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Abstract

Brain endothelium possesses several organ-specific features collectively known as the blood-
brain barrier (BBB). In addition, trafficking of immune cells in the healthy central nervous
system (CNY) is tightly regulated by CNS vasculature. In CNS autoimmune diseases such as

multiple sclerosis (MS), these homeostatic mechanisms are overcome by autoreactive
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lymphocyte entry into the CNS causing inflammatory demyelinating immunopathology.
Previous studies have shown that pericytes regulate the development of organ-specific
characteristics of brain vasculature such as the BBB and astrocytic end-feet. Whether pericytes
are involved in the control of leukocyte trafficking remains elusive. Using adult, pericyte-
deficient mice (Pdgfb™”""), we show here that brain vasculature devoid of pericytes shows
increased expression of VCAM-1 and ICAM-1, which is accompanied by increased leukocyte
infiltration of dendritic cells, monocytes and T cells into the brain, but not spinal cord
parenchyma. Regional differences enabling leukocyte trafficking into the brain as opposed to
the spinal cord inversely correlate with the pericyte coverage of blood vessels. Upon induction
of experimental autoimmune encephalitomyelitis (EAE), pericyte-deficient mice succumb to
severe neurological impairment. Treatment with first line MS therapy - fingolimod significantly
reverses EAE, indicating that the observed phenotype is due to the massive influx of immune
cells into the brain. Furthermore, pericyte-deficiency in mice that express myelin
oligodendrocyte glycoprotein peptide (MOGs3s.ss) specific T cell receptor (Pdgfb’/"'; 2D27¢)
leads to the development of spontaneous neurological symptoms paralleled by massive influx
of leukocytes into the brain, suggesting altered brain vascular immune quiescence as a prime
cause of exaggerated neuroinflammation. Thus, we show that pericytes indirectly restrict
immune cell transmigration into the CNS under homeostatic conditions and during
autoimmune-driven neuroinflammation by inducing immune quiescence of brain endothelial

cells.

Introduction
CNS vasculature possesses specific features collectively referred to as the BBB, which localizes
to endothelial cells. The BBB ensures the delivery of essential nutrients, while preventing the

entry of xenobiotics into the brain. In addition, brain endothelial cells restrict the invasion of
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leukocytes into brain parenchyma, thus contributing to immune privilege of the CNS. BBB
function is induced by neural tissue and established by all cell types constituting the
neurovascular unit (NVU). Pericytes and mural cells residing on the abluminal side of
capillaries and post-capillary venules, regulate several features of the BBB !*2. Studies on Pdgfb
and Pdgfrb mouse mutants, which exhibit variable pericyte loss, have demonstrated that
pericytes negatively regulate endothelial transcytosis which, if not suppressed, leads to
increased BBB permeability to plasma proteins 2. In addition, pericyte-deficient vessels show
abnormal astrocyte end-feet polarization !. Thus, pericytes regulate several characteristics of
brain vasculature during development and in the adult organism ! 2. Whether the non-
permissive properties of brain vasculature to leukocyte trafficking in the adult organism are
regulated by pericytes has not been addressed. Interestingly, increasing evidence points to the
role of pericytes in leukocyte extravasation in peripheral organs such as the skin and the striated
muscle, and in tumors .

Increased vascular permeability to plasma proteins and immune cells accompanies
neurological disorders such as MS, stroke and Alzheimer’s disease (reviewed in % 7). In MS, a

chronic inflammatory and degenerative neurological disorder ®

, autoreactive lymphocytes
infiltrate CNS parenchyma leading to focal inflammatory infiltrates, demyelination, axonal
damage and neurodegeneration. This process is accompanied by increased BBB permeability
to plasma. However, it is not known whether vascular damage precedes the formation of
inflammatory lesions and influences the spatial distribution of demyelinating lesions or whether
infiltrating immune cells induce the BBB dysfunction % '°. Although enormous efforts have
been made to understand the pathophysiology of autoimmunity in MS, knowledge regarding

the pathological changes of CNS wvasculature that permit extravasation of auto-reactive

leukocytes is still limited ''. This knowledge gap emphasizes the importance of understanding
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pathological changes at the NVU, which may facilitate entry of autoimmune T-cells as well as
the anatomical localization of lesions.

