
CSF-1 maintains pathogenic but not homeostatic myeloid cells in the central nervous system during 1 

autoimmune neuroinflammation. 2 

Daniel Hwang1, Maryam S. Seyedsadr1, Larissa Lumi Watanabe Ishikawa1, Alexandra Boehm1, Ziver Sahin1, 3 

Giacomo Casella1, Soohwa Jang1, Michael V. Gonzalez2, James P. Garifallou2, Hakon Hakonarson2,3, Weifeng 4 

Zhang1, Dan Xiao1, Abdolmohamad Rostami1, Guang-Xian Zhang1, and Bogoljub Ciric1,* 5 

 6 

1Department of Neurology, Jefferson Hospital for Neuroscience, Thomas Jefferson University, Philadelphia, PA. 7 

2Center for Applied Genomics, The Children’s Hospital of Philadelphia, Abramson Research Center, 8 

Philadelphia, PA, 19104. 9 

3Department of Pediatrics, Perelman School of Medicine, University of Pennsylvania, Philadelphia PA, 19104 10 

 11 

*Corresponding author: Bogoljub Ciric, Ph.D., Associate Professor, Department of Neurology, Jefferson Hospital 12 

for Neuroscience, Thomas Jefferson University, 900 Walnut Street, Suite 300, Philadelphia, PA, 19107. 13 

bogoljub.ciric@jefferson.edu 14 

 15 

Short title: Blocking CSF-1 ameliorates EAE.  16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 6, 2021. ; https://doi.org/10.1101/2020.10.23.352534doi: bioRxiv preprint 

mailto:bogoljub.ciric@jefferson.edu
https://doi.org/10.1101/2020.10.23.352534


ABSTRACT 24 

The receptor for colony stimulating factor 1 (CSF-1R) is important for the survival and function of myeloid cells 25 

that mediate pathology during experimental autoimmune encephalomyelitis (EAE), an animal model of multiple 26 

sclerosis (MS). CSF-1 and IL-34, the ligands of CSF-1R, have similar bioactivities but distinct tissue and context-27 

dependent expression patterns, suggesting that they have different roles. This could be the case in EAE, given 28 

that CSF-1 expression is upregulated in the CNS, while IL-34 remains constitutively expressed. We found that 29 

targeting CSF-1 with neutralizing mAb halted ongoing EAE, with efficacy superior to CSF-1R inhibitor BLZ945, 30 

whereas IL-34 neutralization had no effect, suggesting that pathogenic myeloid cells were maintained by CSF-31 

1, not IL-34. Both anti-CSF-1- and BLZ945-treatment greatly reduced numbers of monocyte-derived cells and 32 

microglia in the CNS. However, anti-CSF-1 selectively depleted inflammatory microglia and monocytes in 33 

inflamed CNS areas, whereas BLZ945 depleted virtually all myeloid cells, including quiescent microglia, 34 

throughout the CNS. Anti-CSF-1 treatments reduced the size of demyelinated lesions, and microglial activation 35 

in the grey matter. Lastly, we found that bone marrow-derived immune cells were the major mediators of CSF-36 

1R-dependent pathology, while microglia played a lesser role. Our findings suggest that targeting CSF-1 could 37 

be effective in ameliorating MS pathology, while preserving the homeostatic functions of myeloid cells, thereby 38 

minimizing risks associated with total ablation of CSF-1R-dependent cells.  39 

 40 

Significance Statement  41 

Multiple sclerosis (MS) and its animal model, experimental autoimmune encephalomyelitis (EAE), are 42 

autoimmune diseases characterized by accumulation of myeloid immune cells into the central nervous system 43 

(CNS). Both harmful and beneficial myeloid cells are present in EAE/MS, and a goal of MS therapy is to 44 

preferentially remove harmful myeloid cells. The receptor for CSF-1 (CSF-1R) is found on myeloid cells and it is 45 

important for their survival. CSF-1R can bind two ligands, CSF-1 and IL-34, but is unknown whether their 46 

functions in EAE/MS differ. We found that blocking CSF-1 depleted only harmful myeloid cells in the CNS and 47 

suppressed EAE, whereas blocking IL-34 had no effect. Thus, we propose that blocking CSF-1 could be a novel 48 

therapy for MS. 49 
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INTRODUCTION 51 

Multiple sclerosis (MS) is an autoimmune disease characterized by accumulation of immune cells in 52 

inflamed areas of the central nervous system (CNS), which eventually become demyelinated lesions [2]. Myeloid 53 

cells account for up to 85% of immune cells in active MS lesions [3-5], suggesting that they are the major 54 

mediators of pathology in MS. In support of this notion, studies in experimental autoimmune encephalomyelitis 55 

(EAE), an animal model of MS, have demonstrated the essential role of myeloid cells in EAE pathology, as 56 

interventions that affect them, in particular monocytes and conventional dendritic cells (cDCs), ameliorate or 57 

abrogate EAE [6-8]. However, despite evidence on the importance of myeloid cells in CNS autoimmunity, they 58 

have not been specifically targeted for MS therapy. This provides an opportunity for devising therapeutic 59 

approaches that target myeloid cells relevant to MS pathology.  60 

Receptor for colony stimulating factor 1 (CSF-1R) is a cell-surface receptor tyrosine kinase that binds 61 

two ligands, CSF-1 (a.k.a. M-CSF) and IL-34 [9]. CSF-1R signaling facilitates survival and proliferation of myeloid 62 

cells, with either CSF-1 or IL-34 predominantly controlling the population size of myeloid cells in various organs 63 

and tissues [9-11]. CSF-1R is expressed by microglia, monocytes and monocyte-derived cells, which comprise 64 

the bulk of myeloid cells in the CNS during MS and EAE [10]. CSF-1R function is not intrinsically pro-65 

inflammatory, as CSF-1R signaling in steady state induces a regulatory/homeostatic phenotype in macrophages, 66 

and a resting/quiescent phenotype in microglia [1, 12-26]. However, in inflammation, CSF-1R function could 67 

indirectly be pro-inflammatory, by simply perpetuating the survival and expansion of inflammatory myeloid cells. 68 

A recent study found an increase in both CSF-1R and CSF-1 in and around demyelinating lesions in cortical 69 

white matter of patients with progressive MS, and elevated CSF-1 in patients’ cerebrospinal fluid, whereas IL-34 70 

was not increased, suggesting that CSF-1 drives the deleterious role of CSF-1R in MS [27]. In the progressive 71 

EAE model, CSF-1R has been identified as a key regulator of the inflammatory response in the CNS, with CSF-72 

1R and CSF-1 expression levels correlating with disease progression. Inhibition of CSF-1R with small molecule 73 

inhibitor reduced the expression of pro-inflammatory genes and restored expression of homeostatic genes in 74 

microglia of mice with EAE [27]. 75 

 76 
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It has been shown that direct inhibition of CSF-1R kinase activity with small molecule inhibitors 78 

suppresses EAE pathology [28, 29], but the effects of CSF-1R inhibition on particular cell subsets remain poorly 79 

understood. Different methods for reducing CSF-1R signaling, such as by antibodies (Ab) against the receptor 80 

or its individual ligands, have not been compared with small molecule inhibitors. The principal difference between 81 

these blocking methods is that small molecule inhibitors readily penetrate the entire CNS [1], whereas Abs have 82 

limited access, mainly to inflamed areas where the blood-brain barrier (BBB) has been compromised [10, 30]. 83 

Further, inhibitors of CSF-1R kinase activity could also affect other kinases [31], causing unwanted effects, 84 

especially over their prolonged use for therapy. In addition, direct inhibition of CSF-1R indiscriminately affects its 85 

systemic functions in their entirety, whereas individual neutralization of CSF-1 and IL-34 would have more 86 

nuanced effects, by preserving functions of the ligand that has not been targeted. These differences could lead 87 

to distinct outcomes in therapy of autoimmune neuroinflammation, given that the types and numbers of myeloid 88 

cells affected by various means of CSF-1R inhibition can substantially differ. In addition, any indirect effects of 89 

CSF-1R inhibition on cells that do not express CSF-1R also remain largely uncharacterized.  90 

Our data and other studies show that small molecule inhibitors of CSF-1R cause a profound depletion of 91 

microglia [1, 10], which may be an important drawback in their use for therapy, as microglia play important roles 92 

in CNS homeostasis [23]. It has also been shown that neurons can express CSF-1R during excitotoxic injury, 93 

contributing to their survival [23]. Notably, it remains unknown whether neurons express CSF-1R in EAE and 94 

MS, and if its expression would be of significance, but, if so, restricting inhibition of CSF-1R signaling to inflamed 95 

areas of the CNS could be beneficial for neuronal survival. Thus, the ideal MS therapy would preferentially block 96 

CSF-1R signaling only in inflamed regions, affecting only inflammatory myeloid cells in them, while sparing cells 97 

in the rest of the CNS, such as quiescent microglia. This may be accomplished by targeting CSF-1R ligands, 98 

CSF-1 and IL-34, which show spatial- and context-dependent differences in expression [32]. Notably, although 99 

some minor differences have been described [33], CSF-1 and IL-34 have similar functions at the cellular level 100 

[34], suggesting that the differences found in animals lacking CSF-1 or IL-34 are primarily due to differential 101 

expression patterns [35]. IL-34 also binds to a second receptor, PTP-ζ [36], which has functions in 102 

oligodendrocyte development and homeostasis [37].  CSF-1 is systemically the dominant CSF-1R ligand, with 103 

its serum concentrations approximately ten times greater than that of IL-34 [15, 38-43]. Importantly, CSF-1 is not 104 

highly expressed in the CNS, but its expression can be upregulated by inflammation or injury [44], facilitating 105 
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expansion of myeloid cells at the site of inflammation. In contrast to more widespread CSF-1 expression, IL-34 106 

is primarily and constitutively expressed in the CNS and skin [45, 46]. In steady state, IL-34 maintains survival 107 

of tissue-resident myeloid cells in the skin and CNS, as the primary effect of IL-34 knockout is lack of Langerhan’s 108 

cells and microglia, respectively [32]. IL-34 is the predominant CSF-1R ligand in the CNS, accounting for 70% 109 

of total CSF-1R signaling in healthy brain [23].  110 

In the present study, we sought to understand how CSF-1R inhibition affects immune cells in the CNS of 111 

mice with EAE, and to determine how the effects of blocking CSF-1 and IL-34 may differ from blocking CSF-1R. 112 

