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Abstract 

Experimental autoimmune encephalomyelitis (EAE) mice were administered with murine 

anti-CD52 antibody to investigate its therapeutic effect and whether the treatment modulates 

IL-33 and ST2 expression. EAE severity and central nervous system (CNS) inflammation 

were reduced following the treatment, which was accompanied by peripheral T and B 

lymphocyte depletion and reduced production of various cytokines including IL-33, while 

sST2 was increased. In spinal cords of EAE mice, while the number of IL-33+ cells remained 

unchanged, the extracellular level of IL-33 protein was significantly reduced in anti-CD52 

antibody treated mice compared with controls. Furthermore the number of ST2+ cells in the 

spinal cord of treated EAE mice was downregulated due to decreased inflammation and 

immune cell infiltration in the CNS. These results suggest that treatment with anti-CD52 

antibody differentially alters expression of IL-33 and ST2, both systemically and within the 

CNS, which may indicate IL-33/ST2 axis is involved in the action of the antibody in 

inhibiting EAE. 
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1. Introduction 

Multiple sclerosis (MS) is an autoimmune inflammatory disease of the central nervous 

system (CNS) and one of the leading causes of neurological disability in young adults, 

affecting around 2.5 million people worldwide (Pugliatti et al., 2002). While prevalence rates 

vary, particularly high levels are observed in North America (around 100 per 100,000 

population) and the UK (200 per 100,000) (Mackenzie et al., 2014). A recent study suggested 

annual costs to the UK of approximately £2.3 billion (Fineberg et al., 2013). At present there 

is no cure with current treatments limited to management of symptoms and relapses, therefore 

further research is crucial to develop novel therapies.  

While the precise aetiology is not yet fully understood, MS is thought to be initiated by 

autoreactive T lymphocytes infiltrating the CNS where they are activated by myelin and 

axonal antigens via antigen presenting cells (APCs) (Compston and Coles, 2008; Weiner, 

2008). This is followed by secretion of proinflammatory and cytotoxic mediators which leads 

to recruitment and activation of other immune cells including B cells, dendritic cells (DCs) 

and macrophages as well as activation of CNS resident cells (e.g. astrocytes and microglia). 

The ensuing inflammatory response results in demyelination, axonal loss, lesion development 

and subsequent neurological disability (Compston and Coles, 2008; Weiner, 2008). 

Alemtuzumab is a monoclonal antibody that binds to CD52, a glycosylated cell-surface 

protein that is highly expressed on T and B lymphocytes but is also found at lower levels on 

other immune cells such as natural killer (NK) cells, monocytes, macrophages and DCs (Rao 

et al., 2012). It was originally used in the treatment of some types of cancer including chronic 

lymphocytic leukaemia and cutaneous T-cell lymphoma (Cox et al., 2005; Zhang et al., 

2013). Its therapeutic action is proposed to be via the depletion of T and B lymphocytes 

followed by a gradual repopulation but with an altered repertoire consisting of increased 
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regulatory T cells (Tregs) relative to other CD4+ T cells and a shift in cytokine production 

towards a more anti-inflammatory profile (Cox et al., 2005; Pant et al., 2016; Thompson et 

al., 2010). Due to the key roles for both T and B lymphocytes in MS pathogenesis, 

alemtuzumab underwent successful clinical trials and was subsequently approved for use in 

MS. It has been shown to reduce relapse rate and sustained accumulation of disability in 

patients with RRMS (Cohen et al., 2012; Coles et al., 2012). However the exact mechanism 

of action beyond lymphocyte depletion is not yet fully understood, and further studies are 

also essential to understand the associated side effects such as infusion-associated reactions 

and autoimmune adverse events or possible development of certain malignancies (Guarnera 

et al., 2017; Havrdova et al., 2017). 

IL-33 is a member of the IL-1 cytokine family (Baekkevold et al., 2003; Schmitz et al., 2005) 

and the functional ligand of the ST2 receptor. The membrane-bound form of ST2 is 

expressed on T cells (Lohning et al., 1998; Schiering et al., 2014; Xu et al., 1998; Yang et al., 

2011), mast cells (Moritz et al., 1998), NK cells, basophils (Smithgall et al., 2008) and group 

2 innate lymphoid cells (Neill et al., 2010; Price et al., 2010). A soluble isoform of ST2 

(sST2) also exists which acts as a decoy receptor of IL-33 (Hayakawa et al., 2007) and is 

considered a potential biomarker in cardiovascular diseases (Dieplinger and Mueller, 2015; 