In this study, we investigate how pericytes regulate immune cell trafficking into the CNS
during homeostasis and neuroinflammation. We show, using a pericyte deficient mouse line
(Pdgfb™"""), that pericytes maintain an anti-inflammatory vascular phenotype and thus prevent
leukocyte extravasation into the brain parenchyma. When neuroinflammation is induced,
pericyte deficiency promotes an exaggerated phenotype accompanied by massive immune cell
infiltration preferentially into the brain, as opposed to the spinal cord. The MS drug fingolimod
rescues the exaggerated phenotype indicating that the severe phenotype in Pdgfb** mice is
caused by immune cell infiltration into the brain. In addition, pericyte-deficient mice harboring
naive MOG peptide-specific T-cells (Pdgfb™"*; 2D2€) develop cerebellar ataxia and massive
infiltration of leukocytes into the brain. We show that regional differences in the permissiveness
to leukocyte trafficking into the brain as opposed to the spinal cord inversely correlates with

the vessel pericyte-coverage suggesting vasculature of the CNS directing the spatial distribution

of neuroinflammation.

Results

Pericytes control expression of leukocyte adhesion molecules in the brain vasculature
To address the question of whether pericytes regulate immune cell trafficking into the CNS, we

used a pericyte-deficient mouse line - Pdgfb"""

, which shows 89% reduction in brain pericyte
numbers and 75% reduction in pericyte vessel coverage in adult animals !. Earlier studies have
shown that pericyte-deficiency in embryos leads to increased mRNA levels of leukocyte
adhesion molecules (LAMs) on endothelial cells" 2. We analyzed published microarray data of

adult Pdgfb"""* brain microvasculature and detected a deregulation of several LAMs, including

vascular cell adhesion molecule 1 (VCAM-1) (log2=0.43, p=0.007), in adult brain
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100  microvasculature abated in pericyte numbers (Supplementary Fig. 1a). To corroborate these
101  findings, we investigated whether strongly reduced pericyte coverage in adult mice leads to
102 changes of LAMs at the protein level. We focused on the expression of VCAM-1 and
103 intercellular adhesion molecule 1 (ICAM-1), which play a major role in the cascade of immune
104  cell transmigration into tissues 2. We detected a zonated endothelial expression of both LAMs
105  in control mice (Fig. 1a, b), similar to a published study '>. In brains of Pdgfb"""* mice, the
106  zonated expression pattern was lost and paralleled by a conspicuously stronger staining of
107  VCAM-1 and ICAM-1 (Fig. 1a, b). Quantification of VCAM-1 and ICAM-1 vessel surface
108  coverage in the cerebral cortex and in the striatum showed a significant increase of VCAM-1
109  and ICAM-1 expression in Pdgfb™’** mice compared to controls (Fig. 1c). Thus, pericyte-
110 deficiency results in an increased expression of LAMs on the brain vasculature also in adult

111  mice.

112

113 Pericytes control leukocyte extravasation into the brain

114 We next asked whether increased expression of LAMs on the brain endothelium of pericyte-
115  deficient mice is accompanied by leukocyte infiltration into brain parenchyma. We first
116  analyzed the presence of CD45" leukocytes in different anatomical regions of the brain by

ret’ret mice showed numerous

117  immunofluorescent staining and confocal imaging. Adult Pdgfb
118  CD45" leukocyte infiltrates in the brain parenchyma (Fig. 2a). High magnification images
119  revealed that CD45" cells were found in the vessel lumen, in the brain parenchyma and
120 clustered around blood vessels in the brains of Pdgfb""* mice, whereas in control mice CD45"
121 cells were detected but they resided in the lumen of blood vessels (Fig. 2b). Although all
122 cerebral regions in Pdgfb"™®""* mice showed altered vascular expression of LAMs and immune

123 cell infiltrates, quantification of extravasated leukocytes in different brain regions showed that

124 corpus callosum contained more transmigrated CD45" cells compared to the striatum and
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125  cortex (Fig. 2c). Notably, immunohistochemical analysis of CD45" cells in the spinal cord of
126 Pdgfb™""* mice showed the absence of immune cell infiltrates in the spinal cord parenchyma
127 (Supplementary Fig. 1b).

