Neuromuscular Biology and Disease, Spring semester 2014.
Duchenne muscular dystrophy.

Course organizers: Denis Guttridge and Jill Rafael-Fortney

Topic: Interactions between dystrophic muscle and the
Immune system.
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Mechanical signal transduction in muscle.
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Mechanical defect hypothesis

Mutation of dystrophin

Loss of normal dystrophin expression

Mechanical weakening of cell membrane

Membrane lysis

Cell death
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Dystrophin-deficient DMD humans

Clinical onset Progressive pathology
(3 to 4 years of age) (continuous, following initial onset)
> >
Muscle fiber injury Failed regeneration; fibrosis; death by third decade

Dystrophin-deficient mdx mice

Acute onset stage Regenerative stage Progressive stage
(3 to 4 weeks of age) (6 to 12 weeks of age) (1 year and older)
> > >
Muscle fiber injury Successful regeneration Failed regeneration; fibrosis;

death by two years




Healthy muscle.
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Goals for presentation:

* learn the major populations of immune cells
present in dystrophic muscle;

- |learn interactions between immune cells and
dystrophic muscle;

* learn mechanisms that influence inflammatory
cell phenotype;

» |learn relationships between inflammatory cell
phenotype and stages of muscular dystrophy.



Hematopoietic stem cells are the source of multiple cell
lineages that have the potential to affect growth, regeneration
and function of other tissues.
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HSCs are the source of multiple cell lineages that can affect
growth, regeneration and function of other tissues.
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Innate immunity:  Acquired immunity:
» relatively rapid  develops over time
non-specific; pathogen specific
inflammation iImmunological memory

humoral immunity humoral immunity
(complement system) (antibodies);

cellular immunity cellular immunity

(mostly myeloid cells) (mostly lymphocyte mediated)

Soluble mediators
TN (e.g. cytokines;

chemokines)
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Macrophages:

- differentiate from monocytes;

phagocytic;

can lyse other cells via free radicals;

release soluble factors that can regulate the
functions of myeloid cells and lymphoid cells;

can present antigen to lymphocytes
to influence their activation.

release factors that can influence
growth and differentiation of multiple §
cell types.




. Macrophages isolated from 4 wk old

~mdx muscles are highly cytolytic.
{I . (Wehling et al. (2001) J. Cell Biol.)

Image by Dr. James Evans, MIT



Macrophages in 4-wk-old
max muscles are highly cytolytic.

Non-depleted Depleted

In vivo depletions of

macrophages in madx mice

reduces muscle membrane

lysis by more than 70%. (Wehling et al. (2001) J. Cell Biol.)



Villalta et al. (2009)
Human Molecular Genetics




Phenotyping cell populations by flow

cytometry
Assay single sample I
for cells expressing —
two or more markers
Bl Marker 1 -'"‘ ~* 1
- Marker 2 sample labeled flow analysis

Assay two samples for expression of a single marker.

Events

Bl Sample 1 Bl Sample 2

Expression level




Time course of muscle pathology and
macrophage phenotype switching in

muscular dystrophy.

Acute onset stage

(3 to 4 wks of age)

>

Regenerative stage

(6 to 12 wks of age)

>

Progressive stage

(1 year and older)

>

Muscle fiber injury

Successful regeneration

Failed regeneration; fibrosis

M1 macrophages

F4/80+/CD163/CD206

cytolytic
pro-inflammatory
INOShigh
arginase'ow

M2c macrophages
F4/80+/CD163+/CD206*

non-cytolytic
anti-inflammatory
INOS/ow
arginase'ov

M2a macrophages
F4/80+/CD163+/CD206+

non-cytolytic
anti-inflammatory
INOS'ow
arginasenioh




Helper T-cells (T, cells):

- differentiate in thymus;
» rich source of cytokines that influence the
activities of other immune cells;
» |learn to recognize and bind specific antigenic
peptides that affect T-cell function and proliferation;
» can differentiate into:

- effector T-cells

(Th1 or Th2),
* memory T-cells,
* regulatory T-cells.




Cytokine modulation of immune cell functions.

IL-5

CTL Macrophage B-cell Mastcell Eosinophil
activation  activation / growth growth &
deactivation differentiation



Fates of M1 and M2 macrophages.

M1 macrophages
(classical activation)

Th1 cytokines

Pro-inflammatory
Cytolytic (free radicals)

Phagocytic

Acute peak of pathology

M2 macrophages
(alternative activation)

Th2 cytokines 0

IL-4 .’ )
IL-10 ®
IL-13 0 5y CD163+

»

Anti-inflammatory
Tissue repair

Tissue fibrosis

Regenerative and

rogressive stages



Pro-inflammatory pathways in madx macrophages

NO IFN-y “IL-1
ONOO  TNFa

INOS:

» (inducible nitric oxide synthase);

- transcriptionally regulated by
proinflammatory cytokines;

v
induce expression of;

- rapidly generates high
concentrations of nitric oxide (NO);

- can lyse target and bystander

cells. Promote Th1
Cytolysis <— NO —» inflammatory
ONOO response

Macrophage




Ablating INOS expression reduces the pathology
of mdx dystrophy.
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Pro-inflammatory pathways in madx macrophages

NO IL-1
ONOO @

IENy:

* interferon-gamma; 4

- potent Th1 cytokine; Cont. IFNy TNFa TIEI:ICYX
« strong inducer of M1 INOS ]
phenotype; v ‘ e
« gctivates iINOS '/ induces expression of. x Load G sup WS GO

transcription.
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Ablating IFNy-mediated signaling reduces the
pathology of mdx dystrophy.
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What regulates macrophage phenotype
switch in dystrophic muscle?