Miller et al., 2008; Sanada et al., 2007). The IL-33/ST2 axis plays an important role in 

various conditions such as mediating type 2 immune responses in parasite infection (Hung et 

al., 2013; Moro et al., 2010; Yasuda et al., 2012) and allergic inflammation (Bartemes et al., 

2012; Louten et al., 2011; Oboki et al., 2010). IL-33 is also shown to enhance CD8+ T cell 

and innate lymphoid cell responses to viral infection (Bonilla et al., 2012; Monticelli et al., 

2011), while increased IL-33 levels are associated with bone erosion in patients with 

rheumatoid arthritis (Xiangyang et al., 2012) and IL-33 exacerbates joint inflammation in 

collagen induced arthritis model (Xu et al., 2008). Interestingly, the highest expression levels 
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of mouse IL-33 mRNA are observed in the brain and spinal cord among all the tissues tested 

(Schmitz et al., 2005), suggesting IL-33 may have important functionality within the CNS. In 

support of this, genetic variants of IL-33 are associated with increased susceptibility to 

Alzheimer’s disease (AD) (Chapuis et al., 2009) whilst IL-33 administration has been shown 

to reverse synaptic plasticity and cognitive deficits in a mouse model of AD (Fu et al., 2016). 

In addition, IL-33 promotes recovery after CNS injury in mice (Gadani et al., 2015) and ST2 

deficient mice display increased susceptibility to viral-induced encephalitis (Franca et al., 

2016). In MS, IL-33 levels are upregulated both within the CNS and peripheral tissues 

(Christophi et al., 2012). We have previously shown that IL-33 plays a therapeutic role in 

EAE by switching pathogenic Th1/Th17 responses towards a Th2 phenotype (Jiang et al., 

2012) with increased EAE severity in ST2 deficient mice (Jiang et al., 2012; Milovanovic et 

al., 2012). This confirms IL-33 as a key mediator of immune responses in various CNS 

disorders including MS. 

In this study we aimed firstly to investigate the therapeutic effect of anti-CD52 treatment by 

utilising a mouse model of MS, and to further characterise the mechanisms of action of anti-

CD52 antibody and whether IL-33 and ST2 are involved in its function in EAE.  
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2. Materials and Methods 

2.1 Mice 

Naïve C57BL/6 mice were bred and maintained in the Biological Procedure Unit at the 

University of Strathclyde. Female animals at 9–10 weeks of age were used in all experiments. 

All animal experiments were performed under the guidelines of the UK Animals (Scientific 

Procedures) Act 1986 and were conducted under a Project License granted by the UK Home 

Office and with local ethical approval. 

2.2 EAE induction and assessment 

Mice were immunized s.c. on day 0 with 100 µl of 150 µg MOG35–55 (ChinaPeptides Co Ltd) 

emulsified in complete Freunds adjuvant (CFA; Sigma) supplemented with 400 µg 

Mycobacterium tuberculosis (BD Biosciences). In addition, each mouse received 150 ng 

pertussis toxin (PTX; Tocris Bioscience) in 100 µl PBS injected i.p. on day 0 and again on 

day 2. Mice were monitored daily for signs of disease development and given a clinical score 

based on the following evaluation system: 0=no clinical sign; 0.5=partial loss of tail tone; 

1.0=complete loss of tail tone; 1.5=altered gait; 2.0=hind limb weakness; 2.5=paralysis of 

one leg; 3.0=hind limb paralysis; 3.5=hind limb paralysis with significantly reduced mobility; 

4.0=forelimb involvement; 5.0=moribund. There was no unexpected mortality in our studies. 

2.3 Anti-mouse CD52 monoclonal antibody treatment 

Anti-mouse CD52 monoclonal antibodies were generated and provided by Genzyme as 

previously described (Turner et al., 2015). Following onset of clinical signs of disease, mice 

were treated with 100 µl of either vehicle (phosphate buffered saline; PBS) or 10 mg/kg 

murine anti-CD52 injected s.c. into the neck scruff once a day for five consecutive days (day 

13 to day 17). 
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2.4 Spinal cord collection and histology 

Mice were sacrificed at the specified time points and, following PBS perfusion, intact spinal 

cords were flushed out with PBS by hydrostatic pressure using a sterile 19G needle. Frozen 

spinal cord tissue sections were then stained with standard haematoxylin and eosin (H&E) 

staining or with antibodies against CD45 (#14-0451-85), CD4 (#14-0042-85), F4/80 (#14-