We found that treatment with CSF-1R inhibitor BLZ945 suppresses EAE when given both prophylactically and 113 

therapeutically. Treatment efficacy correlated with a dramatic reduction in the numbers of monocytes, monocyte-114 

derived dendritic cells (moDCs), and microglia, suggesting that loss of one or more of these cell types is 115 

responsible for EAE suppression. We also found that blockade of CSF-1, but not of IL-34, with Ab suppressed 116 

EAE. Importantly, anti-CSF-1 treatment preferentially depleted inflammatory myeloid cells, whereas quiescent 117 

microglia were preserved. These findings suggest that blocking CSF-1, rather than CSF-1R, may be a suprerior 118 

therapeutic strategy for alleviating pathology in MS.  119 

 120 
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RESULTS 131 

Blocking CSF-1R or CSF-1, but not IL-34, suppresses EAE.  132 

To determine the roles of CSF-1R, CSF-1, and IL-34 in EAE, we blocked them with either a small-133 

molecule inhibitor or neutralizing monoclonal Abs (MAbs). We blocked CSF-1R kinase function with BLZ945, a 134 

CNS-penetrant small-molecule inhibitor that, among other effects, potently depletes microglia within several days 135 

[1]. Treatment with BLZ945 delayed the onset of EAE for 6-15 days when given prophylactically (Fig. 1A) and 136 

initially suppressed disease severity but could not halt disease progression despite continuous treatment. We 137 

also blocked CSF-1R activity with neutralizing MAb, which was less effective than BLZ945 in delaying EAE onset, 138 

and reducing disease severity (Fig. 1B). Surprisingly, anti-CSF-1R MAb (clone AFS98) failed to bind to microglia, 139 

as determined by flow cytometry, whereas it bound to monocytes (Supplemental Fig. 1A). It is unclear why this 140 

MAb did not bind to microglia, and how that may have impacted its effect in EAE.  141 

We then tested how blocking either CSF-1 or IL-34 with MAbs would affect EAE. In contrast to blocking 142 

CSF-1R, blocking of CSF-1 did not delay onset of disease (Fig. 1C), but did continuously suppress disease 143 

severity over the course of treatment, including for over 40 days (Fig. 3B). Anti-IL-34 treatment did not suppress 144 

EAE (Fig. 1D). We tested whether our treatments with the MAbs, which were rat IgGs, induced an anti-rat IgG 145 

response in mice with EAE. Anti-CSF1, and control rat IgG2a isotype MAb induced similar low titers of anti-rat 146 

IgG, whereas anti-CSF-1R and anti-IL-34 MAbs (both rat IgG2a) induced notably higher anti-rat IgG response 147 

(Supplemental Fig. 1B), indicating that anti-rat IgG responses in treated mice may have reduced the neutralizing 148 

effects of injected MAbs in the case of anti-CSF-1R and anti-IL-34 MAbs. To minimize the development of anti-149 

rat IgG responses, we treated mice with anti-IL-34 MAb immediately after the onset of clinical disease; however, 150 

this treatment had no impact on disease (Supplemental Fig. 1C). We also tested whether administration of 151 

recombinant CSF-1 could exacerbate EAE pathology, but i.p. injections of CSF-1 did not worsen disease 152 

(Supplemental Fig. 1D). Overall, these data show that blocking CSF-1R signaling attenuates EAE, and that CSF-153 

1, but not IL-34, is the relevant CSF-1R ligand for EAE pathology.  154 

 155 

 156 
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Inhibition of CSF-1R signaling depletes myeloid APCs in the CNS during EAE. 158 

We characterized how prophylactic treatment with BLZ945 influenced CNS inflammation at the peak of 159 

EAE. BLZ945-treated animals had ~90% reduced numbers of CD45+ cells in the CNS compared to vehicle-160 

treated animals (Fig. 2A). All major types of immune cells were reduced in number, but CD11b+ cells were most 161 

impacted, including profound depletion of CD45LowCD11b+Tmem119+CX3CR1Hi microglia and 162 

CD45HiCD11b+CD11c+ myeloid DCs, including CD45HiCD11b+CD11c+Ly6GLow/-Ly6CHiMHCIIHi moDCs 163 

(Supplemental Fig. 2). We clustered flow cytometry data by t-stochastic neighbor embedding (t-SNE) and 164 

consistent with manual gating, the frequency of microglia and moDCs/macrophages was dramatically reduced 165 

(Fig. 2B-E). In contrast, the frequency of neutrophils was increased; likely reflecting that they do not express 166 

CSF-1R [47], and are therefore not impacted by CSF-1R inhibition. Interestingly, the frequency of 167 

undifferentiated monocytes (CD45HiCD11b+Ly6CHiCD11c-MHCII-) increased, suggesting that CSF-1R may 168 

impact monocyte differentiation or their survival/proliferation after initial differentiation. Overall, BLZ945 treatment 169 

markedly reduced the frequency of CD11c+ myeloid antigen-presenting cells (APCs) expressing MHC class II, 170 

CD80 and CD86 (Fig. 2E,F), suggesting that CSF-1R signaling maintains sufficient numbers of APCs in the CNS 171 

to drive inflammation during EAE. Lastly, we found differences in cytokine production by CD4+ T cells from 172 

BLZ945-treated mice, including lower frequency of GM-CSF+ cells (Supplemental Fig. 2G). 173 

We next tested BLZ945-treatment during ongoing EAE, as that scenario is the most relevant to MS 174 

therapy. Therapeutic treatment with 200mg/kg/day BLZ945 suppressed clinical EAE, with better efficacy being 175 

observed at 300 mg/kg/day (Supplemental Fig 3A-B). To determine the acute effects of CSF-1R inhibition on 176 

immune cells in the CNS, we focused our analysis on mice treated with BLZ945 for 6 days, starting at a clinical 177 

score of 2.0. BLZ945-treated mice had reduced numbers of CD45+ cells in the CNS, primarily due to fewer 178 

CD11b+ and CD11c+ cells, including microglia and CD45HiCD11b+CD11c+ myeloid DCs (Supplemental Fig. 3C-179 

F). Most immune cells depleted by BLZ945 treatment co-expressed CD11c, TNF, MHCII, CD80, and CD86, 180 

suggesting that inflammatory APCs are preferentially affected by CSF-1R inhibition (Supplemental Fig. 3G-I). 181 

Taken together, these data further indicate that inhibition of CSF-1R signaling suppresses EAE by reducing 182 

numbers of APCs in the CNS.  183 

 184 
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Blocking CSF-1 depletes inflammatory myeloid APCs in the CNS without affecting quiescent microglia.  185 

We next tested the therapeutic efficacy of anti-CSF-1 MAb treatment. Treatment initiated after onset of 186 

disease suppressed clinical EAE (Fig. 3A), and the suppression was maintained up to 45 days after EAE 187 

induction, which was the longest period tested (Fig. 3B). Similar to BLZ945, anti-CSF-1 MAb suppressed 188 

disease even when treatment was initiated during its more advanced stage (Fig. 3C, D). Mice treated with anti-189 

CSF-1 MAb had fewer CD45+ immune cells in the CNS, including CD11b+, CD11c+, and CD4+ cells (Fig. 3E, 190 

F). The treatment decreased frequency of CD11b+CD11c+ myeloid DCs in the CNS (Supplementarl Fig. 4A), 191 

and among CD11b+ myeloid cells, we observed reduced frequencies of CD11c+ microglia, moDCs, cDCs and 192 

other CD11c+ cells, indicating that DC populations were preferentially affected (Supplementary Fig. 4B). Anti-193 

CSF-1 treatment reduced the numbers of microglia to those in naïve mice (Fig. 3G), without depleting the 194 

entirety of microglia, as was the case with BLZ945. Importantly, the reductions in microglia numbers in anti-195 

CSF-1-treated mice were primarily due to loss of activated inflammatory microglia, which expressed MHC II 196 

and/or CD68 (Fig. 3H).   197 

We then quantified how anti-CSF-1 treatment affected the composition of myeloid cells in the inflamed 198 

CNS (Fig. 3I,J). Anti-CSF-1 treatment reduced the frequencies of moDCs, macrophages, activated microglia and 199 

undifferentiated monocytes, but did not affect the frequency of neutrophils. This resulted in a large increase in 200 

the frequency of quiescent microglia among CD11b+ cells. Similar to BLZ945-treated mice, anti-CSF-1 treatment 201 

resulted in a decrease in MFI for MHC II and CD80, but not CD86 (Fig. 3K), suggesting that inflammatory APCs 202 

were preferentially impacted by anti-CSF-1 treatment. Consistent with this, anti-CSF-1-treated mice had a lower 203 

frequency of TNF+MHCII+ cells in their CNS, including moDCs (Supplemental Fig. 4C,D). An important 204 

pathogenic function of moDCs in EAE is production of IL-1β [48]. As expected, a reduced frequency of IL-1β-205 

producing cells was also observed in the CNS of anti-CSF-1 treated EAE mice (Fig. 3L), but, notably, not in 206 

BLZ945-treated mice (Supplemental Fig. 3I). Together, these data suggest that blockade of CSF-1 preferentially 207 

depletes infiltrating and resident inflammatory myeloid cells, without affecting quiescent microglia.  208 

 209 

 210 

 211 
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Anti-CSF1 treatment depletes myeloid cells in white matter lesions, but not microglia in grey matter.  212 

We further tested whether treatment with anti-CSF-1 MAb preferentially depletes inflammatory myeloid 213 

cells by examining their distribution in the CNS by microscopy. Anti-CSF-1 MAb treated mice with EAE had 214 

reduced white matter demyelination and smaller spinal cord lesions when compared to control mice (Fig. 4A-C). 215 

Immunostaining and analysis by confocal microscopy showed that mice treated with control isotype MAb had 216 

large numbers of Iba+ cells throughout the spinal cord (Fig. 4D-G). In contrast, mice treated with anti-CSF-1 MAb 217 

had notably fewer Iba+ cells and were similar to healthy naïve controls. BLZ945 treatment depleted virtually all 218 

Iba+ cells in both white and grey matter. Anti-CSF-1-treated mice also had reduced density of Iba1+ and 219 

Iba+CD68+ inflammatory myeloid cells both within regions infiltrated with immune cells and in immediately 220 

surrounding areas, but not further into the grey matter (Fig. 4E,F). Treatment with anti-CSF-1 reduced microglial 221 

proliferation/activation in the grey matter, reducing numbers of grey matter microglia to levels found in naïve 222 

mice (Fig. 4G). Together, these data indicate that anti-CSF-1 treatment primarily targets inflammatory myeloid 223 

cells in CNS lesions without depleting quiescent microglia in the grey matter. Further, the depletion of 224 

inflammatory myeloid cells in inflamed areas of the white matter precluded alterations to microglia in normally-225 

appearing white and gray matter at sites distant from inflamed areas of the white matter [4, 49-51], indicating an 226 

overall reduction in CNS inflammation.  227 

 228 

CSF-1R inhibition depletes myeloid DCs and monocytes in peripheral lymphoid compartments.  229 

