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27Interleukin-33 (IL-33) is a member of the interleukin-1 cytokine family and highly expressed in the naïve
28mouse brain and spinal cord. Despite the fact that IL-33 is known to be inducible by various inflammatory
29stimuli, its cellular localization in the central nervous system and role in pathological conditions is con-
30troversial. Administration of recombinant IL-33 has been shown to attenuate experimental autoimmune
31encephalomyelitis progression in one study, yet contradictory reports also exist.
32Here we investigated for the first time the pattern of IL-33 expression in the contused mouse spinal
33cord and demonstrated that after spinal cord injury (SCI) IL-33 was up-regulated and exhibited a nuclear
34localization predominantly in astrocytes. Importantly, we found that treatment with recombinant IL-33
35alleviated secondary damage by significantly decreasing tissue loss, demyelination and astrogliosis in the
36contused mouse spinal cord, resulting in dramatically improved functional recovery. We identified both
37central and peripheral mechanisms of IL-33 action. In spinal cord, IL-33 treatment reduced the expression
38of pro-inflammatory tumor necrosis factor-alpha and promoted the activation of anti-inflammatory
39arginase-1 positive M2 microglia/macrophages, which chronically persisted in the injured spinal cord
40for up to at least 42 days after the treatment. In addition, IL-33 treatment showed a tendency towards
41reduced T-cell infiltration into the spinal cord. In the periphery, IL-33 treatment induced a shift towards
42the Th2 type cytokine profile and reduced the percentage and absolute number of cytotoxic, tumor necro-
43sis factor-alpha expressing CD4+ cells in the spleen. Additionally, IL-33 treatment increased expression of
44T-regulatory cell marker FoxP3 and reduced expression of M1 marker iNOS in the spleen. Taken together,
45these results provide the first evidence that IL-33 administration is beneficial after CNS trauma. Treat-
46ment with IL33 may offer a novel therapeutic strategy for patients with acute contusion SCI.
47� 2014 Published by Elsevier Inc.
48
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52 1. Introduction

53 Primary damage after spinal cord injury (SCI) is followed by a
54 wave of secondary inflammatory, apoptotic and degenerative

55changes that greatly increase neurological deficits and complicate
56the restoration of spinal cord functions (Tator, 1995; Kwon et al.,
572004; Rowland et al., 2008; Oyinbo, 2011; Oudega, 2013). Numer-
58ous cell types participate in a highly complex inflammatory
59response after SCI. Although inflammatory cells are known to pro-
60mote the secondary damage via generation of reactive oxygen spe-
61cies and release of pro-inflammatory mediators, immune cells
62residing in or invading the spinal cord also participate in clearance
63of cellular debris and promote regeneration by secreting growth
64factors and protective cytokines. Despite the controversial role of
65inflammation in SCI, it is apparent that uncontrolled immune
66response can damage healthy tissue and aggravate the injury
67and, therefore, tight regulation is required to maximize functional
68recovery (Kwon et al., 2004; Rossignol et al., 2007; Rowland et al.,
692008; Donnelly and Popovich, 2008; David et al., 2012). Because a
70growing amount of evidence indicates the dual role of immune
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71 response in neurodegenerative disorders, including SCI, novel
72 approaches to modulate the immune system towards an
73 anti-inflammatory and regeneration-supporting mode have been
74 suggested as potential therapies (Amor et al., 2013).
75 Macrophages are central players in the innate immune response
76 following injury to the central nervous system (CNS) (David and
77 Kroner, 2011). Exposure of macrophages to type 1 helper T cell
78 (Th1) cytokines, such as interferon gamma (IFN-c) and tumor
79 necrosis factor alpha (TNF-a), leads to their polarization to the
80 M1 subpopulation (the classical pro-inflammatory macrophages),
81 which is associated with cytotoxic processes and correlates with
82 the severity of the disease progression and tissue damage in SCI.
83 In contrast, the ‘‘alternatively activated’’ M2 macrophages are
84 induced by type 2 helper T cell (Th2) cytokines such as interleukin
85 (IL)-4, IL-10 and IL-13. M2 cells demonstrate anti-inflammatory
86 activities, scavenge debris, promote angiogenesis and are involved
87 in tissue remodeling and repair (Gordon, 2003; Mantovani et al.,
88 2004; Schwartz and Yoles, 2006; Kigerl et al., 2009; David and
89 Kroner, 2011; Cassetta et al., 2011; Shechter and Schwartz,
90 2013). Unfortunately, the microenvironment of the injured spinal
91 cord favors M1 polarization and the appearance of M2 cells
92 remains transient (Kigerl et al., 2009; Schwartz, 2010; David and
93 Kroner, 2011; Shin et al., 2013). Therefore, the polarization of
94 microglia/macrophages to the M2 state may be desirable in situ
95 in the injured spinal cord (David and Kroner, 2011; Guerrero
96 et al., 2012; Jiang et al., 2012b).
97 IL-33 is a member of the IL-1 cytokine family (Schmitz et al.,
98 2005). It is described as a cytokine with two different functions:
99 it acts as an intracellular regulator of gene expression (Carriere