4801-85; all eBioscience), IL-33 (R&D systems #MAB3626) or ST2 (Sigma #PRS3363) 

followed by incubation with an appropriate biotin-conjugated secondary antibody 

(eBioscience, UK), horseradish peroxidase and ImmPACT AMEC red peroxidase substrate 

(Vector Lab, UK) for detection. Isotypes with matching IgG were used as negative controls 

for all antibody staining. For immunofluorescence, frozen spinal cord sections were stained 

with antibodies against ST2, CD45, GFAP (Cell signalling #3670S) and O1 (eBioscience 

#14-6506-82) followed by incubation with appropriate Alexa Fluor-conjugated secondary 

antibodies (ThermoFisher). Slides were then visualized on a Nikon Eclipse E600 

epiflorescent microscope. Quantification of positive staining was carried out using ImageJ, 

fixed size square frames were evenly distributed across both white and grey matter using a 

naïve mouse section initially to avoid bias of lesion sites, with nine frames of consistent size 

and location superimposed over each spinal cord section. The number of either single or 

double-positive stained cells and the total number of cells were then counted within each 

frame and the combined total number within each tissue section was presented in each figure. 

2.5 Sample preparation for ELISA 

Mice were sacrificed at various time points and spleens, blood and CNS tissues harvested.  

For splenocyte ELISA, single cell suspensions were cultured in 24-well plates at 4x106 

cells/2ml per well and stimulated with or without 40 µg/ml MOG35–55. Supernatants were 

collected after 72 hours and cytokine levels determined by ELISA. For serum ELISA, serum 
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was isolated from whole blood samples and cytokine levels determined by ELISA. Within 

serum and spleen samples, the following cytokines were analysed: IL-4, IL-6, IL-10, IL-17, 

IL-22, IL-33, IFN-γ, and ST2 (all eBioscience). 

For spinal cord and brain homogenate ELISAs, tissues were collected and homogenised in 

PBS containing protease and phosphatase inhibitor cocktails (ThermoFisher) and centrifuged 

at 2000 rpm for 5 minutes. The supernatants were then transferred to new tubes and 

centrifuged at 12,000 rpm for 15 minutes. The supernatants were finally collected for analysis 

of IL-33 and sST2 levels by ELISA.  

2.6 Flow Cytometry 

Cells from spleen and blood tissues were added to FACS tubes (0.5x106 cells per tube). To 

block non-specific Fc receptors, cells were resuspended in anti-mouse CD16/CD32 Fc block 

(eBioscience) for 10 minutes before incubation with the appropriate antibodies against: B220 

(#11-0452-82), CD4 (#53-0041-80), CD8 (#45-0081-82), CD11b (#12-0112-82), CD11c 

(#53-0114-82), CD19 (#17-0193-82) and CD49b (# 17-5971-81; all eBioscience). Cells were 

then resuspended in 0.5 ml FACS buffer and analysed using a BD FACSCanto system and 

BD FACSDiva software (both BD Biosciences). 

2.7 Statistics 

All data are shown as mean±SEM. Statistical analysis of EAE clinical score data was 

performed using 2-way ANOVA with repeated measures and Bonferroni post hoc tests where 

appropriate. Other data presented in the study were analysed by two-tailed, unpaired student’s 

t test or one-way ANOVA as appropriate. A P value of less than 0.05 was considered 

statistically significant. 
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3. Results 

3.1 Anti-CD52 treatment reduces EAE severity and CNS inflammation 

We initially sought to determine the therapeutic effect of anti-CD52 treatment in our mouse 

model of MS. C57BL/6 mice were immunised with MOG35-55 peptide to induce EAE and, 

upon onset of observable clinical signs of disease, mice were treated with either a vehicle 

control (PBS) or 10 mg/kg murine anti-CD52 once a day for five consecutive days from day 

13 to day 17 (Fig 1A). Our data show that treatment with anti-CD52 almost immediately 

halted disease progression, with EAE severity decreasing after only two injections from 

1.3±0.1 to 1.0±0.1. In comparison, disease severity in control mice continued to increase 

from 1.3±0.2 to 2.5±0.2 after two vehicle injections, reaching a peak of 2.6±0.2 at day 16 

before slowly decreasing to 1.0±0.2 at the experiment end-point, day 28. In contrast, the 

average score of anti-CD52 treated mice at day 16 was 0.8±0.1 and continued dropping to 

0.3±0.1 by day 28 (p<0.001 day 15-22; p<0.01 day 23, 24; p<0.05 day 25, 26). 