128 Having established that brain parenchyma of Pdgfb*’"* mice contains CD45" cells, we
129  used flow cytometry to identify immune cell populations. To give an overview of all immune
130  cell populations in the CNS, leukocytes were isolated from the CNS, analyzed by flow
131  cytometry, categorized by unsupervised meta clustering and visualized in a t-distributed
132 stochastic neighbor embedding (t-SNE) map. This approach confirmed the
133 immunohistochemistry findings and showed increased frequencies of CD45M cells in the CNS

retrel mice were

134 of pericyte-deficient mice. The majority of cells increased in Pd,
135 CD45"MCD11b" myeloid cells (mainly composed of monocytes and CD11c* dendritic cells
136  (DCs)), and T cells (Fig. 2d). Quantification of the absolute cell numbers of manually gated
137 immune cells subsets showed a significant increase in the number of CD45MCD11b" myeloid
138 cells, DCs (3.5% of the CD45"CD11b" population), and CD4" T cell populations compared to
139 controls (Fig. 2¢). In addition, we observed an increased number of Ly6C"MHC-II" monocyte
140  derived cells (MdCs) and the CD8" T cell population in the CNS of pericyte-deficient animals
141  compared to controls (Fig. 2e). Subsequent flow cytometry analysis of brain and spinal cord
142 separately confirmed the presence of CD45" cells (DCs, MdCs, T cells) in brain and the absence
143 of CD45" cells in the spinal cord of Pdgfb"*" mice (Supplementary Fig. 1c, d).

144 We next analyzed leukocyte populations in blood as well as in primary and secondary
145  lymphoid organs to ensure that the increased number of leukocytes in the brains of pericyte-
146  deficient animals is not caused by peripheral alterations. The total cell number in thymus,
147  spleen, axillary and inguinal lymph nodes and blood was determined using an automated cell
148  counter with isolated cells stained for further flow cytometry analysis. The cell number in the

ret/ret

149  thymus, spleen, lymph node and blood was comparable between Pdgfb and control mice
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150  (Supplementary Fig. 2a). Subsequent analysis of leukocyte populations did not show a skewing
151  between Pdgfb™""* and control mice in blood, lymph nodes and spleen (Supplementary Fig. 2b,
152 ¢, d). However, the spleens of Pdgfb™""* mice showed slightly elevated numbers of CD8" T
153  cells compared to controls (Supplementary Fig. 2c). There was no difference in the total
154  leukocyte or in the neutrophil count in blood (Supplementary Fig. 1b), indicating the absence
155  of systemic inflammation in Pdgfb"""* mice. Histological examination of lymphoid organs did
156  not show any differences in the spatial organization of T and B cells (Supplementary Fig. 2f-h)
157  between Pdgfb™* and control mice. Thus, the increased number of infiltrated leukocyte
158  subsets in the brain of pericyte-deficient mice is not due to increased numbers in the blood or
159  lymphoid organs.

160 Taken together, our data show that in the absence of pericytes, the adult brain vasculature
161  becomes permissive for leukocyte entry and that the infiltrated leukocyte population consists
162 mostly of dendritic cells, MdCs and T cells.

163

164  Spatial differences in pericyte coverage in the CNS of Pdgfb"”" mice

165  Previous studies have shown a negative correlation between pericyte coverage and BBB
166  permeability in the brain > %16, We therefore asked whether selective leukocyte infiltration
167  into the brain in Pdgfb™** (Supplementary Fig. 1b-d) mice can be explained by differences in
168  capillary pericyte coverage in the brain and spinal cord. Immunofluorescent staining of
169  vasculature and pericytes revealed a reduced pericyte coverage on blood vessels in the spinal
170 cord of Pdgfb™** mice compared to controls. However, capillary pericyte coverage in the
171  spinal cord in Pdgfb™* mice was more complete when compared to different brain regions
172 (cortex and striatum) (Fig. 3a). In sharp contrast to the brain vasculature, the pattern and
173  morphology of spinal cord vasculature appeared similar to control mice (Fig. 3a).

ret/ret

174  Quantification of vessel surface pericyte coverage in the spinal cord showed that Pdgfb
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175  mice have a significantly reduced capillary pericyte coverage compared to control animals (Fig.
176  3b). However, the observed ~26% reduction of pericyte coverage in spinal cord vasculature of
177 Pdgfb™" * mice is notably less than the previously reported reduction of pericyte coverage in
178  the cortex or deep brain regions (~75 %)’ * 14, Finally, we investigated whether higher capillary
179  pericyte coverage in the spinal cord of Pdgfb™*"* mice parallels normalized expression of
180  VCAM-1 and ICAM-1. Indeed, the expression of VCAM-1 and ICAM-1 on spinal cord
181  vasculature showed a similar zonal expression pattern in control and Pdgfb™"* mice (Fig. 3c,
182  d). Based on these data, we conclude that regional differences in the degree of capillary pericyte
183  coverage in the CNS determine the extent to which brain vasculature expresses LAMs and
184  thereby leukocyte entry into the CNS.