Treatment with BLZ945 delayed onset of disease, whereas anti-CSF-1 treatment did not. This difference 230 

could be due to diminished priming of encephalitogenic T cell responses in peripheral lymphoid organs of 231 

BLZ945-treated mice, resulting in failure to initiate disease in the CNS. To test this possibility, we treated 232 

immunized mice with either BLZ945 or anti-CSF-1 MAb and sacrificed them during the priming phase of EAE, 233 

on day 8 p.i. We quantified the immune cells in blood, draining lymph nodes (dLN) and spleen, and found no 234 

difference in overall numbers of CD45+ cells in any tissues examined from BLZ945- or anti-CSF-1-treated mice 235 

compared to control animals (Supplemental Fig. 5). We did, however, observe a decrease in the numbers of 236 

CD11b+ cells in all tissues examined from BLZ945-treated mice, but not from anti-CSF-1-treated mice 237 

(Supplemental Fig. 5A-C). We noted a decrease in CD11b+CD11c+ cells in some peripheral lymphoid organs in 238 
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both BLZ945- and anti-CSF-1-treated mice, including a decrease in moDCs. Notably, numbers of monocytes 239 

were reduced in all examined tissues from BLZ945-treated mice, but not from anti-CSF-1-treated mice 240 

(Supplemental Fig 6A-F). 241 

We tested whether reductions in myeloid DCs in the spleen and dLNs would diminish MOG35-55-specific 242 

T cells responses, but did not find reduced proliferation of cells from either BLZ945- or anti-CSF-1-treated 243 

animals when compared to control animals (Supplemental Fig. 6G,H). We also measured antigen-specific 244 

proliferation at day 16 p.i. and found a reduction in proliferation of splenocytes from BLZ945-treated mice, but 245 

not of cells from dLNs. The reduction was likely due to fewer APCs, rather than to intrinsic differences in APC 246 

function, as co-culture of equal numbers of CD11c+ cells purified from spleens of vehicle- or BLZ945-treated 247 

mice with CD4+ T cells from 2D2 mice elicited similar levels of proliferation (Supplemental Fig. 6I,J). These data 248 

show that myeloid DCs are impacted by CSF-1R inhibition, but that this only modestly affects the development 249 

of myelin antigen-specific responses. Thus, delayed onset of disease in BLZ945-treated animals is likely due to 250 

factors other than impaired development of MOG35-55-specific T cells responses.  251 

 252 

CSF-1R signaling promotes survival/proliferation of BM-derived moDCs, but not their APC function.  253 

We tested how CSF-1R signaling influences the numbers of DCs by generating BMDCs with GM-CSF 254 

and IL-4 [52], and neutralizing CSF-1 and CSF-1R with MAbs. Cultures with either anti-CSF-1 or anti-CSF-1R 255 

MAbs contained fewer CD11c+MHCIIHi DCs (Fig. 5A). This was correlated with a decreased ratio of live/dead 256 

cells after LPS treatment (Fig. 5B), suggesting that survival of BMDCs was negatively impacted by the absence 257 

of CSF-1R signaling. CSF-1R signaling was not important for development of APC function of BMDCs as there 258 

was only a small reduction in the frequency of CD11c+MHCII+ among live CD11b+ cells (Fig. 5C,D) and co-culture 259 

with 2D2 CD4+ T cells revealed no differences in eliciting the proliferation of 2D2 T cells (Fig. 5E). To confirm 260 

that these findings are applicable to monocyte-derived BMDCs, we purified CD11b+Ly6G-Ly6CHi monocytes from 261 

the BM of CD45.1+ mice, mixed them with total BM cells from CD45.2+ mice, and then blocked CSF-1R signaling 262 

during their development into BMDCs. Consistent with total BM cultures, blockade of CSF-1R signaling did not 263 

affect the frequency of CD11c+MHCIIHiCD45.1+ monocyte-derived cells (Fig. 5F,G), but caused a ~75% reduction 264 

in their numbers (Fig. 5H). Together, these data indicate that CSF-1R signaling promotes the survival of moDCs, 265 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 6, 2021. ; https://doi.org/10.1101/2020.10.23.352534doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.23.352534


rather than their differentiation and APC function, which is consistent with the role of CSF-1R signaling in 266 

maintaining myeloid cell populations [9-11]. 267 

 268 

Blocking CSF-1R signaling or CSF-1 reduces numbers of CCL2- and CCR2-expressing myeloid cells in 269 

the CNS during EAE.  270 

We observed that numbers of monocytes/moDCs were greatly reduced in the CNS of mice with EAE 271 

during CSF-1R inhibition. Given that monocyte recruitment into the CNS via CCL2/CCR2 signaling is essential 272 

to EAE pathology [53, 54], and that several reports have shown that CSF-1 induces CCL2 production by 273 

monocytes [55-57], we examined CCL2 production in the CNS of BLZ945- and anti-CSF-1-treated mice with 274 

EAE. The vast majority of CCL2+ cells were CD45+ (Supplemental Fig. 8A). Among CD45+ cells, there was a 275 

reduction in numbers of CCL2+ cells in both BLZ945- and anti-CSF-1-treated animals (Supplemental Fig. 7A, D). 276 

The majority of CCL2+ cells were CD11b+Ly6C+ (Supplemental Fig. 7B,C,E,F), indicating that monocyte-derived 277 

cells are a relevant source of CCL2 in the CNS during EAE. Most CCL2+ cells were TNF+MHC II+ inflammatory 278 

myeloid cells (Supplemental Fig. 8B,C,F,G). Notably, MFI for CCL2 among CCL2+ cells from anti-CSF-1-treated 279 

mice, but not from BLZ945-treated mice, was also reduced (Supplemental Fig. 8E). We also examined CCR2+ 280 

cells from the CNS of BLZ945- and anti-CSF-1-treated mice. As with CCL2-producing cells, there was a reduction 281 

in numbers of CCR2+ cells (Supplemental Fig. 7G,J). Most CCR2+ cells were CD45HiCD11b+Ly6C+ cells 282 

(Supplemental Fig. 7H,I,K,L), indicating that these were the same cells that produce CCL2. Indeed, nearly all 283 

CCL2+ cells were CCR2+CD11b+ cells in anti-CSF-1-treated mice (Supplemental Fig. 8K). Combined with our in 284 

vitro findings, these data suggest that antagonism of CSF-1R signaling inhibits the survival and proliferation of 285 

monocytes/moDCs, resulting in fewer CCL2-producing cells, which then reduces the recruitment of CCR2+ cells 286 

in the CNS during EAE.  287 

 288 

Monocytes remaining in the CNS of anti-CSF-1-treated mice have a transcriptional profile consistent with 289 

a pro-survival phenotype.  290 

Anti-CSF-1 treatments depleted most (>80% depletion) but not all monocytes and monocyte-derived cells 291 

in the CNS of mice with EAE (Supplemental Fig. 10A,B). To identify transcriptional changes that could have 292 
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enabled some monocytes to persist despite diminished CSF-1 signaling, we sequenced their transcriptome after 293 

6 days of treatment, a timepoint that correlated well with maximal disease suppression (gating strategy shown 294 

in Supplemental Fig. 9A). There were 412 genes differentially expressed between monocytes from anti-CSF-1- 295 

and control MAb-treated mice (Supplemental Fig. 10C,D). We utilized the DAVID bioinformatics database [58, 296 

59] to identify gene ontology, and KEGG pathway terms that were significantly enriched among the differentially 297 

expressed genes. Among GO terms identified as significantly enriched, the largest percentage of genes were 298 

involved in cell division (Supplemental Fig. 10E and Supplemental Fig. 9B). Among enriched KEGG pathways 299 

in these monocytes, the module with the greatest number of genes was the PI3K-Akt signaling pathway 300 

(Supplemental Fig. 10F and Supplemental Fig. 9C), which controls proliferation [60]. Among genes in this 301 

pathway, a number of growth factor receptors and transcription factors were upregulated, including Flt1 302 

(VEGFR), Myb, Kit, Pdgfrb, and Fgfr1 (Supplemental Fig. 10G). These data suggest that monocytes in the CNS 303 

of anti-CSF-1-treated mice survive by upregulation of alternative growth factor receptors, which compensate for 304 

diminished CSF-1R signaling.  305 

 306 

BM-derived immune cells are major contributors to CSF-1R-dependent pathology in EAE.  307 

Inhibition of CSF-1R signaling during EAE, either by direct blocking of CSF-1R kinase activity or by 308 

neutralizing CSF-1, diminished numbers of moDCs and microglia, suggesting that disease suppression was due 309 

to reduced numbers of one or both of these cell types. To further test the role of CSF-1R signaling in monocytes 310 

and microglia in EAE, we developed a genetic model for Csf1r deletion that circumvents the perinatal lethality of 311 

conventional Csf1r knockout mice [61]. We crossed UBC-CreERT2 mice [62] and Csf1rfl/fl mice [63] to generate 312 

CSF1RiKO mice which have tamoxifen-inducible Cre-mediated deletion of Csf1r. Tamoxifen-treated adult 313 

CSF1RiKO mice had 70%-100% reduced CSF-1R protein in western blots of cell lysates from the spleen, dLN 314 

and CNS (Supplemental Fig. 11A). Next, we treated CSF1RiKO mice with tamoxifen for 5 days and rested them 315 

for additional 7-14 days before immunization to induce EAE. CSF1R-iKO mice developed milder EAE than 316 

control mice, without a delay in disease onset (Fig. 6A,B, Supplemental Fig. 11B). The tamoxifen pre-treatment 317 

led to sustained reduction of CNS moDCs for the duration of observation (~30 days p.i.) (Fig. 6C,D). In contrast, 318 

microglia were initially efficiently depleted, but by ~30 days p.i. microglia numbers had recovered to near normal, 319 

indicating incomplete knockout of Csf1r in microglia progenitors. Nevertheless, microglia were substantially 320 
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reduced at the time of immunization and until disease peak (~day 20 p.i.). Thus, CSF1RiKO mice enable efficient 321 

depletion of CSF-1R in adult mice without the developmental defects present in conventional CSF-1R knockout 322 

mice; the depletion of moDCs is long lasting, whereas the depletion of microglia is transient.       323 