To investigate the extent of inflammation and cellular infiltration in the CNS of these mice, 

spinal cord tissues were harvested at day 18 after immunisation, one day after the last 

injection of anti-CD52 or vehicle, and H&E staining was carried out. Histological 

examination showed a reduction in the number of lesions and infiltrating cells particularly in 

the white matter of anti-CD52 spinal cord sections compared to vehicle control tissues (Fig 

1B). The reduced infiltration of immune cells was quantified using an antibody against CD45 

(Fig 1B, C), which clearly confirmed that there is a significant reduction in CD45+ cells in the 

spinal cords of mice receiving anti-CD52 (61±6 cells, p<0.001) relative to the vehicle control 

group (416±19 cells). Further analysis in separate spinal cord sections revealed that the 

majority of these infiltrating cells were CD4+ T cells and F4/80+ macrophages. The number 
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of CD4+ T cells was reduced from 125±16 in vehicle controls to just 8±2 in following anti-

CD52 treatment (p<0.001) while F4/80+ cells decreased from 274±10 to 37±7 (p<0.001). 

Similarly, immune cell infiltration was also decreased in the brain tissues of anti-CD52 

treated mice, with the number of CD45+ cells decreasing to 179±10 from 225±10 in vehicle 

control brains (p<0.05; data not shown). 

 

3.2 Anti-CD52 treatment results in systemic T and B lymphocyte depletion 

Treatment with anti-CD52 has been shown to reduce circulating T and B lymphocytes in MS 

patients. Here we analysed the effect of anti-CD52 treatment on the level of CD4+ and CD8+ 

T cells as well as B cells (CD19+B220+) in both the spleen and blood of EAE mice. Tissues 

were collected either one day (day 18 post immunisation) or 11 days (day 28) after the final 

injection of anti-CD52 or vehicle. At day 18, treatment with anti-CD52 resulted in a 

substantial decrease in the total number of circulating CD4+ (0.06±0.01 x106, p<0.001) and 

CD8+ T cells (0.03±0.01 x106, p<0.001) compared to vehicle controls (1.1±0.1 x106 and 

0.73±0.08 x106 respectively; Fig 2A). Similar results were also seen in spleen samples (Fig 

2B) with CD4+ T cells decreasing from 6.7±0.3 x106 to 0.5±0.1 x106 (p<0.001) and CD8+ T 

cells from 4.7±0.2 x106 to 0.3±0.06 x106 (p<0.001). In addition, total CD19+B220+ B cell 

numbers were also reduced in the blood (0.3±0.1 x106, p<0.001; Fig 2A) and spleen (4.7±0.7 

x106, p<0.001; Fig 2B) following administration of anti-CD52 relative to the vehicle group 

(2.8±0.3 x106 and 21.5±1.4 x106 respectively).  

Depletion of these cells was maintained at day 28. At this time point, the total number of 

CD4+ T cells was decreased from 1.1±0.1 x106 to 0.03±0.01 x106 (p<0.001) in blood and 

from 9.4±0.9 x106 to 0.4±0.08 x106 (p<0.001) in spleen. CD8+ cells decreased from 0.9±0.07 

x106 to 0.01±0.003 x106 (p<0.001) in blood and from 6.4±0.5 x106 to 0.3±0.05 x106 
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(p<0.001) in spleen samples while CD19+B220+ B cell populations were reduced from 

4.9±0.4 x106 and 25.2±1.0 x106 to 0.4±0.08 x106 (p<0.001) and 5.4±0.9 x106 (p<0.001) in 

blood and spleen respectively. 

 

3.3 Anti-CD52 treatment depletes circulating NK cells, but not macrophages or DCs 

In addition to T and B lymphocytes, which are known to express CD52 at high levels, we 

also analysed other immune cells which express CD52 at low levels to determine the effect 

anti-CD52 treatment has on these cells in the periphery of EAE mice. We found that the 

number of circulating (0.9±0.1 x106, p<0.01; Fig 3A), but not splenic (Fig 3B), CD49b+ NK 

cells was decreased in treated mice at day 18 down from 2.2±0.3 x106 in vehicle control 

samples. However, in contrast to consistent depletion of T and B cells, the decrease of NK 

cell populations was not maintained and at day 28 as the cell numbers were comparable 

between anti-CD52 treated mice and vehicle controls. Our data also show that the overall cell 

number of circulating or splenic macrophages and DCs remained unchanged statistically 

between anti-CD52 treated mice and vehicle controls at either day 18 or day 28. 