185

186  Loss of pericytes does not alter myelin integrity

187  We next asked whether increased BBB permeability to plasma proteins 2 and leukocytes leads
188  to subclinical demyelination in the brains of pericyte-deficient mice. Myelin was visualized
189  luxol fast blue — periodic acid Schiff (LFB-PAS) histochemical stains as well as
190  immunofluorescent labelling with anti-myelin basic protein (MBP) antibody (Supplementary
191  Fig. 3a, c¢). Quantification of LFB-PAS and anti-MBP staining intensity in the region of high
192 myelin content, the corpus callosum, did not differ between control and Pdgfb™*"* mice
193 (Supplementary Fig. 3b, d). A few brain sections of Pdgfb"*/"* mice stained with LFB-PAS had
194  areduced staining intensity (scorel) in the corpus callosum due to accompanying brain edema
195 !; however, demyelinating lesions were absent. Additionally, we did not detect differences in
196  the ultrastructure of the myelin sheath between Pdgfb™"* and control mice (Supplementary
197  Fig. 3e). Thus, infiltrated leukocytes in brain parenchyma in pericyte-deficient mice do not

198  initiate demyelinating pathology.

199


https://doi.org/10.1101/644120
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/644120; this version posted May 20, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

200  Pericyte-deficient mice present with an aggravated, atypical EAE phenotype

201  We next investigated whether leukocyte permissive vasculature modifies the course of
202  autoimmune neuroinflammation. In order to address this question, we induced EAE, an animal
203  model of MS !7 in control and Pdgfb"*""* mice. After active induction of EAE, which replicates
204  both the induction and effector phase of the disease, Pdgfb™"* mice presented with a severe,
205  early onset (4-5 day p.i.) atypical phenotype as well as reduced survival (Fig. 4a, b). We
206  confirmed that control animals in the study (Pdgfb"""*') did not differ from wild-type littermates
207  in the clinical course of EAE (Supplementary Fig. 4a, b). Therefore, Pdgfb""”"* mice continued
208  to be used as controls. All control mice presented typical spinal cord EAE signs with ascending
209  paralysis starting at the distal tail. All Pdgfb""® mice invariably developed the atypical
210  phenotype, which consisted of prominent cerebellar ataxia and spasticity, without ascending
211  paralysis. To score the clinical severity of EAE in Pdgfb™"* mice (Fig. 4b), we adopted an

ret/ret

212  ataxia scoring protocol described by Guyenet et al. 8. We noticed that Pd mice presented
213  with a basal ataxia score of 2 already at day 0, which consisted of kyphosis (score 1) and
214 hindlimb clasping (score 1) (Fig. 4b, see “Material and Methods” for the scoring protocol).
215  Adoptive transfer (passive) EAE resulted in the same aggravated atypical EAE in Pdgfb™/
216  mice as seen in active EAE (Fig. 4c), indicating that the severe phenotype is not due to a
217  pathologically enhanced induction phase in pericyte-deficient mice. Immunization with a non-
218  CNS antigen (ovalbumin peptide), using the same adjuvant, did not result in clinical deficits

219  neither in control nor in Pdgfb™"

mice (data not shown).

220 We next investigated the spatial distribution of infiltrating cells in the CNS after induction
221  of EAE using immunohistochemistry. This analysis showed an increased leukocyte infiltration
222 into the brain parenchyma (cerebral cortex, striatum, corpus callosum, cerebellum, brain stem)

223 of Pdgfb’®”"*" animals, whereas immune cell infiltrates were mostly found in the spinal cord in

224 control animals (Fig. 4d, e; Supplementary Fig. 3¢, d). The spinal cords of pericyte-deficient
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225  animals were devoid of T-cell infiltrates consistent with the atypical clinical phenotype (Fig.
226  4e) and with relatively complete vessel pericyte coverage (Fig. 3). Assessment of myelin
227  damage after the induction of EAE showed pronounced demyelination in the brains of pericyte-
228  deficient mice compared to control animals (Supplementary Fig. 3e, f).