M1 macrophages
(classical activation)

Th1 cytokines

Pro-inflammatory
Cytolytic (free radicals)

Phagocytic

Acute peak of pathology

R

egenerative and

M2 macrophages
(alternative activation)

Th2 cytokines 0

IL-4 .’ )
IL-10 ® &
IL-13 0  CD163+

O

Anti-inflammatory
Tissue repair

Tissue fibrosis

rogressive stages




Tregs
* regulatory T-cells
* can suppress immune responses
 prevent pathological self-reactivity
« CD4+ / FoxP3+ /CD25+
+ can inhibit interferon-y (IFNy) secretion

« can increase IL-10 and IL-6 secretion.

Bone marrow  Thymus Periphery

Autoimmune

T cell — disease
progenitor Allergy

.. Graft rejection

A Inflammatory
bowel disease

Cancer

Infectious disease

Science (2007) 317: 627-629.



Treg depletion before acute muscle injury shifts
macrophages toward an M1 phenotype.

CD11b

Treg depleted non-depleted

[ ] M1 macrophages

B . (2013) Cell
|:| M2 macrophages e



Can Tregs regulate the immune response
In muscular dystrophy?

* about one-third of the T-cells in mdx muscle are Tregs.
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Can Tregs regulate the immune response in
muscular dystrophy?

* Treg depletion worsens damage of dystrophic muscle.
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Can Tregs regulate the immune response in
muscular dystrophy?

* Treg depletion worsens damage of dystrophic muscle.
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Time course of muscle pathology and
macrophage phenotype switching in
muscular dystrophy.

Acute onset stage Regenerative stage

(3 to 4 wks of age) (6 to 12 wks of age)

> >

Progressive stage

(1 year and older)

>

Muscle fiber injury Successful regeneration

Failed regeneration; fibrosis

M1 macrophages M2c macrophages

F4/80+/CD163/CD206- F4/80+/CD163+*/CD206*
cytolytic non-cytolytic
pro-inflammatory anti-inflammatory
INOShigh INOS'ow

arginase'ow arginase'ow

\/y
Tregs

M2a macrophages
F4/80+/CD163+/CD206+

non-cytolytic
anti-inflammatory
INOS'ow
arginasenioh




Time course of muscle pathology and
macrophage phenotype switching in
muscular dystrophy.

Acute onset stage Regenerative stage Progressive stage
(3 to 4 wks of age) (6 to 12 wks of age) (1 year and older)

> > >
Muscle fiber injury Successful regeneration Failed regeneration; fibrosis
M1 macrophages M2c macrophages M2a macrophages
F4/80+/CD163/CD206- F4/80+/CD163*/CD206+* F4/80+/CD163+/CD206*
cytolytic non-cytolytic non-cytolytic
pro-inflammatory anti-inflammatory anti-inflammatory
INOShigh INOSlow INOS/ow
arginase'ov arginase'ov arginasenioh

~_ ~_
Tregs




Arginine metabolism by macrophages

M1 macrophages M2 macrophages
: L-arginine _
iINOS f ﬁ arginase
v
NO L-ornithine
(and L-citrulline) (and urea)
5 [ ]
Ornithine :
-prol
metabolites L-proline
ONOO- l l
Cytolysis; Cell Collagen
denature organic molecules proliferation synthesis
Th2 inflammatory response
Th1 inflammatory response

Villalta et al., 2009. Human Molecular Genetics.
Wehling-Henricks et al. 2010. PLoS One.




Quadriceps of 24 month old mice.
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Tidball and Wehling-Henricks. Pediatric Res. (2004)




Kyphoscoliosis is a prominent feature of
DMD and madx pathologies.




Dystrophin-deficient hearts display fibrotic lesions.

Dystrophin-deficient

Human Molec. Genetics (2005)

Wild-type

Wehling-Henricks et al.



Arginine metabolism by M2 macrophages increases
fibrosis of dystrophin-deficient muscles and hearts.
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Arginine metabolism by M2 macrophages increases
fibrosis of dystrophin-deficient muscles and hearts.
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Conclusions:

Muscle fiber injury Successful regeneration Failed regeneration; fibrosis
M1 macrophages M2c macrophages M2a macrophages

- the immune system plays a significant role in regulating
the pathology of muscular dystrophy;

» specific subpopulations of macrophages serve distinct
and potentially competitive functions in muscular
dystrophy;

- manipulation of macrophage activation, numbers or
phenotype can affect the course of muscle disease;

 short-term gains achieved by therapeutic interventions
iInto muscle disease may lead to unpredictable and
detrimental long-term effects.




Dystrophin-deficient DMD humans

Clinical onset Progressive pathology
(3 to 4 years of age) (continuous, following initial onset)
> >
Muscle fiber injury Failed regeneration; fibrosis; death by third decade

Can manipulation of the immune response to DMD
Improve the regenerative capacity of muscular
adystrophy patients?

Muscle fiber injury Successful regeneration Failed regeneration; fibrosis;
death by two years
> > >
Acute onset stage Regenerative stage Progressive stage
(3 to 4 weeks of age) (6 to 12 weeks of age) (1 year and older)

Dystrophin-deficient mdx mice




