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Metachromatic leukodystrophy (MLD) is a lysosomal storage disease resulting from a deficiency of
arylsulfatase A causing an accumulation of cerebroside sulfate, a lipid normally abundant in myelin.
Sulfatide accumulation is associated with progressive demyelination and a clinical presentation in

. severe disease forms that is dominated by motor manifestations. Cerebral inflammation may contribute

. tothe pathophysiology of MLD. To date, cytokine levels in the cerebral spinal fluid of MLD patients

. have not previously been reported. The objective of this study was to evaluate the concentration of
inflammatory cytokines in the CSF of patients with MLD and to compare these levels to unaffected
controls. Of 22 cytokines evaluated, we documented significant elevations of MCP-1, IL-1Ra, IL-8,
MIP-1b and VEGF in the MLD patients compared to unaffected controls. The elevated cytokines
identified in this study may play a significant role in the pathophysiology of MLD. Better understanding
of the inflammatory and neurodegenerative process of MLD may lead to improved targeted therapies.

Metachromatic leukodystrophy (MLD) is an autosomal recessive lysosomal storage disease caused by a deficiency
. ofarylsulfatase A, alysosomal enzyme required for the degradation of cerebroside sulfate, a membrane lipid nor-
. mally abundant in myelin'. The resultant lipid accumulation is associated with progressive central and peripheral
. nervous demyelination. In the severest disease forms, MLD has an estimated birth prevalence of 1.4-1.8 per
©100,000%*. The disease is classically stratified into 3 forms, depending on the age of symptom onset: late infantile
: MLD (<3 years), juvenile (3-16 years), and adult (>16). The most common phenotype is late infantile MLD,
© which is associated with a clinical presentation that is dominated by motor manifestations, including weakness,
muscle wasting, muscle rigidity, and gait disturbance®. Patients with late-infantile and early juvenile disease typi-
cally demonstrate rapid disease progression and death within several years of onset. Hematopoietic cell transplant
. (HCT) has been shown to slow the disease and appears beneficial in pre-symptomatic juvenile and adult MLD
© patients, but remains ineffective for the late infantile form®3. Alternative therapies under exploration include
enzyme replacement and gene therapy’.
In vitro and mouse model experiments have shown inflammatory reactions within the central nervous sys-
: tem, including microglial activation, astrogliosis, recruitment of peripheral macrophages, and the secretion of
© pro-inflammatory cytokines to be hallmarks of several lysosomal storage diseases!’. Specifically, in vitro sulfatide
* loading triggers the synthesis and secretion of inflammatory cytokines including TNF-a, IL-1b and IL-8'"!2,
. These cytokines are thought to amplify tissue damage associated with MLD2 To date, however, in vivo cytokine
. levels in patients affected by MLD have not been reported. Here, for this first time, we describe inflammatory
. cytokine levels in the cerebrospinal fluid and plasma of untreated MLD patients and compare them to healthy
controls.
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1 LI 2.3 F <1% of normal 4 abnormal yes
2 Ly 11.1 F 1.9 3 abnormal yes
3 Adult 424 M “10% of normal” “elevated” abnormal yes
4 Adult 442 F 21.8 6.6 abnormal yes
5 Adult 425 F “low” 6.6 abnormal yes
6 EJ 5.8 F 8.8 5.9 abnormal yes
7 L] 19.6 M 4.1 “excessive” abnormal yes
8 EJ 4.5 M “abnormally low* “great excess” abnormal yes

Table 1. MLD patient characteristics. ARSA and urine sulfatide values or comments were taken from the
official diagnostic laboratory report. MLD subtypes: late infantile (LI), late juvenile (L]), early juvenile (EJ), late
juvenile (LJ).

MCP-1 987.3 (505.0-1964.0) 330.7 (153.9-632.6) 0.0002 108.1 (13.0-601.8) 77.5 (52.7-113.9)*
IL-8 71.7 (26.3-125) 13.9 (7.3-24.1) <0.0001 4.4(1.2-12.2) 1.35(0.6-2.8)*
VEGF 1.7 (0.0-4.7) 0.0 (0.0-0.0) 0.001 23.8 (4.8-122.5) 28.9 (14.5-57.5)*
MIP-1b 15.1(0.0-33.7) 1.7 (0.0-15.6) 0.003 n.d. n.d.