 

3.4 Reduced systemic cytokine levels in EAE mice following anti-CD52 treatment 

To understand the functional impact of lymphocyte depletion, we next investigated both 

circulating serum cytokine levels (Fig 4A) and the antigen-specific cytokine production 

profile of splenocytes stimulated with MOG35-55 peptide in vitro (Fig 4B). Our data show that 

there was no difference in serum levels of IFN-γ or IL-6 between anti-CD52 and vehicle 

treated mice, while IL-4, IL-10, IL-17 and IL-22 were below detection limits. We also 

determined if there were any changes in IL-33 levels in EAE mice following administration 
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of anti-CD52 as IL-33 has recently been highlighted as an important mediator of the immune 

response and CNS inflammation in MS and EAE. Our data show circulating IL-33 levels 

were decreased from 63±26 pg/ml in control mice to below detectable limits following the 

final dose of anti-CD52 at day 18 after immunisation (Fig 4A), while the decoy receptor for 

IL-33, sST2, remained unchanged.    

In contrast to serum levels, MOG35-55-induced production of key cytokines involved in EAE 

was significantly decreased in spleens of treated mice compared to vehicle controls. This 

included the Th1 cytokine IFN-γ, the Th17 cytokines IL-17 and IL-22, the Th2 cytokine IL-4 

as well as cytokines involved in different aspects of the inflammatory response, IL-6 and IL-

10. We additionally observed reduced IL-33 secretion by anti-CD52 treated mice splenocytes 

at day 28 post EAE induction, with levels below the limit of detection compared to that of 

controls (276±99 pg/ml; Fig 4B). In contrast, sST2 secretion by MOG peptide re-challenged 

splenocytes from anti-CD52 treated mice was increased at both day 18 (913±67 pg/ml, 

p<0.001) and day 28 (206±37 pg/ml, p<0.001) compared to vehicle control equivalents 

(245±50 and 9±5 pg/ml respectively; Fig 4B).  

 

3.5 Altered levels of IL-33 and ST2 in the CNS after anti-CD52 treatment  

As IL-33 plays important roles within the CNS under normal and disease conditions in 

addition to its key immunomodulatory functions, we next determined the levels of IL-33 and 

sST2 in spinal cord homogenates of vehicle and anti-CD52 treated EAE mice. Similar to the 

systemic reduction of IL-33 levels in the serum, we observed a decrease in extracellular IL-

33 in the spinal cord homogenate of anti-CD52 treated mice one day after the final injection, 

day 18, from 414±50 pg/ml in vehicle controls to 179±31 pg/ml (p<0.001) (Fig 5A). This was 

also true in brain homogenate at day 18 (data not shown; vehicle 226±27 pg/ml, anti-CD52 
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159 ±13 pg/ml; p<0.05). However no difference was observed in sST2 levels within spinal 

cord homogenates between the groups at any time point (Fig 5A). 

To determine the potential cells responsible for the reduction of IL-33 protein levels in the 

CNS, we next studied the in situ expression of the molecules using immunohistochemical 

staining. Spinal cord tissues of EAE mice from treated and control groups were collected at 

day 18 and day 28 after immunisation and analysed. Surprisingly we observed comparable 

distribution pattern and number of IL-33+ cells between treated and untreated mice at both 

time points (Fig 5B, C). In contrast, the expression of ST2 was shown to be enhanced in the 

lesions of spinal cord tissues (Fig 5B) and the number of cells expressing ST2 was decreased 

as a result of anti-CD52 treatment (288±12 cells, p<0.05) compared to vehicle controls 

(362±20 cells) at day 18 whereas there was no longer any difference by day 28 (Fig 5B, C). 

Taken together these results suggest anti-CD52 treatment affects IL-33 and ST2 levels within 

the CNS during EAE progression. 