 To determine the relative contributions of CSF-1R signaling in monocytes and microglia to EAE, we 324 

generated BM-chimeras by reconstituting treosulfan-conditioned WT and CSF1RiKO recipient mice with either 325 

WT or CSF1RiKO BM. We used the BM-conditioning agent treosulfan because it does not cross or affect the 326 

BBB, does not induce a cytokine storm, nor does it enable engraftment of peripheral myeloid cells into the CNS, 327 

as has been observed in irradiation-induced BM chimeras [64-66]. Pre-conditioning with treosulfan was highly 328 

efficient for establishing chimerism, with >90% of peripheral immune cells in chimera mice being of donor BM 329 

origin (Supplemental Fig. 11C). Following 8 weeks of BM-reconstitution, mice were treated with tamoxifen to 330 

knockout Csf1r and then immunized to induce EAE (Fig. 6E). Both WT and CSF1R-iKO mice reconstituted with 331 

WT BM developed typical EAE, whereas WT mice reconstituted with CSF1RiKO BM developed attenuated EAE, 332 

similar to CSF1RiKO mice reconstituted with CSF1RiKO BM. These data show that BM-derived cells are a major 333 

contributor to CSF-1R-dependent pathology during EAE, whereas microglia play a less important role. 334 

  Lastly, we sought to understand the role of CSF-1R in survival of monocytes during EAE. We utilized 335 

mixed-BM chimeras generated by reconstitution of WT mice with WT and CSF1R-iKO BMs (1:1). 50% WT BM 336 

is sufficient to drive the development of typical EAE [6, 67]. Indeed, mice reconstituted with a mixture of WT and 337 

CSF1R-iKO BMs and pre-treated with tamoxifen developed EAE equivalent to mice reconstituted with WT BM 338 

(Fig. 6F). In the CNS, we found a lower frequency of CSF1R-iKO monocyte-derived cells when compared to WT 339 

cells (Fig. 6G, Supplemental Fig. 11D). These data suggest that CSF-1R signaling maintains monocytic cells in 340 

the CNS during EAE.  341 

 342 

DISCUSSION 343 

We show that blocking CSF-1R, CSF-1 and IL-34 has differential effects on EAE. Overall, blocking either CSF-344 

1R or CSF-1 resulted in suppression of clinical disease and diminished CNS inflammation and demyelination. 345 

Notably, blocking CSF-1R and CSF-1 produced distinct effects on the composition of immune cells in the CNS 346 

during EAE. Numbers of microglia and monocyte-derived cells were the most reduced by CSF-1R inhibition. 347 
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Treatment with BLZ945 depleted virtually all microglia, whereas anti-CSF-1 treatment preferentially depleted 348 

inflammatory microglia, reducing their number to similar numbers as in naïve mice. Moreover, depletion of 349 

myeloid cells in anti-CSF-1-treated mice was limited to CNS lesions and adjacent areas, while grey matter 350 

microglia had a similar appearance as naïve mice. The notably lower microglia depletion by anti-CSF-1 MAb 351 

than with BLZ945 did not result in less effective disease suppression, but rather improved long-term therapeutic 352 

efficacy when compared to BLZ945 treatments, suggesting that full therapeutic benefit can be achieved without 353 

applying a maximally ablative approach. Limited depletion of microglia by anti-CSF-1 MAb may therefore be 354 

advantageous in MS therapy, as it carries fewer potential risks than widespread microglia depletion likely would. 355 

Favoring a milder approach for depletion of myeloid cells is supported by a finding that PLX5622, a commonly 356 

used inhibitor of CSF-1R kinase activity, in addition to depleting microglia, also causes long-term and widespread 357 

systemic changes to myeloid and lymphoid compartments [68]. It is likely that other small molecule inhibitors of 358 

CSF-1R, including BLZ945, induce similar changes, but it is also likely that blocking CSF-1 induces fewer 359 

systemic changes because of compensatory IL-34 signaling and more restricted tissue distribution of the MAb 360 

compared to small molecule inhibitors, as exemplified by our findings in the CNS. For example, other organs 361 

with blood barriers, such as testes, eye, and thymus, all of which express CSF-1R [69], would likely be less 362 

affected by anti-CSF-1 MAb than a small molecule inhibitor, which could more readily penetrate the barriers and 363 

inhibit both CSF-1 and IL-34 signaling. 364 

The limited microglia depletion by anti-CSF-1 MAb is likely due to the presence of IL-34 in non-inflamed 365 

CNS areas, where it maintains homeostatic microglia survival. Indeed, it has been shown that systemic injections 366 

of anti-CSF-1 MAb do not deplete microglia [70]. This is consistent with studies showing that IL-34 accounts for 367 

approximately 70% of CSF-1R signaling in healthy brain [23], and that anti-CSF-1 MAb is unlikely to penetrate 368 

into the normal CNS parenchyma, as only a miniscule fraction of Abs crosses the intact BBB [10, 30]. Thus, it is 369 

expected that neutralization of CSF-1 in the CNS occurs primarily in active lesions, where BBB is leaky, resulting 370 

in localized depletion of inflammatory myeloid cells. This model is analogous to the role of CSF-1R ligands in the 371 

skin, where IL-34 maintains Langerhans cells in steady state. However, during skin inflammation, IL-34 becomes 372 

dispensable, as infiltrated immune cells produce CSF-1 and maintain/expand numbers of Langerhans cells [45]. 373 

It should be noted, though, that CSF-1R signaling is not in itself inherently pro-inflammatory by eliciting 374 

inflammatory phenotype in myeloid cells, but can have such a net effect by simply maintaining their survival 375 
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during inflammation. In fact, in the absence of inflammation, CSF-1R signaling induces an 376 

immunosuppressive/homeostatic M2 phenotype in macrophages and a resting/quiescent phenotype in microglia 377 

[1, 12-26]. Hence, our observations on blockade of CSF-1R signaling in EAE are the net effect of abrogating 378 

both pro- and anti-inflammatory functions of CSF-1R signaling, with the pro-inflammatory ones predominating. 379 

Together, our findings suggest that CSF-1 promotes inflammation in EAE by expansion of microglia and 380 

monocyte-derived myeloid cells, whereas IL-34 maintains microglia in non-inflamed CNS areas, similar to the 381 

healthy CNS.  382 

Our data suggest that IL-34 does not play a significant role in EAE pathology. This can be explained by 383 

notably more widespread and abundant expression of CSF-1 compared with IL-34 [71]. It is likely that in most 384 

cases CSF-1 can therefore compensate for lack of IL-34. This interpretation is supported by a study that has 385 

demonstrated that CSF-1 in inflamed sites becomes the dominant CSF-1R ligand, even in tissue (skin) where 386 

IL-34, but not CSF-1, is expressed in steady state [45]. Thus, although our data suggest that blockade of IL-34 387 

with MAb may have been incomplete due to the development of anti-rat IgG responses, it is probable that 388 

abundantly produced CSF-1 in CNS lesions mediates most CSF-1R signaling, and that blockade of IL-34 389 

therefore does not have an effect on EAE.  390 

Our in vitro studies with BMDCs show that the primary effect of CSF-1R inhibition is limiting the number 391 

of myeloid DCs in these cultures rather than affecting their APC functions. These data are consistent with a body 392 

of literature showing that CSF-1R signaling in myeloid cells chiefly provides proliferative and anti-apoptotic 393 

signals for maintenance of the population size [34]. This concept is exemplified by differences between animals 394 

lacking CSF-1 and IL-34, in which CSF-1 knockout mice have reduced numbers of osteoclasts and monocytes 395 

but only a modest reduction in microglia [32]. In contrast, IL-34 knockout mice have greatly reduced numbers of 396 

microglia and Langerhans cells, but largely normal numbers of other tissue resident macrophages [32]. Thus, 397 

CSF-1R inhibition is likely to suppress inflammation in EAE by reducing the population size of inflammatory 398 

myeloid cells in the CNS.  399 

Transcriptional profiling of monocytes that remained in the CNS after anti-CSF-1 treatment suggests that 400 

they avoid death via upregulation of growth factor receptors known to promote myeloid cell survival, including 401 

Kit [72-74]. Notably, upregulation of these genes has been reported in myeloid cell cancers [75-79]. However, a 402 

number of questions regarding these surviving monocytes remain, such as: are they a normally present 403 
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subpopulation among CNS monocytes, or were they induced by neutralization of CSF-1; do they eventually 404 

succumb to early death compared to monocytes that have been receiving CSF-1R signaling; do all monocytes 405 

lacking CSF-1R signaling acquire this phenotype before death; and, what is the capacity of the surviving 406 

monocytes to perpetuate inflammation? It is possible that altered phenotype of surviving monocytes is less pro-407 

inflammatory because of diminished effector functions, such as cytokine and chemokine production.  408 

Our in vivo studies indicate an additional mechanism of EAE suppression by inhibition of CSF-1R 409 

signaling, namely, reduced recruitment of immune cells to the CNS. We found reduction in numbers of both 410 

CCL2- and CCR2-expressing cells when mice were treated with BLZ945 or anti-CSF-1 MAb. Most cells that 411 

expressed CCL2 and CCR2 were monocytes/moDCs, which suggests a model whereby monocytes that infiltrate 412 

the CNS produce CCL2, thus amplifying inflammation by further recruitment of CCR2-expressing cells. Given 413 

that CSF-1R signaling in monocytes/macrophages induces CCL2 expression [55-57], this suggests that its 414 

blockade reduces CNS inflammation by two mechanisms: 1) by reducing numbers of cells that produce CCL2, 415 

and 2) by reducing CCL2 production of surviving cells, which together amounts to greatly diminished CCL2 levels 416 

in the CNS during EAE. This is consistent with an essential role of CCL2 and CCR2 in EAE, since interventions 417 

that affect them attenuate disease [80-82]. It is also possible that in addition to monocytes, reduction in CCL2 418 

directly affects recruitment of pathogenic CCR2+ Th cells to the CNS, given a report that CCR2 drives their 419 

recruitment to the CNS [80]. Taken together with our result showing reduced GM-CSF and IL-1 production in 420 

the CNS, it is likely that CSF-1R inhibition suppresses EAE by depleting CCL2- and IL-1-expressing APCs. IL-421 

1 has an essential role in EAE [6, 48, 83, 84] by acting on CD4+ T cells to promote their proliferation and GM-422 