IL-1Ra 51.7 (0.0-136.0) 7.4 (0.0-76.4) 0.009 1282 (161.3-7285.0) 169.2 (134.7-203.6)"

Table 2. CSF and plasma cytokine values. Shown are geometric mean and range for each cytokine. ‘Represents
data from women aged 18-55 years (geometric mean and 1 standard deviation) reported by Berrahmoune

et al.’®. TRepresents data from Group age 7-17 years (median and interquartile range) reported by Kleiner

et al.'®. P-values are derived from a Student’s t-test. Abbreviations: n.d., not done.

Results

We analyzed cytokine levels from of CSF and plasma from 8 MLD patients displayed in Table 1. All patients had
confirmed MLD with low arylsulfatase A (ARSA) activity and elevated urine sulfatide excretion. All patients had
abnormal MRI scans and displayed motor symptoms at the time of evaluation.

We found significantly elevated levels of the following cytokines in the CSF of MLD patients compared to con-
trols as shown in Table 2: MCP-1 at 1006 = 264 pg/mL vs 330 4= 29 pg/mL (p =0.0005), IL-1Ra at 51.7 4+ 19.7 pg/mL
vs. 7.4+ 5.6 pg/mL (p = 0.009), IL-8 at 79.3 £ 12.3 pg/mL vs. 13.9 £ 1.3 pg/mL (p < 0.0001), MIP-1b at
15.14+ 5.8 pg/mL vs. 1.7+ 1.2 pg/mL (p = 0.003), and VEGF at 1.7 & 0.4 pg/mL vs. undetectable (p = 0.001). No
other cytokines differed significantly between MLD patients and controls (data not shown). Plasma values for
MLD patients are also shown in Table 2. While our control CSF samples have been validated in the past'>', we
lacked sufficient control plasma samples in our biorepository. Therefore, the control plasma data in Table 2 shows
previously published values from healthy individuals. Berrahmoune et al. measured IL-8, MCP-1 and VEGF
levels in 304 healthy children (age 4-17 years) and 540 adults (age 18-55 years)'*. Kleiner et al. measured serum
IL-1Ra (amongst other factors) in 7 children (age 1-6 years), 30 adolescents (7-17 years) and 35 adults (>18
years)'®. Using this previously reported data as reference values, the plasma of the MLD patients showed higher
levels of cytokines up to 3.3-fold in the case of IL-8 and 7.6-fold in the case of IL-1Ra.

To learn if cytokines in the CSF correlated to levels in the plasma we analyzed samples that were collected at
the same time in five MLD patients (non-synchronous sample were excluded). The only cytokine that showed
a significant correlation between CSF and plasma levels was MCP-1 (Fig. 1, R?=10.80, p=0.04). Finally, we
obtained serial plasma samples from one MLD patient prior to HCT and at 100 days post HCT. Figure 2 indicates
that MCP-1, IL-1Ra, IL-8 and MIP-1b were found to be elevated in the plasma prior to HCT, but had decreased
by 100 days after HCT. This was not true for VEGF, which was higher 100 days after HCT. While these data are
from a single patient, one could speculate that HCT may have led to (partial) attenuation of an inflammatory
MLD disease process.

Discussion

MCP-1, IL-1Ra, IL-8, MIP-1b and VEGF were found to be elevated in the CSF and plasma of patients with MLD
compared to controls. Each of the cytokines elevated in our study has different physiological roles and they may
be contributing to the pathology of MLD in different ways.