 

3.6 Reduced CNS inflammation accounts for decreased ST2 expression in the spinal 

cord of anti-CD52 treated mice  

To further determine the phenotype of cells with reduced expression of ST2, we next 

performed dual fluorescence staining to determine the ST2+ cells in the spinal cord. We 

found that the number of GFAP+ astrocytes (Fig 6A, D; p<0.05) and O1+ oligodendrocyte 

progenitor cells (Fig 6B, D; p<0.001) was decreased in EAE spinal cords following anti-

CD52 treatment (45±8 GFAP, 10±1 O1) compared to vehicle controls (74±5 GFAP, 41±5 

O1) while we also confirmed a dramatic reduction in CD45+ immune cells (Fig 6C, D; 

p<0.001) as shown in Figure 1. The staining also revealed that ST2 is highly expressed on 

GFAP+ astrocytes (Fig 6A), with lower level co-localisation on O1+ (Fig 6B) and CD45+ cells 
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(Fig 6C). The number of ST2+ astrocytes in common lesion areas of the white matter was 

reduced from 41±3 cells in control mice to 26±5 cells following anti-CD52 treatment 

(p<0.05, Fig 6E). Furthermore there was also a reduction in ST2+ oligodendrocyte 

progenitors (2±1 cells, p<0.05, Fig 6E) and ST2+ infiltrating immune cells (5±1 cells, p<0.05, 

Fig 6E) compared to vehicle controls (11±3 and 9±2 cells respectively). 
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4. Discussion 

Treatment of relapsing-remitting MS (RRMS) patients with anti-CD52 antibody 

(Alemtuzumab/Lemtrada) has proven to be effective, with reductions in relapse rate and 

sustained accumulation of disability (Cohen et al., 2012; Coles et al., 2012) although with 

risks of adverse events. Here we used a recently developed mouse monoclonal antibody 

against CD52 in a murine EAE model and confirmed that it replicates the effects in reducing 

CNS inflammation seen in MS patients. This allows for analysis that would otherwise not be 

possible in human studies due to inaccessibility to key tissues.  

We chose to employ a similar treatment regime as that used with MS patients of five single 

anti-CD52 injections over five consecutive days following onset of symptoms. After just two 

anti-CD52 injections, clinical progression began to reverse, with overall severity dramatically 

reduced in our acute monophasic EAE model as determined by clinical severity scoring and 

histological analysis of spinal cord tissue, which showed reductions in immune cell 

infiltration and lesion development. Our data support several recent reports that this antibody 

reduces clinical scores and disease progression in various murine EAE models (Pant et al., 

2016; Turner et al., 2015; von Kutzleben et al., 2016). Taken together, murine anti-CD52 is 

clearly a potent inhibitor of EAE independent of the model used, indicating its various 

potential working mechanisms in different MS patients. 

It is well documented that alemtuzumab exerts its therapeutic effect in MS by depletion of 

circulating T and B lymphocytes. This is achieved via antibody-dependent cellular 

cytotoxicity (ADCC) and complement-dependent cytolysis (CDC) due to these cells 

expressing high levels of CD52 (Rao et al., 2012). CD52 expression levels on mouse immune 

cells are similar to human CD52 with the exception of a slightly higher expression on mouse 

neutrophils (Turner et al., 2015). Our results show substantial depletion of both circulating 
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and splenic CD4+ T cells, CD8+ T cells and B cells. This was observed one day after the final 

dose as well as 10 days later which is in agreement with previous studies (Turner et al., 2015; 

von Kutzleben et al., 2016) confirming the effectiveness of this antibody in lymphocyte 

depletion. Interestingly, while the total number of CD4+ and CD8+ T cells decreased by at 

least 93% in both blood and spleen in our study, B cell depletion in the spleen was less 

pronounced (78%) compared to blood (98%), which perhaps suggests less effective labelling 

or ADCC/CDC of B lymphocytes in secondary lymphoid organs. This also agrees with 

results shown previously in ABH mice (von Kutzleben et al., 2016), suggesting a common 

effect across different strains of mice. Not surprisingly, we also observed that CD4+ T cell 

infiltration into the CNS is decreased which is likely due to the profound systemic depletion 

of circulating T lymphocytes. 

In addition to T and B lymphocytes, the number of circulating CD49b+ NK cells was 

decreased following the final dose of anti-CD52 suggesting these cells are also targeted for 

depletion. However this was to a lesser extent than T and B lymphocytes, probably due to the 

lower expression of CD52 on the surface of NK cells compared to these lymphocytes (Turner 

et al., 2015). Our data nevertheless support the capacity for this drug to target NK cells with 

decreased NK cell numbers in spleens of naïve mice following treatment with anti-CD52 

(Hotta et al., 2016; Turner et al., 2015).  

In contrast, our data show that DCs and monocytes/macrophages are not depleted at one or 

eleven days after anti-CD52 treatment, likely due to the lower expression levels of CD52 on 

the majority of these cells (Rao et al., 2012). Indeed, alemtuzumab has been shown to have 

minimal cytolytic effects on isolated myeloid cells in vitro (Rao et al., 2012). However 

decreased numbers of circulating DCs have been observed 6 months after initiation of 

treatment of alemtuzumab in RRMS patients (Gross et al., 2016). The discrepancy may be 
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due to differential expression of CD52 between distinct DC subsets as has been shown in 

human blood samples (Rao et al., 2012).  