CSF production; GM-CSF is also essential to EAE development by acting on monocytes to induce their pro-423 

inflammatory phenotype and IL-1 production, thus completing a positive feedback loop that sustains 424 

inflammation [85]. Inhibition of CSF-1R signaling likely interrupts this pro-inflammatory feedback loop, resulting 425 

in EAE suppression. 426 

To determine the relative contributions of CSF-1R signaling in monocytes and microglia to EAE, we 427 

developed CSF1R-iKO mice. Our BM chimera experiments indicate that a lack of CSF-1R signaling in BM-428 

derived cells, rather than in CNS-resident cells (e.g. microglia), is responsible for the EAE suppression. However, 429 

the transient nature of microglia depletion in CSF-1RiKO mice prevents us from concluding that microglia are 430 

entirely dispensable for EAE development. Our experiments with mixed BM chimeras support the view that CSF-431 
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1R functions as a growth factor receptor for monocytes and their progeny [9-11]. However, it is worth noting that 432 

treating WT mice with BLZ945 induced more profound reduction in CNS moDCs than in mixed BM chimeras. 433 

This may be explained by the presence of WT monocytes in mixed BM-chimeras, which are able to produce 434 

CCL2, and therefore maintain recruitment of monocytes into the CNS. This is consistent with a model in which 435 

CSF-1R signaling maintains numbers of monocytes and cells that differentiate from them, by promoting their 436 

survival/proliferation, but also by potentiating their recruitment into the CNS via CCL2 production, which are both 437 

reported functions of CSF-1R [9-11, 55-57].   438 

Therapies using anti-CSF-1 MAb and small molecule inhibitors of CSF-1R have been tested in multiple 439 

clinical trials for autoimmune and oncological diseases [86-91]. These trials have demonstrated that blockade of 440 

CSF-1/CSF-1R is well tolerated by patients [90, 92, 93]. Targeting CSF-1/CSF-1R in MS has not been tested, 441 

but agents used in trials for other diseases would likely be suitable for testing in MS. Moreover, because CSF-442 

1R signaling is not required by myeloid progenitors residing in the BM or CNS (for microglia) [34, 94], the effects 443 

of these treatments would be largely reversible. Indeed, there is complete repopulation of microglia within one 444 

week after cessation of treatment with CSF-1R inhibitors [94]. A treatment modality can be envisioned whereby 445 

blocking CSF-1R signaling for therapy of MS would follow an intermittent regimen, given for a period of time, 446 

instead of continuously. Thus, as a potential therapy for MS, targeting CSF-1/CSF-1R offers several advantages, 447 

including the potential of being readily translatable to clinical testing with already existing therapeutic agents. 448 

In conclusion, blocking CSF-1R signaling ameliorates EAE by depleting inflammatory APCs in the CNS. 449 

MS therapy with anti-CSF-1 MAb could be a preferred approach, because, unlike small molecule inhibitors of 450 

CSF-1R, it preserves quiescent microglia and their homeostatic functions, as well as other IL-34 functions, such 451 

as maintenance of Langerhans cells. Limited depletion of microglia by anti-CSF-1 treatment, however, does not 452 

diminish its therapeutic effect compared to BLZ945 treatment. Reducing CSF-1R signaling via neutralization of 453 

CSF-1 could therefore be a novel strategy for therapy of MS.  454 

 455 

 456 

 457 

 458 
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MATERIALS AND METHODS 459 

More information is available in supplemental materials. 460 

Mice 461 

All mice used in this study were on C57BL/6J genetic background. Mice were either obtained from The Jackson 462 

Laboratories (Bar Harbor, Maine) or bred in-house. All experimental procedures were approved by the 463 

Institutional Animal Care and Use Committee of Thomas Jefferson University. CSF1RiKO mice were generated 464 

by breeding UBC-CreERT2 (The Jackson Laboratories, Stock #007001) with Csf1rflox mice (The Jackson 465 

Laboratories, Stock #021212). Genotyping was performed as recommended by The Jackson Laboratories. 466 

CD45.1 mice (B6.SJL-Ptprca Pepcb/BoyJ, Stock #002014) were obtained from The Jackson Laboratories. 467 

 468 

Induction and Scoring of EAE 469 

EAE was induced by immunization with 1:1 emulsion of PBS and complete Freund’s adjuvant (CFA) containing 470 

5 mg/mL heat killed M. tuberculosis (BD Biosciences) and 1 mg/mL MOG35-55 peptide (Genscript). Mice were 471 

immunized on both flanks by subcutaneous injection of the emulsion for a total of 200 µL. Pertussis toxin was 472 

i.p. injected on days 0 and 2 post-immunization at 200 ng per dose. Mice were scored according to the following 473 

scale: 0 - No clinical symptoms. 0.5 - Partial paralysis of the tail or waddling gait. 1.0 - Full paralysis of the tail. 474 

1.5 - Full paralysis of the tail and waddling gait. 2.0 - Partial paralysis in one leg. 2.5 - Partial paralysis in both 475 

legs or one leg paralyzed. 3.0 - Both legs paralyzed. 3.5 - Ascending paralysis. 4.0 - Paralysis above the hips. 476 

4.5 – Moribund; mouse being unable to right itself for 30 seconds. 5.0 - Death. 477 

 478 

BLZ945 Preparation and Treatment 479 

BLZ945 (Selleck Chemicals and MedChemExpress) was prepared from powder in 20% captisol at 12 mg/mL. 480 

Mice were treated with BLZ945 by oral gavage with 4-6 mg/treatment/day. In initial experiments, we used BLZ945 481 

prepared in 20% captisol, and 20% captisol as control, which were a generous gift from Novartis International 482 

AG. 483 
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 484 

In vivo CSF-1, Anti-CSF-1, Anti-IL-34, and Anti-CSF-1R Treatments 485 

Recombinant CSF-1 (4 µg/dose; R&D Systems) was given to EAE mice on days 4, 8, 12, 16 post immunization 486 

(p.i.) by intraperitoneal (i.p.) injection. All MAb treatments were also given by i.p. injection. Prophylactic 487 

treatments with anti-CSF-1 (200 µg/dose; clone: 5A1; Bio X Cell) started on day 0 p.i. and were given every 488 

other day until disease onset, when dosing was changed to every day. In therapeutic treatments, MAb was given 489 

every day, starting on days indicated in figures, for the duration of acute phase of the disease (typically days 11-490 

25 p.i.), then switched to every other day for the rest of the experiments. Equal amounts of control IgG1 (Clone: 491 

HPRN; Bio X Cell) were used to treat control mice. Mice were treated with anti-IL-34 MAb (100 µg/dose; Clone: 492 

780310; Novus Biologicals) every other day for the duration of the experiment. Anti-CSF-1R Mab (400 µg/dose; 493 

Clone: AFS98; Bio X Cell) was given every other day. In experiments with anti-IL-34 and anti-CSF-1R MAbs, 494 

equal amounts of control IgG2A (Clone: 2A3; Bio X Cell) were given to control mice.  495 

 496 

 497 

 498 

 499 

 500 

 501 

 502 

 503 

 504 

 505 

 506 

 507 
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Figure 1: Blocking CSF-1R activity suppresses EAE. A-D) C57BL/6J mice were immunized with MOG35-55 for EAE 

induction. Clinical course, maximum and cumulative clinical scores, and Kaplan-Meier plots depicting percent of disease-

free animals over time are shown. Significance for clinical course data was calculated by two-way repeated measures 

ANOVA. Significance for maximum and cumulative clinical scores was calculated by Student’s t test. Error bars are 

S.E.M. Significance for Kaplan-Meier plots was calculated by comparing disease-free curves with the log-rank (Mantel-

Cox) test. A) EAE animals treated orally with BLZ945 (n=9; 4 mg/day [1]) or vehicle (n=7; 20% Captisol) daily, starting 

from day of immunization. Data were compiled from two independent experiments. B) Treatment with anti-CSF-1R MAb 

(n=4) or control rat IgG2a (n=8). MAbs were i.p. injected every other day (400 µg per dose). C) Treatment with anti-CSF-

1 MAb (n=7) or control rat IgG1 (n=11). MAbs were i.p. injected every other day (200 µg per dose). Data were compiled 

from two independent experiments. D) Treatment with anti-IL-34 MAb (n=3) or control rat IgG2a MAb (n=4). MAbs were 

i.p. injected every other day (100 µg per dose).  
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Figure 2: CSF-1R inhibition depletes myeloid APCs in the CNS of mice with EAE. C57BL/6J mice were immunized 

with MOG35-55 for EAE induction and treated orally with BLZ945 (4 mg/day) or vehicle control (20% captisol) daily, starting 

on the day of immunization. Mice were sacrificed on day 15 p.i., and brains and spinal cords were pooled for cell isolation. 

A) Numbers of CNS CD45+ cells (n=7/group, combined from two independent experiments). B) t-SNE plot depicting 

clustering of CD45+ cells (n=5 mice per group). moDCs and macrophages were defined by their expression of CD11b, 

CD11c, MHC II, CD80 and CD86. Microglia were defined as CD45+CD11b+Tmem119+CX3CR1Hi cells. Undifferentiated 

monocytes were defined as CD45HiLy6CHiCD11c- cells that were overall MHC IILo/Neg. Neutrophils were defined as 

CD45+CD11b+Ly6GHi. CD4+ cells were defined as CD45+CD4+. Other lymphocytes were defined as CD45HiSSCLo. Ly6C- 

DCs were defined as CD45HiCD11b+CD11c+MHCIIHiLy6C- cells. B cells were defined as CD45+CD19+. C) Heatmap 

showing normalized expression of markers used to identify clusters. D) Quantification of clusters between vehicle and 

BLZ945-treated mice with EAE. E) Heat map of CD11c, MHC II, CD80 and CD86 expression among CD45+ cells. F) 

MFI of MHC II, CD80 and CD86 among CD45HiCD11b+ myeloid cells. Representative histograms showing fluorescence 

intensity of MHC II, CD80 and CD86 between vehicle- and BLZ945-treated animals is also shown. Y-axis is frequency 

of cells as normalized to mode. Significance was calculated with Student’s t test. For D),* indicates a p-value < 0.02. 