In mouse models of multiple sulfatase deficiency, sulfatide accumulation is associated with increased brain
mRNA expression of TNF-a, IL-12 and MIP-1a'”. In addition, Constantin and Laudanna et al. showed exogenous
sulfatides incite production of IL-8, IL-1b and TNF-alpha in cultured human monocytes!'"'2, Consistent with this
finding, we found that IL-8 was significantly higher (approximately 6-fold) in the CSF of patients with MLD. IL-8
is a chemotactic cytokine (i.e. chemokine) capable of activating leukocytes (predominantly neutrophils) after
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Figure 1. Pearson correlation analysis of CSF and plasma MCP-1 levels in MLD patients. Plasma and CSF
samples were drawn at the same time prior to measurement.
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Figure 2. Plasma cytokine profile in one MLD patient prior to HCT and 100 days post HCT.

guiding them to sites of inflammation'. When activated, neutrophils release phagolysosomal enzymes as well as
superoxide and H,0,, commonly implicated in causing cellular damage®®.

IL-1Ra is one of three proteins encoded by the IL-1 complex and an IL-1 receptor antagonist. IL-1Ra is
typically elevated in inflammatory states and is able to cross the blood-brain-barrier (BBB)?. IL-1Ra has been
demonstrated to protect neurons from cell death in models of neurodegeneration?'. Given the elevated levels of
IL-1Ra, we can hypothesize the perhaps it is serving as an anti-inflammatory counter-measure in attempt to pre-
serve neurons and glial cells from further damage?.

MCP-1 is a central chemokine that recruits monocytes/macrophages to areas of inflammation®. A prior
murine study used trimethyltin to chemically induce neuronal damage and gliosis (without disruption of the BBB)
and determine the pro-inflammatory cytokine signature in response to neuronal damage. The authors found a
significant increase in microglial MCP-1 mRNA as early as 2 days post injection, while other pro-inflammatory
cytokines were not elevated until 21 days post injection?. This suggests that MCP-1 elevation may be an early
marker of neuronal damage response in MLD. MCP-1 has also been shown to stimulate the release of lysosomal
enzymes and respiratory burst in monocytes. This results in the production of reactive oxygen intermediates that
can damage surrounding healthy tissue including myelin’. High levels of astrocyte-derived MCP-1 have also been
identified in the demyelinated lesions of multiple sclerosis, while being absent in normal white matter?. Our
finding that CSF and plasma levels of MCP-1 are correlative suggests that a global inflammatory process coexists
with a neuroinflammatory one.

Recently, mouse studies have shed light on the importance of inflammation in the pathophysiology of MLD.
A study in a non-demyelinating MLD model revealed that extensive microgliosis and increased MIP-1a were
present by 24 months of age?. This was in contrast to the demyelinating model which showed significant eleva-
tions in many inflammatory cytokines (MIP-1a, MIP-1b, IL-9, MCP-1, etc) as early as 10 months of age®. It was
also shown that the onset of demyelination was preceded by an elevation of MIP-1a followed by upregulation of
MIP-1b, MCP-1 and other cytokines?. Furthermore, treatment of severe phenotype MLD mice with simvasta-
tin reduced CNS neuroinflammation as evidenced by decreased T-cell infiltration and normalization of levels
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of MIP-1a. This translated to functional improvement and decreased spinal cord demyelination?. We detected
elevations of MIP-1b, but not MIP-1a (data not shown) which may represent a fundamental difference in murine
and human MLD pathophysiology and should be explored further.

Inflammation also plays a pathophysiologic role in globoid cell leukodystrophy (GLD), a severe lysosomal
storage disease resulting from insufficient galactosylceramide 3-galactosidase activity. In a mouse model of GLD,
astrocytes and microglial cells expressed elevated levels of MCP-1, MIP-1a and MIP-1b that were attenuated
following bone marrow transplant?. In mice that had the greatest survival following BMT, expression of MCP-1
and MIP-1b was not detectable?”. These findings support the idea that HCT plays a role in disease attenuation
through mediation of inflammation which is consistent with our findings of plasma cytokine attenuation in one
MLD patient prior to and following HCT (Fig. 2).