229 We next analyzed which immune cells infiltrate the CNS after active immunization in
230  control and Pdgfb™" mice. Flow cytometry analysis confirmed the immunohistochemistry
231  results showing an increased number of CD45" leukocytes in the brains in Pdgfb"™”* mice
232 compared to controls (Fig. 4f, g). The majority of these infiltrates (approx. 60 % of live singlets)
233 in Pdgfb™"* mice were CD45MCD11b" myeloid cells (Fig. 4f). Within this population, we
234 detected a significant increase of MdC and Ly6CM"MHC-II" subpopulations in the brains of
235  Pdgfb"""* mice compared to controls (Fig. 4g). In addition, there was a trend towards an
236  increased number of CD4" T cells in the brains of Pdgfb™’* mice (Fig. 4g), but no difference
237  in total numbers of neutrophils or B cells (Supplementary Fig. 3g). In agreement with the

238  clinical deficits and immunohistochemistry, the spinal cord of Pdgfb™/

mice was essentially
239  devoid of leukocytes compared to controls (Fig. 4h, i; Supplementary Fig. 3h).

240 Thus, Pdgfb*’* mice develop a severe, atypical EAE phenotype and show spatially
241  restricted infiltration of inflammatory cells predominantly into brain, consisting mostly of MdC
242 and Ly6C"MHC-IT" myeloid cell populations.

243

244  MS drug fingolimod (FTY-720) ameliorates the severe atypical EAE phenotype of
245  Pdgfb""r mice

246 We next addressed whether the aggravated phenotype of Pdgfb™/" mice after induction of EAE
247  1s caused by the massive influx of peripheral immune cells into the CNS. Mice were treated

248  daily, starting on day 4 post-immunization, with FTY-720 (Fingolimod), a functional antagonist

249  of sphingosine-1-phosphate receptor 1 (S1P1), which causes leukopenia by blocking the egress

10
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250  of lymphocytes from lymph nodes '°. All vehicle-treated Pdgfb™"* mice reached termination
251  criteria (ataxia score 8.5-10) after EAE induction whereas FTY-720 treated Pdgfb™"" mice did
252 not develop symptoms of EAE during the course of the experiment (25 days) (Fig. 5a, b). Of
253 note, the ataxia score 2 observed in all Pdgfb""* mice before FTY-720 administration was not
254  alleviated by FTY-720 treatment. As expected, the EAE score of vehicle-treated control animals
255 improved by day 25 postimmunization. In addition, FTY-720 treated control mice did not
256  develop EAE (Fig. 5b). Flow cytometry analysis of peripheral blood on day 12 post-
257  immunization with MOG peptide confirmed the FTY-720 treatment-induced leukopenia in
258  control and Pdgfb"™"* mice (Supplementary Fig. 5a-c). The brains and spinal cords of vehicle
259  treated mice were analyzed with FTY-720 treated mice on the same day for the presence of
260 immune cells when they reached termination criteria (ataxia score 8.5-10) using flow
261  cytometry. In parallel, the brain and spinal cords of control mice (EAE score 3-3.5) were
262  analyzed together with FTY-720 treated controls on the same day. As expected, FTY-720
263  treated animals had significantly lower numbers of CD45" immune cells in the CNS both in
264  control and Pdgfb** mice (Fig. Sc-f). In addition to reduced number of CD4" and CD8" T
265  cells, we also observed a reduction of myeloid cells (MdC and Ly6CM"MHC-II" cells) after FTY-
266 720 treatment in brains of Pdgfb™*”" mice (Fig. Sc-e). FTY-720 treatment after the induction
267  of EAE has been shown to reduce the number of circulating monocytes in addition to T-cells
268 2, which could explain the significantly reduced myeloid cells in the spinal cord of control mice
269  (Fig. 5d, f) as well as in the brains of both control and Pdgfb™"* mice (Fig. Sc, e).
270  Immunohistochemical analysis confirmed the reduced infiltration of leukocytes into the brain
271  ofpericyte-deficient mice after FTY-720 treatment (Supplementary Fig. 5d). Thus, we conclude
272  that the severe clinical phenotype of pericyte-deficient mice after induction of EAE is caused
273 by excessive entry of peripheral immune cells into the brain and neuroinflammation.