Error bars are S.E.M. 
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Figure 3: CSF-1 controls the population size of inflammatory myeloid cells in the CNS during EAE. A) Clinical 

course and cumulative score of mice with EAE treated with CSF-1 MAb starting after disease onset (n=7 per group; 

compiled from 2 independent experiments). Red line denotes day that treatment was started. Mice were treated with 

200 g MAb per day. B) Clinical course and cumulative scores of mice treated long term with CSF-1 MAb. Mice were 

treated daily until day 25, and then every other day for the duration of the experiment. C-D) Clinical course and 

cumulative score for mice treated with CSF-1 MAb, starting at clinical score of 2.0 (n=4-5 per group). E-L) 

Characterization of immune cells from the CNS of control MAb- and CSF-1 MAb-treated mice. E) Number of CD45+ 

cells. F) Numbers of CD11b+, CD11c+ and CD4+ cells. G) Numbers of CD45+CD11b+CX3CR1HiTmem119+ microglia in 

control-treated, CSF-1 MAb-treated, and naïve mice. H) Numbers of MHC II+ and CD68+ microglia in control MAb- and 

CSF-1 MAb-treated mice. I) t-SNE analysis of CD45+CD11b+ cells. moDCs and macrophages were defined by their 

expression of CD11b, CD11c, MHC II, CD80 and CD86. Activated microglia were defined as 

CD45+CD11b+Tmem119+CX3CR1HiMHCII+CD68+/- cells. Quiescent microglia were defined as 

CD45+CD11b+Tmem119+CX3CR1HiMHCII-CD68-. Undifferentiated monocytes were defined as CD45HiLy6CHiCD11c- 

cells that were overall MHC IILo/Neg. Neutrophils were defined as CD45+CD11b+Ly6GHi. CD4+ cells were defined as 

CD45+CD4+. cDCs were defined as CD45HiCD11b+CD11c+MHCIIHiLy6C-CD26+ cells. Other CD11b+ cells expressed 

CD11c and CX3CR1 but did not express markers for antigen presentation. J) Quantification of clusters from I). K) Median 

fluorescence intensity of MHC II, CD80 and CD86 in CD45+CD11b+ cells. L) Frequency of IL-1+ cells among CD45+ 

cells. Significance was calculated with unpaired Student’s t test. Error bars are S.E.M. Significance for clinical course 

was calculated by two-way ANOVA.  
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 845 

 846 

Figure 4: Anti-CSF1 treatment reduces lesion burden without depleting quiescent microglia. A) Sudan black 

stained spinal cord sections from rat IgG- and anti-CSF-1-treated mice with EAE sacrificed on day 17-19 p.i. (n=5 mice 

per group). Spinal cords were split into 4 pieces of equal length, and 1 section from each piece is included in the analysis. 

B) Degree of demyelination expressed as a percentage of demyelinated white matter. C) Violin plot showing 

demyelinating lesion size in rat IgG- and anti-CSF-1-treated mice. D) Confocal microscopy of spinal cord sections stained 

with DAPI and Abs against Iba1 and CD68 from rat IgG-, anti-CSF-1-, and BLZ945-treated EAE mice, and naïve mice. 

E) Representative images and quantification of cell density of Iba1+ and Iba1+CD68+ cells within lesions infiltrated with 

immune cells from rat IgG- and anti-CSF-1-treated mice. F) Representative images and quantification of cell density of 

Iba1+ and Iba1+CD68+ cells within a 100 µm-wide area surrounding lesions infiltrated with immune cells. G) 

Representative images and quantification of cell density of Iba1+ and Iba1+CD68+ cells in grey matter of rat IgG- or anti-

CSF-1-treated and naïve mice. All scale bars are 100 µm. For E) and F), individual lesions from 5 mice per group are 

analyzed. Significance was calculated with unpaired Student’s t test. Error bars are S.E.M. Significance for comparisons 

between more than two groups was calculated by one-way ANOVA.  
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Figure 5: CSF-1R signaling promotes survival and proliferation of moDCs, but not their APC function. BM cells 

were cultured in media supplemented with GM-CSF and IL-4 for 7 days in the presence of either control MAbs, or anti-

CSF1 and anti-CSF-1R MAbs. BMDCs were then matured by stimulation with LPS for 24 h in the presence of the MAbs. 

A) Number of CD11c+MHCIIHi cells in culture after GM-CSF + IL-4 treatment for 7 days. B) Ratio of Live/Dead cells after 

24 h LPS treatment. C-D) Frequency of CD11c+MHCIIHi cells after GM-CSF + IL-4 treatment for 7 days. E) Co-culture 

of LPS-matured BMDCs with CD4+ T cells from 2D2 mice and MOG35-55 peptide (25 g/mL). Co-cultures either did, or 

did not contain control and neutralizing MAbs against CSF-1 and CSF-1R. Proliferation was measured using 

[3H]Thymidine incorporation. C.P.M. = counts per minute. F) Monocytes were purified from the BM of CD45.1 mice and 

mixed with total BM of CD45.2 mice, then cultured as described above with control or anti-CSF1/anti-CSF-1R MAbs. 

Flow cytometry depicting CD11c and MHC II expression in CD45.1+CD11b+ and CD45.2+CD11b+ cells is shown. G) 

Frequency, and H) number of CD11c+MHC IIHi cells among CD45.1+CD11b+ cells. Technical replicates for 1 of 2 

independent experiments with similar results are shown. Statistical significance was calculated using two-way unpaired 

t test. Error bars are S.E.M. 
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Figure 6. BM-derived immune cells are the major contributors to CSF-1R-dependent pathology A) Comparison 

between vehicle (n=7) and tamoxifen-treated (n=17) Csf1rfl/fl mice and tamoxifen-treated CSF1R-iKO mice (n=12). B) 

Quantification of cumulative score from C). Significance for clinical course determined by two-way repeated measures 

ANOVA, and by unpaired Student’s t test for cumulative scores. C) Time course showing numbers of microglia and D) 

moDCs in tamoxifen-treated Csf1rfl/fl and CSF1R-iKO mice. Significance was calculated by unpaired Student’s t test E) 

BM was ablated with treosulfan, and 107 WT or CSF1R-iKO BM cells were i.v. transferred into either WT or CSF1R-iKO 

recipients. After 8 weeks reconstitution, mice were treated with tamoxifen and immunized for EAE. Right panel shows 

clinical course of EAE. Numbers of mice per group were 4, 5, 5, 3 for group listed in legend from top to bottom. F) Mixed 

BM chimera experiments. BM was ablated as in G, then equal numbers of WT and CSF1R-iKO BM cells were co-

transferred to recipients (total cell number transferred = 107 cells/mouse) via i.v. injection. After reconstitution period, 

mice were treated with tamoxifen, rested, and then immunized for EAE induction. Significance for BM chimera 

experiments was calculated by two-way repeated measures ANOVA. G) Quantification of frequency of monocyte-

derived APCs among CD11b+ cells from mixed BM chimeras in H). Significance was determined by two-tailed paired t 

test.  
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SUPPLEMENTAL MATERIALS 887 

 888 

MATERIALS AND METHODS 889 

Flow Cytometry 890 

Isolated cells were stimulated with PMA (500 ng/mL; Sigma Aldrich), ionomycin (50 ng/mL; Sigma Aldrich), and 891 

1 µL/mL Golgiplug (BD Biosciences) for 4 h at 37oC. After stimulation, cells were washed with PBS containing 892 

3% FBS (v/v). Cell surface antigens were stained with Abs in 100 µL of PBS/3% FBS for 20-30 min at 4oC. Cells 893 

were then washed and fixed with 100 µL Fix and Perm Medium A (Thermo Fisher) for 20 min at room temperature 894 

and washed again. Cells were permeabilized with Fix and Perm Medium B (Thermo Fisher) and stained with 895 

Abs against intracellular antigens in 100 µL Fix and Perm Medium B and 100 µL PBS/3%FBS for 1 h. Cells were 896 

then washed twice, resuspended in 500 µL PBS and analyzed on a BD FACSAria Fusion flow cytometer (BD 897 

Biosciences).   898 

 899 

Isolation of Immune Cells from the CNS 900 

Mice were anesthetized and blood was removed by perfusion with 60 mL PBS. Spinal cord was flushed out of 901 

the spinal column with PBS. Brains and spinal cords were pooled and cut manually into small pieces in 700 µL 902 

Liberase TL dissolved in RPMI at 0.7 mg/mL (Roche) then incubated at 37oC for 30 min before reaction was 903 

quenched using complete media containing FBS. Tissue was homogenized by pushing through a 100 µm sterile 904 

filter with syringe plunger. Homogenate was centrifuged at 1500 RPM (300 x g) for 5 min and resuspended in 905 

25 mL of 70% 1x Percoll-PBS (90% Percoll, 10% 10x PBS). 25 mL of 30% Percoll-PBS was gently overlayed 906 

onto the 70% layer and was centrifuged at 2000 RPM without brake at room temperature for 30 min. Cells that 907 

pooled at the interface of 30/70% layers and the majority of the 30% layer were then collected, diluted with PBS 908 

or media and centrifuged at 1500 RPM (300 x g) for 5 min.  909 

 910 

 911 

 912 
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Antibody Titer Measurement 913 

Serum was collected from peripheral blood of animals treated with Rat IgG2A (Clone: 2A3; Bio X Cell), anti-CSF1 914 

MAb (Clone: 5A1; Bio X Cell), anti-CSF-1R MAb (Clone: AFS98; Bio X Cell), anti-IL-34 MAb (Clone: 780310, 915 

Novus Biologicals). 96-well ELISA plates were coated with the same MAb that was used to treat animals 916 

overnight at room temperature and blocked with 1% BSA for 2 h. Plates were washed and incubated with serum 917 

for 1 h and washed. Anti-Mouse IgG-HRP conjugate secondary Ab (Jackson Immunolabs) was used to detect 918 

the presence of anti-Rat IgG response by measuring absorbance at 450 nm and subtracting absorbance at 540 919 

nm.  920 

 921 

Library Preparation and RNA-seq Analyses 922 

Next-generation sequencing libraries were prepared using the Illumina TruSeq Stranded Total RNA library 923 

preparation kit, with high quality RNA (RIN >= 8.7) and 200 ng of input RNA. Libraries were assessed for quality 924 

using the PerkinElmer Labchip GX and qPCR using the Kapa Library Quantification Kit and the Life Technologies 925 

Viia7 Real-time PCR instrument. Libraries were diluted to 2 nM and sequenced in a paired-end (2 x 100bp), 926 

dual-indexed format on the Illumina HiSeq2500 using the High Output v4 chemistry. 927 

RNA-seq reads were demultiplexed into sample-specific fastq files and aligned to the mm10 reference genome 928 

using the DRAGEN genome pipeline [95] to produce BAM files. Generated BAM files were read into R statistical 929 

computing environment and gene counts were obtained using the Rsubread package, producing a feature/gene 930 

counts matrix. Differential expression analysis was performed using the R/Bioconductor package DESeq2, which 931 

uses a negative binomial model [96]. Analysis was performed using standard thresholds and parameters while 932 

filtering genes with low mean normalized counts. Further downstream analysis was performed using the 933 