The BBB has remained an obstacle for effective therapy for lysosomal storage diseases in general?®. VEGEF,
typically recognized as a potent angiogenic factor, has been shown to disrupt the BBB?. It has been shown that
VEGEF given intravenously to GLD mice at birth can increase the BBB permeability within 2 hours, an effect
that persisted at least 24 hours®. Furthermore, when VEGF was given before non-ablative HCT without enzyme
replacement therapy, the life span of mice with GLD was significantly increased®. It is interesting to speculate
that the elevations of VEGF we find in MLD CSF and plasma may be contributing to the success of HCT to slow
the disease process by allowing neurotropic marrow-derived cells to populate brain parenchyma without the
interference of an intact BBB>®.

This is the first study to report CSF cytokines in patients with MLD. We determined there were significantly
elevated levels of MCP-1, IL-1Ra, IL-8, MIP-1b and VEGF. These cytokines are likely playing a significant role
in the pathophysiology of MLD and may result both from sulfatide accumulation or ongoing neuronal dam-
age. Understanding the inflammatory pathways associated with MLD may provide insight for improving disease
outcomes.

Materials and Methods

Participants. Patients with MLD (n=1 infantile, n =4 juvenile, n = 3 adult MLD median age of 15.4 years)
underwent lumbar puncture and/or had a blood sample drawn prior to HCT at the University of Minnesota.
All patients exhibited abnormally low leukocyte arylsulfatase-A activity and increased urine sulfatide excretion.
Control CSF samples were obtained from children (n = 13, median age of 7.4 years) undergoing intrathecal main-
tenance chemotherapy for a prior diagnosis of acute lymphoblastic leukemia (ALL). All controls were at least 3
months into maintenance therapy and without evidence of central nervous system (CNS) leukemia. The risk of
attaining CSF from “healthy children” established the ALL patients as the most appropriate control group availa-
ble and has been previously published by our group and others'>!*. This study and the use of all biologic samples
were approved by the Committee on the Use of Human Subjects in Research at the University of Minnesota.
Methods were carried out in accordance with the approved guidelines. Informed written consent was obtained
for all patient samples from the parents or guardians on behalf of the child participants. Patient written assent was
also obtained if patients were greater than 8 years of age.

Cytokine Measurements. CSF samples were evaluated using the 22-plex, human panel A (R&D Systems,
Minneapolis, MN), measured with the Luminex system (Luminex, Austin, TX), and analyzed by Bioplex software
(BioRad, Hercules, CA). This panel includes: epithelial cell-derived neutrophil-activating peptide-78 (ENA-78),
basic fibroblast growth factor (bFGF), granulocyte-colony stimulating factor (G-CSF), granulocyte macrophage
colony-stimulating factor (GM-CSF), interferon gamma (IFN-gamma), interleukin (IL)-alpha (IL-1a), IL-1beta
(IL-1b), IL-1 receptor antagonist (IL-1Ra), IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-17, monocyte chemotactic pro-
tein 1 (MCP-1), macrophage inflammatory protein (MIP)-1alpha, MIP-1beta, regulated on activation, normal T
expressed and secreted (RANTES) protein, tumor necrosis factor-alpha (TNF-alpha), thrombopoietin (TPO),
and vascular endothelial growth factor (VEGF). For each MLD patient and control, samples were analyzed in
duplicate and the average value was used for analysis. Plasma samples underwent a targeted analysis for MCP-1,
IL-8, VEGF, MIP-1b and IL-1Ra.

Statistical methods. Means for the MLD and control groups were each calculated and compared with a
two-tailed Student’s t-test. Pearson correlation coefficient was calculated between CSF and plasma cytokine levels.