100 et al., 2007; Ali et al., 2011) and as an alarm mediator when
101 released from damaged cells (Cayrol and Girard, 2009; Lamkanfi
102 and Dixit, 2009; Lüthi et al., 2009). Nuclear IL-33 can interact
103 with the transcription factor nuclear factor kappa-B (NF-jB)
104 and dampen its activity in non–IL-33 receptor mediated fashion
105 (Carriere et al., 2007; Ali et al., 2011), whereas extracellular IL-
106 33 binds to its receptor consisting of a heterodimer between
107 ST2 and IL-1 receptor accessory protein (IL-1RAcP) (Ali et al.,
108 2007; Chackerian et al., 2007; Liew et al., 2010; Liu et al.,
109 2013). The IL-33 receptor is expressed on a broad range of
110 immune cells, including Th2 cells and macrophages, and can pro-
111 mote Th2 cell expansion and shift the macrophage polarization
112 from M1 to M2 (Xu et al., 1998; Schmitz et al., 2005;
113 Kurowska-Stolarska et al., 2009; Miller et al., 2010). Therefore,
114 increased systemic levels of IL-33 may have a dual function, as
115 its intracellular form can suppress NF-jB-mediated inflammation
116 and its extracellular form stimulates adaptive and innate immune
117 cells in order to clear the initial trigger and repair damaged
118 tissues (Sattler et al., 2013).
119 IL-33 has been reported to be highly expressed in the naïve
120 mouse brain and spinal cord (Schmitz et al., 2005), and to be up-
121 regulated by inflammatory stimuli (Hudson et al., 2008; Yasuoka
122 et al., 2011; Christophi et al., 2012; Jiang et al., 2012a; Li et al.,
123 2012; Zhao et al., 2013). However, in pathological conditions, the
124 cellular localization of IL-33 in the CNS remains controversial and
125 has been studied only in experimental autoimmune encephalomy-
126 elitis (EAE) (Yasuoka et al., 2011) and bone cancer-induced pain
127 (Zhao et al., 2013) models.
128 Here we show that following SCI, IL-33 is up-regulated and
129 expressed predominantly in spinal cord astrocytes. Administration
130 of recombinant IL-33 in the acute phase of SCI modulated both
131 local and systemic inflammation, resulting in long-term existence
132 of anti-inflammatory M2 microglia/macrophages in the injured
133 spinal cord and leading to reduction of secondary damage and
134 improvement of functional recovery. Therefore, administration of
135 IL-33 may serve as a treatment of patients with acute contusion
136 SCI.

1372. Materials and methods

1382.1. Animals and surgical procedure

139Female 10–12 week old C57BL/6J mice were obtained from the
140National Laboratory Animal Centre, University of Eastern Finland.
141The mice were housed in groups of three in cages under 12-h
142light/dark cycle with water and standard rodent chow provided
143ad libitum. Additional water and powdered food was made avail-
144able for the first 7 days after SCI. The experimental procedures
145were approved by the Animal Experiment Committee in State Pro-
146vincial Office of Southern Finland and conducted according to the
147national regulation of the usage and welfare of laboratory animals.
148The mice were anesthetized with 5% isoflurane in 30% O2/70%
149N2O and maintained in surgical depth anesthesia with 1–1.5% iso-
150flurane delivered through a nose mask during the operation. For
151the surgery the mice were placed on a controlled heating blanket
152to maintain body temperature at a constant level of 37 ± 1 �C. A
153clinically relevant moderate contusion SCI (60 kDynes force) was
154performed at T10 level using an Infinite Horizons Impactor (Preci-
155sion Scientific Instrumentation, Lexington, KY) as described in
156Pomeshchik et al. (2014). The model was chosen as it results in
157bilateral injury and paralysis, and is also optimal for conclusive
158evaluation of therapeutic treatments. The mice were kept on
15937 �C heating pads for three days after surgery. Analgesia was pro-
160vided with buprenorfine (Temgesic�, Schering-Plough, Belgium)
1610.1 mg/kg injected subcutaneously 30 min before surgery and then
162same dosage every 12 h for 3 days. The bladder was manually
163expressed two times daily for approximately 2 weeks until mice
164were able to regain normal bladder function. Mice that underwent
165laminectomy without impact served as sham controls.

1662.2. IL-33 treatment

167Before intraperitoneal administration, recombinant mouse IL-33
168(Mouse IL-33 protein, Biorbyt, San Francisco, CA) was diluted in
1690.0025% bovine serum albumin (BSA) in sterile PBS to 5 lg/ml con-
170centration. The mice were randomly divided into IL-33 and vehicle
171groups. In IL-33 treatment group mice received 1 lg of IL-33 imme-
172diately after wound closing, followed by 1 lg at 3 days post injury
173(dpi) and 0.5 lg at 7 and 10 dpi. The dosing was based on a previous
174mouse study of atherosclerosis (Miller et al., 2008). Control and
175sham mice were injected similarly with 0.0025% BSA in PBS.

1762.3. Functional assessment

177Hindlimb motor function recovery was assessed using the Basso
178Mouse Scale (BMS) (Basso et al., 2006) by two raters blinded to the
179experimental groups. Each mouse was observed separately for
1804 min per session and BMS scores for the right and left hindlimbs
181were recorded. For further data processing averages of the BMS
182scores for right and left hindlimbs were used. The BMS is a sensi-
183tive, valid and reliable scale allowing assessing the degree of
184hind-limb functional recovery after SCI. The scale ranges from 0
185(no ankle movement) to 9 (complete functional recovery) points
186and includes the assessment of ankle movement, plantar place-
187ment, weight support, stepping, coordination, paw position and
188trunk stability. Motor function was assessed 24 h after injury,
189and then weekly for 42 days. The mice with a BMS score higher
190than one at 24 h after injury were excluded from future evaluation.

1912.4. Blood collection and processing

192Blood was collected from the heart and tail vein 24 h after SCI
193and mixed with 3.8% trisodium citrate (1:10) as anticoagulant.
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