Ingenuity Pathway Analysis (IPA) and GSEA software using the normalized read count table. Additionally, 934 

differentially expressed genes (p<0.01) were entered into the DAVID utility for functional annotation and analyzed 935 

for gene ontology terms for biological processes and for KEGG pathway terms [58, 59].  936 

 937 

 938 
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Tamoxifen Treatment  939 

Tamoxifen (Sigma) was resuspended in corn oil (Sigma) to 20 mg/mL by heating in a 37oC water bath and 940 

vortexing. For tamoxifen treatment via i.p. injection, 2 mg of tamoxifen was injected per day for a total of 5 941 

injections. Mice were then rested for 14-21 days before further manipulation. For tamoxifen treatment via oral 942 

gavage, mice were treated  5 times with 5 mg of tamoxifen per day, then rested for 7 days.  943 

 944 

Immunohistochemistry and Immunofluorescence Microscopy 945 

Animals were perfused with 50 mL PBS followed by 40 mL cold paraformaldehyde (PFA) solution. The spinal 946 

column was then removed and placed in PFA overnight. The day after perfusion, tissue was transferred to 30% 947 

sucrose in PBS and allowed to incubate overnight, or until tissue had sunk to the bottom of the tube. Spinal cord 948 

was then dissected from the spinal column, cut into 4 pieces of approximately equal length and embedded in 949 

OCT. The entire spinal cord was sectioned into 10 µm-thick coronal sections, skipping 100 µm between each 950 

section. Prior to staining, sections were immersed in PBS for 10 min to remove residual OCT. For Sudan black 951 

staining, sections were stained by immersion for 30 min in a 10 mg/mL solution of Sudan black prepared in 70% 952 

ethanol. Following staining, slides were decolorized by immersion in a 0.1% Triton-X100 in PBS solution for 30 953 

min. For immunofluorescence experiments, slides were blocked using 10% Normal Goat Serum with 0.1% 954 

sodium azide (Thermo Fisher) for 30 min. Primary Abs for Iba1 (1:500 dilution, SySy, Cat# 234 006), and CD68 955 

(1:100 dilution, Thermo Fisher, Clone: FA-11) were diluted in 10% Normal Goat Serum with 0.3% Triton-X100. 956 

Slides were stained with primary Abs overnight at 4oC, then washed 3 times with PBS for 5 min. Secondary Abs 957 

(Thermo Fisher) were diluted 1:1000 and slides were stained for 1 h. Slides were then washed 3 times with PBS, 958 

mounted with ProLong™ Diamond Antifade Mountant with DAPI (Thermo Fisher) and imaged using a Nikon AR1 959 

confocal microscope at the Thomas Jefferson University Imaging core facility.  960 

 961 

Analysis of Immunofluorescence Microscopy 962 

Demyelination in Sudan black-stained spinal cord sections was determined by dividing total demyelinated area 963 

of white matter by total white matter area, using NIS elements software (Nikon). Immunofluorescence images 964 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 6, 2021. ; https://doi.org/10.1101/2020.10.23.352534doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.23.352534


were analyzed using Slidebook 6 software (Intelligent Imaging Innovations). Quantification of cell density was 965 

performed by masking cell nuclei by fluorescent thresholding. Touching nuclei were separated by applying the 966 

watershed algorithm at 25% aggressiveness and then again at 50% after removal of small objects. Errors in 967 

object identification or over-segmentation caused by the watershed algorithm were then corrected manually. 968 

Features of spinal cord sections were manually masked (e.g. lesions, grey matter, etc.) and cells not belonging 969 

to that feature were discarded by only keeping cells that overlapped with the feature mask. Object IDs were then 970 

assigned to individual cells and mean pixel intensity per object was determined for each channel. A threshold 971 

intensity value was then assigned for each channel and used to determine positivity for that marker. The number 972 

of positive cells was then divided by the area of that feature to determine cell density.  973 

 974 

Western Blot 975 

Cells were re-suspended in a RIPA lysis buffer supplemented with a protease inhibitor cocktail (Sigma-Aldrich). 976 

30 mg proteins diluted with Laemmli buffer and loaded onto 8%–14% polyacrylamide gels. Protein 977 

concentrations were measured with bicinchoninic acid (BCA) assay (Pierce). Anti-CSF-1R (Abcam) and mouse 978 

anti- actin (Sigma) were used as primary antibodies. 979 

 980 

Bone Marrow-Derived DC Culture 981 

Bone marrow (BM) was isolated from tibia and femurs of mice, and BM cells were cultured at 1 x 106 cells per 982 

mL in a total volume of 10 mL in petri dishes with GM-CSF (20 ng/mL) + IL-4 (20 ng/mL) for 4 days. On the 4th 983 

day, 5 mL of media was removed from the plates, cells were pelleted by centrifugation and resuspended in 5 mL 984 

fresh media containing GM-CSF and IL-4. The cell suspension was added back to the original petri dishes and 985 

cultured for an additional 3 days. To induce a mature DC phenotype, cells were washed, replated in fresh media 986 

containing LPS (300 ng/mL) and cultured for 72 h. For cultures involving monocytes, CD11b+ cells were isolated 987 

from BM cell suspension of CD45.1+ mice by MACS positive selection (Miltenyi Biotec), after which Ly6CHiLy6G- 988 

monocytes were sorted on a FACSAria Fusion instrument (BD Biosciences). Isolated monocytes were then 989 

added to CD45.2+ total BM cell cultures.  990 
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Co-culture of DCs and T cells and Proliferation Assay 991 

For proliferation assays, 4 x 104 DCs were co-cultured with 1.6 x 105 2D2 CD4+ T cells in 96-well U-bottom tissue 992 

culture plates. Cells were stimulated with MOG35-55 peptide (25 g/mL) for 72 h. At approximately 60 h after 993 

starting the culture, 1 µCi of [3H]Thymidine (Perkin-Elmer) was added to each well in a volume of 50 µL. Cells 994 

were harvested 24 h later and counts per minute (C.P.M.) measured in MicroBeta2 beta counter (Perkin-Elmer). 995 

  996 

Bone Marrow Chimeras 997 

Treosulfan (L-threitol-1,4-dimethanesulfonate; a generous gift from Medac Germany) was resuspended in sterile 998 

water at a concentration of 50 mg/mL and administered by i.p. injection over 3 consecutive days at 2000 mg/kg 999 

per dose. Mice were then rested for 72-96 h before i.v. transfer of 107 BM cells.  1000 

 1001 

 1002 

 1003 

 1004 

 1005 

 1006 

 1007 

 1008 

 1009 
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SUPPLEMENTAL FIGURES 1021 

Supplemental Figure 1 1022 

 1023 

 1024 

 1025 

 1026 

 1027 

 1028 

 1029 

 1030 

 1031 

 1032 

 1033 

 1034 

 1035 

 1036 

 1037 

Supplemental Figure 1: A) C57BL6/J mice were immunized with MOG35-55 and treated with anti-CSF1 MAb (200 µg, 

every other day), control rat IgG1 MAb (200 µg, every other day), recombinant mouse CSF-1 (4 µg per dose, given on 

days 4, 8 ,12 ,16 p.i.) or PBS by i.p. injection. B) Serum Ab titers of mice with EAE treated with MAbs against IL-34 

(n=3), CSF-1R (n=3), IgG2a isotype (n=4), CSF1 (n=3), and control animals treated with PBS (n=6). Error bars are 

standard error from the mean. C) Flow cytometry plots depicting staining of CD45+CD11b+CX3CR1Hi microglia and 

CD45HiCD11b+Ly6G-Ly6CHi monocytes for CSF-1R with the AFS98 MAb. D) C57BL6/J mice were immunized with 

MOG35-55 and treated with anti-IL-34 MAb (55 µg per day, i.p) for the period indicated by the red box.  
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Supplemental Figure 2 1038 

 1039 

 1040 

 1041 

Supplemental Figure 2: Inhibition of CSF-1R signaling alters both myeloid and T cell compartments in the CNS 

of EAE mice. C57BL/6J mice were immunized with MOG35-55 for EAE induction and treated orally with BLZ945 (200 

mg/kg/day) or vehicle control (20% captisol) daily, starting on the day of immunization. Mice were sacrificed on day 15 

p.i., and pooled brain and spinal cords of each mouse were used for cell isolation (n=5/group). A) Numbers of CD11b+, 

CD11c+ and CD4+ cells. B) Frequency of CD11b+, CD11b+CD11c+ CD11b+CD11c-, CD19+, and CD4+ cells in CD45Hi 

cells. C-F) Numbers of CD45+CD11b+Tmem119+CX3CR1Hi microglia and CD45HiCD11b+Ly6CHiMHCIIHi moDCs. G) 

Quantification of GM-CSF, IL-17A, IFN-γ, TNF, IL-10 and FoxP3 expression by CD4+ cells from the CNS. Significance 

was calculated with Student’s t test. Error bars are S.E.M. 
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Supplemental Figure 31042 
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 1052 

 1053 

 1054 
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 1062 

 1063 

 1064 

 1065 

 1066 

 1067 

 1068 

 1069 

Supplemental Figure 3. BLZ945 suppresses ongoing clinical EAE, and reduces the number of myeloid APCs in 

the CNS. C57BL/6J mice were immunized and allowed to develop clinical signs of EAE before treatment with BLZ945 

(n=7) or vehicle (n=8). Treatments were given once per day by oral gavage. A) Clinical course and cumulative score for 

mice treated with 200 mg/kg BLZ945 starting at a clinical score of ~1. Red line indicates start of treatment. B) Mice 

treated with 300 mg/kg BLZ945 (n=6) or vehicle (n=8), starting at a clinical score of ~2. A) and B) were compiled from 

two independent experiments. Significance for clinical course determined by two-way repeated measures ANOVA, and 

by unpaired Student’s t test for cumulative scores. C-I) Analysis of the CNS (pooled brain and spinal cords) by flow 

cytometry. C) Number of CD45+ cells. D) Number of CD45+ cells that also expressed CD11b, CD11c, or CD4. E) Number 

of CD45LoCD11b+CX3CR1Hi microglia. Naïve mice are untreated WT C57BL/6J mice that were not immunized or 

otherwise manipulated. F) Frequency of CD45Hi cells that also express CD11b and/or CD11c. G) TNF and MHC II 

expression in CD45+ cells. H-I) Expression of MHC II, CD80 and CD86 in CD45+CD11b+ cells. Significance for C-I) was 

calculated by unpaired Student’s t test. P-value corrections for multiple comparisons was performed by false discovery 

rate approach with Q=0.01 as a cutoff. Error bars are S.E.M. 
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Supplemental Figure 4 1070 
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Supplemental Figure 4: Anti-CSF-1 treatment reduces numbers of DCs in the CNS of mice with EAE. A) 