Anti-CD52 antibody treatment in MS and EAE is shown to affect multiple immune and 

neural pathways involved in disease pathogenesis. The rapid depletion of lymphocytes 

following anti-CD52 treatment leads to subsequent repopulation of a rebalanced immune 

system in the EAE mice. Our data of the reduction in antigen specific cytokine production by 

spleen cells following CD52 administration agree with a previous report that the overall 

systemic production of both pro- and anti-inflammatory cytokines is reduced in EAE mice 

shortly after treatment (Turner et al., 2015). While it is likely that CD52-Ab modulates the 

antigen specific production of T cell related cytokines such as IL-17, IFN-γ and IL-4 via 

lymphocyte depletion, the modulatory mechanisms for IL-33 might be different as only a 

small level of IL-33 production has been observed from B cells (Hardman et al., 2013), with 

no evidence of IL-33 production by T cells. Reduction of IL-33 levels in serum samples of 

EAE mice one day after the final CD52 antibody treatment correlates with reduced clinical 

EAE scores and this agrees with findings of increased IL-33 levels in the blood samples of 

MS patients (Christophi et al., 2012). Interestingly, in contrast, higher levels of sST2 were 

produced by MOG35-55 stimulated splenocytes of anti-CD52 treated mice. As sST2 binds to 

extracellular IL-33 and acts as a decoy receptor, increased sST2 levels may be the reason for 

reduced IL-33 if it is sequestering the cytokine to prevent its function.   

Associated with the reduced clinical symptoms and neuroinflammation, our data show that 

IL-33 levels were reduced in homogenised spinal cord and brain tissues of EAE mice at day 

18. The findings agree with a previous report that extracellular levels of IL-33 in the CNS 

correlate with EAE severity (Chen et al., 2015). Furthermore, elevated IL-33 levels have been 

detected in normal-appearing white matter and plaque areas of MS patients (Allan et al., 

2016; Christophi et al., 2012; Zhang et al., 2014). However, immunohistochemical staining 
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revealed no change in the number of IL-33+ cells within EAE spinal cords between control 

and treated groups. This suggests anti-CD52 may not alter the number of cells that express 

IL-33 within the CNS, but rather the amount of IL-33 they produce and release in response to 

different levels of neuroinflammation.  

In contrast, while there was no change of sST2 levels in homogenised CNS tissues between 

treated and control groups, the number of ST2-expressing cells within white matter regions of 

EAE spinal cords at peak severity showed a significant reduction following anti-CD52 

treatment. After careful examination of the cell numbers in different regions of spinal cord, 

we found that the decrease in total number of ST2+ cells in anti-CD52 treated spinal cords 

was localised to white matter regions where most lesions develop during EAE pathogenesis.  

To understand whether the reduction of ST2+ cells was due to the decreased infiltrating 

immune cells or reduced expression in CNS resident cells, co-localisation staining was 

performed with CD45, an immune cell marker, GFAP, an astrocytic marker and O1, a late-

stage oligodendrocyte progenitor marker. These cell types are known to be present at high 

levels in EAE inflammatory lesions that predominantly occur in the white matter. Indeed ST2 

expression was shown to be reduced in astrocytes, oligodendrocytes and some immune cells, 

indicating the potential pleiotropic role of IL-33 in CNS inflammation through both immune 

and CNS resident cells. While IL-33 expression by CD45+ cells can be induced during 

inflammatory conditions (Chang et al., 2011; Hardman et al., 2013; Tjota et al., 2013), it does 

not appear to be expressed by infiltrating immune cells in the CNS in this model with no 

CD45 co-localisation (data not shown). Thus while these infiltrating immune cells do not 

produce IL-33, many of them express the receptor and therefore likely respond to IL-33 

released in the CNS under inflammatory conditions. The reduction in availability of IL-33-

responsive cells in anti-CD52 treated mice may potentially contribute to the reduced CNS 

pathogenesis as the IL-33/ST2 axis has been shown to have important roles in various CNS 
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diseases through activating infiltrating immune and local CNS cells (Fu et al., 2016; Yasuoka 

et al., 2011; Zarpelon et al., 2016). 

In summary, murine anti-CD52 replicates the protective effect of alemtuzumab in RRMS 

through mechanisms of depleting lymphocytes and inhibiting splenocyte cytokine production. 