References
1. Kolodny, E. H. Metachromatic leukodystrophy and multiple sulfatase deficiency: sulfatide lipidosis. In: Scriver, C. R., B, A., Sly, W.S.
& Valle, D. eds. Metabolic basis of inherited disease 6th ed. Vol. 2, New York: McGraw-Hill, 1989, 1721-50.
. Pinto, R. et al. Prevalence of lysosomal storage diseases in Portugal. Eur ] Hum Genet 12, 87-92, doi: 10.1038/sj.ejhg.5201044 (2004).
. Poorthuis, B. . et al. The frequency of lysosomal storage diseases in The Netherlands. Hum Genet 105, 151-156 (1999).
. Aicardi, J. The inherited leukodystrophies: a clinical overview. J Inherit Metab Dis 16, 733-743 (1993).
Biffi, A., Lucchini, G., Rovelli, A. & Sessa, M. Metachromatic leukodystrophy: an overview of current and prospective treatments.
Bone Marrow Transplant 42 Suppl 2, S2-6, doi: 10.1038/bmt.2008.275 (2008).
6. Solders, M. et al. Hematopoietic SCT: a useful treatment for late metachromatic leukodystrophy. Bone Marrow Transplant 49,
1046-1051, doi: 10.1038/bmt.2014.93 (2014).
7. Furie, M. B. & Randolph, G. J. Chemokines and tissue injury. Am J Pathol 146, 1287-1301 (1995).
8. Boucher, A. A. et al. Long-term outcomes after allogeneic hematopoietic stem cell transplantation for metachromatic
leukodystrophy: the largest single-institution cohort report. Orphanet ] Rare Dis 10, 94, doi: 10.1186/5s13023-015-0313-y (2015).
9. Gieselmann, V. Metachromatic leukodystrophy: genetics, pathogenesis and therapeutic options. Acta Paediatr Suppl 97, 15-21, doi:
10.1111/j.1651-2227.2008.00648.x (2008).
10. Gieselmann, V. in Fabry Disease: Perspectives from 5 Years of FOS (eds Mehta, A., Beck, M. & Sunder-Plassmann, G.) (2006).
11. Constantin, G., Laudanna, C., Baron, P. & Berton, G. Sulfatides trigger cytokine gene expression and secretion in human monocytes.
FEBS Lett 350, 66-70 (1994).

SN SN

SCIENTIFIC REPORTS | 6:24579 | DOI: 10.1038/srep24579 4



www.nature.com/scientificreports/

12. Laudanna, C. et al. Sulfatides trigger increase of cytosolic free calcium and enhanced expression of tumor necrosis factor-alpha and
interleukin-8 mRNA in human neutrophils. Evidence for a role of L-selectin as a signaling molecule. ] Biol Chem 269, 4021-4026
(1994).

13. Thibert, K. A. et al. Cerebrospinal fluid matrix metalloproteinases are elevated in cerebral adrenoleukodystrophy and correlate with
MRI severity and neurologic dysfunction. PLos One 7, €50430, doi: 10.1371/journal.pone.0050430 (2012).

14. Lund, T. C. et al. Elevated cerebral spinal fluid cytokine levels in boys with cerebral adrenoleukodystrophy correlates with MRI
severity. PLos One 7, 32218, doi: 10.1371/journal.pone.0032218 (2012).

15. Berrahmoune, H., Lamont, J. V., Herbeth, B., FitzGerald, P. S. & Visvikis-Siest, S. Biological determinants of and reference values for
plasma interleukin-8, monocyte chemoattractant protein-1, epidermal growth factor, and vascular endothelial growth factor:
Results from the STANISLAS cohort. Clin Chem 52, 504-510, doi: 10.1373/clinchem.2005.055798 (2006).

16. Kleiner, G., Marcuzzi, A., Zanin, V., Monasta, L. & Zauli, G. Cytokine levels in the serum of healthy subjects. Mediators Inflamm
2013, 434010, doi: 10.1155/2013/434010 (2013).

17. Settembre, C. et al. Systemic inflammation and neurodegeneration in a mouse model of multiple sulfatase deficiency. Proc Natl Acad
Sci USA 104, 4506-4511, doi: 10.1073/pnas.0700382104 (2007).

18. Harada, A. et al. Essential involvement of interleukin-8 (IL-8) in acute inflammation. J Leukoc Biol 56, 559-564 (1994).

19. Walz, A, Peveri, P., Aschauer, H. & Baggiolini, M. Purification and amino acid sequencing of NAE a novel neutrophil-activating
factor produced by monocytes. Biochem Biophys Res Commun 149, 755-761 (1987).

20. Gutierrez, E. G., Banks, W. A. & Kastin, A. J. Blood-borne interleukin-1 receptor antagonist crosses the blood-brain barrier. J
Neuroimmunol 55, 153-160 (1994).