Frequency of CD11b+, CD11b+CD11c+, CD11b+CD11c- cells among CD45+ cells from the CNS of mice with EAE treated 

with either anti-CSF-1 or control MAb. B) Frequency of CD11c+ microglia (CD45+CD11b+CX3CR1HiTmem119+), moDCs 

(CD45HiCD11b+CD11c+Ly6G-Ly6CHiMHCIIHi), cDCs (CD45HiCD11b+CD11c+CD26+Ly6C-MHCII+) and other CD11c+ 

cells among CD11b+ cells. C) Number of CD45HiCD11b+CD11c+Ly6G-Ly6CHiMHCIIHi moDCs. D) Frequency of 

TNF+MHC II+ cells among CD45+ cells. Significance was calculated with unpaired Student’s t test. Error bars are S.E.M. 
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Supplemental Figure 5 1091 
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 1100 
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Supplementary Figure 5: Immune response in peripheral lymphoid organs of BLZ945- and anti-CSF-1-treated 

mice on day 8 p.i. A-C) BLZ945- and vehicle-treated mice (n=5 per group). Number of CD45+, CD11b+, CD4+ and 

CD19+ cells in A) spleen, B) blood, and C) dLN. E-F) Same quantification as in A-C), but for anti-CSF-1- and rat IgG1 

control MAb-treated mice. Statistical significance was calculated using two-way unpaired t test. Error bars are standard 

S.E.M. 
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 1109 

 1110 

 1111 

 1112 

 1113 

 1114 

 1115 

 1116 

 1117 

 1118 

 1119 
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 1125 

 1126 

 1127 

 1128 

 1129 

 1130 

 1131 

 1132 

 1133 

 1134 

Supplemental Figure 6: CSF-1R inhibition depletes myeloid DCs and monocytes in peripheral lymphoid 

compartments. Characterization of immune cells in the spleen, blood and dLNs from MOG35-55-immunized mice 

sacrificed on day 8 p.i.. A-C) BLZ945- and vehicle-treated mice (n=5 per group). Numbers of CD11b+CD11c+, moDCs, 

monocytes and neutrophils in A) spleen, B) blood, and C) dLN. E-F) Same quantification as in A-C) but for anti-CSF-1- 

and rat IgG1 control MAbs-treated mice. G) [3H]Thymidine proliferation assay for MOG35-55-stimulated splenocytes and 

dLNs cells from BLZ945- and vehicle-treated mice harvested on day 8 p.i. H) Same analyses as in G), but for anti-CSF-

1- and rat IgG1 control MAb-treated mice. I) [3H]Thymidine proliferation assay for MOG35-55-stimulated  splenocytes and 

dLNs cells from BLZ945- and vehicle-treated mice harvested on day 16 p.i. J) CD11c+ cells in splenocytes from BLZ945- 

and vehicle-treated mice harvested on day 8 p.i. CD11c+ cells were isolated by magnetic bead sorting and mixed in a 

1:10 ratio with CD4+ T cells isolated from splenocytes of 2D2 mice, and stimulated with MOG35-55 for 72 h. Proliferation 

was then measured by [3H]Thymidine incorporation assay. Statistical significance was calculated using two-way 

unpaired t test. Error bars are S.E.M. 
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Supplemental Figure 7: Blocking CSF-1R or CSF-1 reduces numbers of CCL2+ and CCR2+ myeloid cells in the 

CNS during EAE. A) Frequency of CCL2+ cells among CD45+ cells in the CNS of BLZ945- and vehicle-treated mice 

(n=9 per group) sacrificed after 6 days of treatment, at day 20 p.i.. B) CD11b+ cells among CCL2+ cells. C) Frequency 

of Ly6C+ and Ly6C- cells among CD11b+CCL2+ cells. D)  Frequency of CCL2+ cells among CD45+ cells from the CNS 

of anti-CSF-1- and control MAb-treated mice (n=12-15 per group), sacrificed after 6 days of treatment, at 17 days p.i.. 

E) CD11b+ cells among CCL2+ cells. F) Frequency of Ly6C+ and Ly6C- cells among CD11b+CCL2+ cells. G) Frequency 

of CCR2+ cells among CD45+ cells from the CNS of BLZ945- and vehicle-treated mice from A). H) CD11b+ cells among 

CCL2+ cells. I) Frequency of neutrophils (CD45HiCD11b+Ly6GHiLy6CInt), monocytes/monocyte-derived cells 

(CD45HiCD11b+Ly6GNeg/LoLy6C+) and other CD11b+ cells among CCR2+CD11b+ cells. J) Frequency of CCR2+ cells 

among CD45+ cells from the CNS of anti-CSF-1- and control MAb-treated mice from D).  K) CD11b+ cells among CCL2+ 

cells. L) Frequency of neutrophils (CD45HiCD11b+Ly6GHiLy6CInt), monocytes/monocyte-derived cells 

(CD45HiCD11b+Ly6GNeg/LoLy6C+) and other CD11b+ cells among CCR2+CD11b+ cells. Statistical significance was 

calculated using two-tailed unpaired t test. Error bars are S.E.M. 
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Supplemental Figure 8. CCL2+ and CCR2+ cells are primarily composed of inflammatory myeloid cells. Frequency 

of CCL2+CD45+ and CCL2+CD45- cells among mononuclear cells isolated from the CNS of BLZ945- and vehicle-treated 

mice with EAE. B) Frequency of TNF+, and C) MHC II+ cells among CCL2+CD11b+ cells. D) Frequency of CCL2+CD45+ 

and CCL2+CD45- cells among mononuclear cells isolated from the CNS of anti-CSF-1- and control MAb-treated EAE 

mice. E) MFI of CCL2+ cells among CD45+CCL2+ cells. F) Frequency of TNF+, and G) MHC II+ cells among 

CCL2+CD11b+ cells. H) Frequency of CCR2+ cells among CD45+ cells that were either CD45Hi or. CD45Lo  in BLZ945- 

or vehicle-treated EAE mice. I) Percentage of MHC II+ among “Other CD11b+ cells” from Fig. 7B. J) Frequency of CCR2+ 

cells among CD45+ cells that were either CD45Hi or CD45Lo in anti-CSF-1- or control MAb-treated mice. K) Frequency 

of CCR2+CD11b+ cells among CCL2+ cells. Statistical significance was calculated with two-tailed unpaired t test. Error 

bars are S.E.M. 

Supplemental Figure 9. Monocytes from the CNS of mice with EAE treated with anti-CSF-1 MAb have distinct 

transcriptional profile. EAE was induced in C57BL/6J mice by immunization with MOG35-55. Mice were treated with 

200 g/day of anti-CSF-1 MAb or isotype control MAb from day 11 to 16 p.i. and sacrificed on day 17 p.i. A) Gating 

strategy for FACS sorting of CD45HiCD11b+Ly6G-Ly6C+ monocytes/monocyte-derived cells. B) Gene ontology and C) 

KEGG pathway terms ranked by significance and generated from differentially expressed genes between 

monocytes/monocyte derived cells from anti-CSF-1- and isotype control MAb-treated mice.  
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Supplemental Figure 10. Monocytes from the CNS of anti-CSF-1 MAb-treated mice with EAE have a 

transcriptionally distinct phenotype. EAE was induced in C57BL/6J mice by immunization with MOG35-55. Mice were 

treated with 200 g/day of anti-CSF-1 MAb or isotype IgG1 control MAb (n=3/group) from day 11 to 16 p.i. and sacrificed 

on day 17 p.i. A) Numbers of CD45HiCD11b+Ly6G-Ly6C+ monocytes. B) Flow cytometry plots showing expression of 

Ly6C and Ly6G among CD45+CD11b+ cells. C) Heatmap showing differentially expressed transcripts in monocytes from 

anti-CSF-1- and isotype MAb-treated mice. Criteria for inclusion in heatmap were expression in all samples, with a p-

adjusted value < 0.05 and a log2 fold change greater/less than ±1. D) Volcano plot showing relative expression of 

transcripts detected in samples from anti-CSF-1- and isotype MAb-treated mice. E) Gene ontology and F) KEGG 

pathway terms that were significantly enriched (p<0.05) and ranked by percentage of differentially expressed genes (p-

adj<0.01). G) Heatmap of z-score- normalized TPM data from differentially expressed genes detected from the PI3K-

Akt signaling pathway KEGG term.    

Supplemental Figure 11. High degree of chimerism in treosulfan-induced BM chimera mice; and reduction of 

moDCs in CSF1R-iKO/WT mixed BM chimeras. A) Western blot showing protein level of CSF-1R in cell lysates of 

whole spleen, draining lymph nodes, and CNS mononuclear cells 5 days after 5-day treatment with tamoxifen. Relative 

expression, shown in the right panel, was calculated by densitometry of CSF-1R signal relative to -actin signal, then 

normalized to WT expression. Each bar represents pooled lysate from 5 mice, with equal numbers of cells from each 

mouse pooled together. B) EAE in tamoxifen-treated CSF1R-iKO (n=6) and UBC-CreERT2 (n=3) mice. Significance 

was determined by two-way ANOVA. C) WT CD45.2+ recipient mice were treated with treosulfan and rested for 72 h, 

then reconstituted with 107 BM cells from CD45.1+ mice. After 32 days, blood was collected via tail vein and reconstitution 

efficiency determined. Left panel shows flow cytometry plot of CD45.1 and CD45.2 expression in PBMCs. Right panel 

shows quantification of reconstitution efficiency. WT CD45.2 (grey bar) represents blood from naïve WT CD45.2+ mice. 

D) Quantification of CD45+Sall1-CD11b+Ly6G-CD11c+Ly6C+MHCII+ moDCs in mixed BM chimeras. Left panel shows 

moDCs in the CNS from mice reconstituted with a 1:1 mixture of WT and CSF1R-iKO BM cells. Right panel shows 

moDCs from mice reconstituted with a 1:1 mixture of CD45.1 WT and CD45.2 WT BM cells. moDCs derived from CD45.1 

and CD45.2 immune cells in the CNS were compared. Significance was determined by paired t test.  
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