO PET ligand PRB28 (will be 
conducted in collaboration with Prof. Lars Farde, KI-CNS). 
 

Taken together these analyses will serve to give a full physiological, immunological and 
neurological characterization of the novel disease model, and allow us to conclude whether the 
model is a true ALS model or a variant of spinal cord injury. 
 
Expected outcome 1. 
We expect to define a new model of ALS-like neurodegeneration using chimeric and gene-
depleted mice. 
 
Impact 1. 
A range of models of ALS or other forms of neurodegeneration is vital for investigating the 
mechanisms underlying human disease states. Our novel model will be a valuable addition to the 
current portfolio. 
 

Mice	  become	  partially	  paralysed,	  
here	  dragging	  its	  right	  paw.	   
The	  mice	  are	  unable	  to	  grip	  on	  to	  a	  
metal	  bar,	  indicating	  that	  their	  
motor	  function	  is	  abnormal. 
Clinical	  disease	  develops	  after	  two	  
weeks. 

Immunohistochemical	  staining	  
for	  myelin	  reveals	  a	  loss	  of	  
myelin	  in	  the	  CNS	  of	  microglial	  
depleted	  mice	  being	  repopulated	  
by	  TGF-‐β-‐signaling	  deficient	  
macrophages	   
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PROJECT PLAN PART 2. 
Hypothesis 2. 
Anti-inflammatory macrophages can suppress the action of pro-inflammatory microglia and so 
reduce or abrogate ALS pathogenesis. 
 
Method 2. 
We have developed a reproducible and robust protocol for inducing a stable anti-inflammatory 
activation state in macrophages and microglia, based on the combined action of the cytokines IL-
4/IL-10/TGF-β. Bone marrow-derived macrophages will be stimulated in vitro for 24 hours with 
this cytokine cocktail before being used in the following in vitro and in vivo assays: 
 
Microglia-induced motor neuron cell death:  
We will utilize a cell assay in which pro-inflammatory activated microglia from SODG93A 
transgenic mice are incubated with the neuronal cell line SHSY5Y, co-incubation of these 
leading to neuronal cell death. Using a cell culture transwell system (that allows addition of an 
extra cell type without making physical contact but free exchange of soluble mediators) we will 
add anti-inflammatory macrophages into the culture system and assess their ability to prevent 
neuronal cell death.  

In addition, we will co-incubate anti-inflammatory macrophages with single cultures of (a) 
pro-inflammatory (LPS-stimulated) SODG93A microglia, or (b) reactive astrocytes, in order to 
assess the general ability of the anti-inflammatory macrophages to down-regulate the reactivity 
in the microglia and astrocyte cell types. Specific readouts reported to be up-regulated in 
SODG93A microglia (e.g. metalloproteinase 12 and optineurin (Chiu et al 2013)) will be 
investigated. The inclusion of astrocytes in this assay is important as they are also implicated in 
ALS pathogenesis (Levine et al, 1999). 
 
Immunotherapy in experimental ALS models: 
We will employ both the established mouse and rat SOD1 transgenic ALS models, as well as our 
novel disease model, to test the efficacy of cell therapy using anti-inflammatory macrophages. 
Pre-activated macrophages will be injected intrathecally in mice or administered using an 
ExtroducerTM (an arterial catheter delivery system in collaboration with Prof Staffan Holmin, KI-
CNS) in the rat model at different time points prior to, in concert with or post-clinical onset. 1-2 
million macrophages will be administered at 2 weekly intervals for up to a month of total therapy 
duration. Clinical, neurological and immunological assessments of disease course will be made 
using the methods described above. 
 

 
 
 

Pro-‐inflammatory	  (red)	  
microglia kill	  motor	  
neurons. 
The	  addition	  of	  anti-‐
inflammatory 
macrophages	  (blue)	  
silences	  the microglia	  
(now	  green)	  and	  spares	  
the 
neurons. 
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Expected outcome 2. 
In the in vitro cell co-culture system the anti-inflammatory mediators secreted by the 
macrophages are expected to down-regulate the pro-inflammatory activity of the microglia and 
astrocytes, leading to increased survival of the neuronal cell line. 

The disease course of the established ALS models in mice and rats is well documented, 
and we will characterize the disease course in our novel model in the first part of this project. 
The use of anti-inflammatory macrophages is expected to reduce or totally abrogate the clinical 
symptoms and to yield long-term protection of treated animals. 
 
Impact 2. 
The in vitro assay will provide proof-of-principle for the in vivo testing, in turn providing proof-
of-principle and a scientific rationale for further translation into the clinic. 
 
Feasibility 
The first part of the project is a low-risk-high-gain study as we have already established the 
novel disease model, and our efforts could result in definition of new model of 
neurodegeneration of potential impact in understanding ALS pathogenesis. The second part of 
the project, assessment of the immunotherapeutic paradigm, is also a low-risk-high-gain study as 
our therapeutic approach has previously been successful in other experimental pro-inflammatory 
disease settings, and these efforts could indicate a directly translatable experimental therapeutic 
option for ALS patients. The proposed work is built on cutting-edge discoveries from my lab, in 
which I have a competent and proven research team with expertise in all aspects required for its 
successful execution. I have established strong collaborations that greatly increase the feasibility 
of success. 
 
Resources and support 
My lab is based at the Centre for Molecular Medicine (CMM) at Karolinska Hospital, which is 
one of the few truly translational research centres at KI. This provides me with direct access to 
the talents of many of KIs best immunologists, as well as many research groups within my own 
Department of Clinical Neuroscience (KI-CNS). Collaborations within our neurological research 
are already ongoing with a number of research groups, including pain (Camilla Svensson, KI-
FyFa), cognitive dysfunction following surgery (Lars Eriksson, KI-FyFa), brain tumors 
(Karlsson MTC), CNS radiation damage (Klas Blomgren, KI-KBH), neonatal stroke (Ulrika 
Åden, KI-KBH), stroke (Staffan Holmin, KI-CNS), epigenetics (Jagodic, KI-CNS), Multiple 
Sclerosis (Piehl, Olsson KI-CNS), CNS imaging (Farde, Halldin KI-CNS), OCD (Mataix-Cols, 
Serlachius KI-CNS). This integrated network of scientists with common interests greatly 
enhances the effectiveness, quality and scope of my research group. 
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