21. Allan, S. M. The role of pro- and antiinflammatory cytokines in neurodegeneration. Ann N'Y Acad Sci 917, 84-93 (2000).

22. Arend, W. P. The balance between IL-1 and IL-1Ra in disease. Cytokine Growth Factor Rev 13, 323-340 (2002).

23. Deshmane, S. L., Kremlev, S., Amini, S. & Sawaya, B. E. Monocyte chemoattractant protein-1 (MCP-1): an overview. ] Interferon
Cytokine Res 29, 313-326, doi: 10.1089/jir.2008.0027 (2009).

24. Little, A. R, Benkovic, S. A., Miller, D. B. & O’Callaghan, J. P. Chemically induced neuronal damage and gliosis: enhanced expression
of the proinflammatory chemokine, monocyte chemoattractant protein (MCP)-1, without a corresponding increase in
proinflammatory cytokines(1). Neuroscience 115, 307-320 (2002).

25. Van Der Voorn, P. et al. Expression of MCP-1 by reactive astrocytes in demyelinating multiple sclerosis lesions. Am J Pathol 154,
45-51, doi: 10.1016/50002-9440(10)65249-2 (1999).

26. Stein, A., Stroobants, S., Gieselmann, V., D’Hooge, R. & Matzner, U. Anti-inflammatory Therapy With Simvastatin Improves
Neuroinflammation and CNS Function in a Mouse Model of Metachromatic Leukodystrophy. Mol Ther 23, 1160-1168, doi:
10.1038/mt.2015.69 (2015).

27. Wu, Y. P. et al. Expression of immune-related molecules is downregulated in twitcher mice following bone marrow transplantation.
J Neuropathol Exp Neurol 60, 1062-1074 (2001).

28. Sands, M. S. A Hitchhiker’s guide to the blood-brain barrier: in trans delivery of a therapeutic enzyme. Mol Ther 22, 483-484, doi:
10.1038/mt.2014.12 (2014).

29. Young, P. P, Fantz, C. R. & Sands, M. S. VEGF disrupts the neonatal blood-brain barrier and increases life span after non-ablative
BMT in a murine model of congenital neurodegeneration caused by a lysosomal enzyme deficiency. Exp Neurol 188, 104-114, doi:
10.1016/j.expneurol.2004.03.007 (2004).

Acknowledgements
Research was supported in part by the Children’s Cancer Research Fund. We acknowledge the University of
Minnesota Cytokine Reference Laboratory for their assistance.

Author Contributions

K.A.T. wrote the manuscript, G.V.R. oversaw data collection and editing, J.T. provided study conception and
manuscript editing, W.P.M. oversaw data collection and editing, P.J.O. provided study conception and manuscript
editing, T.C.L. performed experiments and assisted on writing the manuscript.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Thibert, K. A. et al. Cerebral Spinal Fluid levels of Cytokines are elevated in Patients
with Metachromatic Leukodystrophy. Sci. Rep. 6,24579; doi: 10.1038/srep24579 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

TEE o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFICREPORTS | 6:24579 | DOI: 10.1038/srep24579 5


http://creativecommons.org/licenses/by/4.0/

	Cerebral Spinal Fluid levels of Cytokines are elevated in Patients with Metachromatic Leukodystrophy
	Introduction
	Results
	Discussion
	Materials and Methods
	Participants
	Cytokine Measurements
	Statistical methods

	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                Cerebral Spinal Fluid levels of Cytokines are elevated in Patients with Metachromatic Leukodystrophy
            
         
          
             
                srep ,  (2016). doi:10.1038/srep24579
            
         
          
             
                Kathryn A. Thibert
                Gerald V. Raymond
                Jakub Tolar
                Weston P. Miller
                Paul J. Orchard
                Troy C. Lund
            
         
          doi:10.1038/srep24579
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep24579
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep24579
            
         
      
       
          
          
          
             
                doi:10.1038/srep24579
            
         
          
             
                srep ,  (2016). doi:10.1038/srep24579
            
         
          
          
      
       
       
          True
      
   