The inhibitory effect of anti-CD52 antibody on neuroinflammation is associated with altered 

expression levels of IL-33 and ST2 both in peripheral tissues and within the CNS, indicating 

IL-33/ST2 pathway may be involved in the mechanisms of action of anti-CD52 in EAE. 
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Figure Legends 

Figure 1. Anti-CD52 treatment ameliorates EAE severity and reduces CNS 

inflammation. (A) Mice were immunised with MOG35-55 peptide and following onset of 

clinical signs of disease, treated with either vehicle (PBS) or 10 mg/kg murine anti-CD52 

from days 13 to 17, denoted by bar on X axis. n=22 day 0-13, n=18 day 13-19, n=10 day 20-

28. Two way ANOVA with repeated measures and Bonferroni post-test. *P<0.05, **p<0.01, 

***p<0.001. (B) Spinal cords were harvested following the final dose of anti-CD52, day 18, 

and H&E staining carried out as well as immunohistochemical staining of the cell surface 

markers CD45, CD4 and F4/80. Representative images are shown. (C) Quantification of 

CD45, CD4 and F4/80 positive staining in vehicle (n=8) and anti-CD52 (n=9) treated mice. 

Unpaired two-tailed students t test. ***p<0.001. 

 

Figure 2. Circulating and splenic lymphocytes are depleted in EAE mice following anti-

CD52 treatment in EAE mice: Single cell suspensions were obtained from (A) blood and 

(B) spleens of anti-CD52 or vehicle treated mice at day 18 (n=9) or day 28 (n=10). Cells 

were stained for the cell surface markers CD4, CD8, CD19 and B220 and analysed by flow 

cytometry. Representative flow cytometry plots from EAE day 18 mice are shown. Unpaired 

two-tailed students t test. *p<0.05, **p<0.01, ***p<0.001. 

 

Figure 3. Anti-CD52 depletes circulating NK cells but not other innate immune cells in 

EAE mice. Single cell suspensions were obtained from (A) blood and (B) spleens of anti-

CD52 or vehicle treated EAE mice at day 18 (n=4) or day 28 (n=5) after immunisation. Cells 

were stained for the cell surface markers CD49b, CD11b and CD11c and analysed by flow 

cytometry. Unpaired two-tailed students t test. **p<0.01. 
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Figure 4. Anti-CD52 treatment reduces systemic cytokine production in EAE mice. (A) 

Blood samples were harvested from vehicle or anti-CD52 treated EAE mice at day 10 (n=6), 

day 18 (n=10) or day 28 (n=5) and cytokine levels determined by ELISA. Unpaired two-

tailed students t test. *p<0.05. (B) Spleens were harvested at day 10 (n=6), day 18 (n=8) or 

day 28 (n=8) after immunisation and individual cell suspensions obtained. Cells were 

stimulated with MOG35-55 for 72 hours and supernatants collected for analysis of cytokine 

production by ELISA. Unpaired two-tailed students t test. **p<0.01, ***p<0.001.  

 

Figure 5. Anti-CD52 treatment alters the expression of both IL-33 and ST2 in the CNS 

of EAE mice. (A) Spinal cords were harvested from vehicle or anti-CD52 treated mice at day 

10 (n=6), day 18 (n=10) or day 28 (n=5) and homogenised and IL-33 and sST2 levels 

determined by ELISA. Unpaired two-tailed students t test. ***p<0.001. (B) 

Immunohistochemical staining of IL-33 and ST2 in spinal cord sections, representative 

images of day 18 spinal cords are shown. (C) Quantification of IL-33+ or ST2+ cells in the 

spinal cords of vehicle (n=8) and anti-CD52 (n=9) treated EAE mice. Unpaired two-tailed 

students t test. **p<0.01. 

 

Figure 6. Anti-CD52 treatment reduces the number of ST2-expressing astrocytes, 

oligodendrocytes and infiltrating immune cells present in the spinal cord of EAE mice. 

Spinal cords were harvested on day 18 from vehicle or anti-CD52 treated mice following the 

final dose of anti-CD52 and double immunofluorescent staining of ST2 and (A) GFAP (n=5), 

(B) O1 (n=5) and (C) CD45 (n=5) was performed. Representative images shown. Scale bars 

= 50µM. Quantification of the number of (D) single positive or (E) double positive cells was 

achieved using ImageJ. Unpaired two-tailed students t test. *p<0.05 ***p<0.001.  
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