274
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275  Spontaneous neuroinflammation in Pdgfb™’* mice expressing myelin specific T cell
276  receptor

277  Little is known about what triggers spontaneous activation and entry of self-reactive T cells
278  into the CNS. We asked whether the leukocyte permissive NVU in pericyte-deficient animals
279  leads to spontaneous neuroinflammation when there is an overabundance of self-reactive T-
280  cells towards a myelin antigen. To answer this question, we crossed Pdgfb"™*"* mice with 2D2
281  mice, which express a MOGs3s.ss peptide specific T cell receptor (TCR) 2!. Previous studies have
282  reported that approximately 5 % of 2D2 mice develop spontaneous EAE with classical
283  symptoms 2!. Offspring of Pdgfb™* and Pdgfb"""; 2D2¢ crosses were monitored after
284  weaning for signs of cerebellar ataxia and classical EAE. Similarly to previous observations
285  (Fig. 4b, 5b), all animals carrying two alleles of mutated Pdgfb (Pdgfb™""*') presented with an
286  ataxia score 2, consisting of hindlimb clasping (score 1) and kyphosis (score 1) already at
287  weaning, which remained stable (Fig. 6a). However, Pdgfb™/"¢; 2D2'¢ mice showed increasing
288  cerebellar ataxia scores compared to Pdgfb”"; 2D2"¢ mice (Fig. 6a). Other control mice
289 (Pdgfb""r'; 2D2", Pdgfb""r'; 2D2'¢) occasionally received score 1, which was based on single
290  balance loss on the ledge test. Of note, the ataxia score of individual Pdgfb™/*; 2D2'¢ mice
291  fluctuated over the monitored time-period. None of the mice developed signs of classical EAE.
292 Immunofluorescent staining of the brains of 3 months old Pdgfb™"; 2D2'¢ animals showed an
293  increased number of CD45" positive cells in the brains compared to Pdgfb™/; 2D2"¢ mice
294  (Fig. 6b). Flow cytometry of the immune cells confirmed that the brains of Pdgfb™""'; 2D2'¢
295  mice contain a significantly higher number of CD45" cells compared to Pdgfb"*/"*: 2D2"¢ (Fig.
296  6c, d). Pdgfb™"'; 2D2' animals and all control animals were sacrificed for flow cytometry
297  when Pdgfb™’"*; 2D2' animals had reached the ataxia score of 6-9. Interestingly, immune cell
298 infiltrates of Pdgfb™’*" and Pdgfb™/*: 2D2¢ consisted of MdCs, Ly6CM"MHC-II", CD4" and

299  CDS8" T cells (Fig. 2e and 6d). In the brains of Pdgfb™"®; 2D2¢ mice, in addition to the
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300 aforementioned populations, neutrophils and B cells were detected (Fig. 6d). Spinal cords of
301  Pdgfb™"'; 2D2'¢ mice did not show immune cell infiltrates (Supplementary Fig. 5) consistent
302  with the Pdgfb™*"* (Supplementary Fig. 1) or Pdgfb™*"* mice during EAE (Fig. 4e, h). Thus,
303  these experiments demonstrate that the leukocyte-permissive NVU caused by reduced pericyte
304  coverage promotes the development of a neuroinflammatory disorder associated with increased
305 myelin-reactive T cells in the circulation.

306

307  Discussion

308  Pericytes have been shown to regulate BBB integrity at the level of endothelial transcytosis '
309 2. Pericytes also induce polarization of astrocyte end-feet !; however, the extent of pericyte
310  control over other characteristics of the brain vasculature is less explored. In this study, we
311  investigated the role of pericytes in regulating leukocyte trafficking into adult CNS. In addition,
312 we show that in the absence of pericytes, the NVU becomes permissive to leukocyte entry,
313  leading to aggravated neuroinflammation in a setting of autoimmunity.

314 A previous study on pericyte-deficient Pdgfb”” embryos showed that several LAMs, (e.g.
315  Icaml, Alcam, Lgals3) were significantly upregulated on brain vasculature . In addition, a
316  modest increase in Ly-6G/Ly-6C positive leukocytes was observed in the brains of juvenile
317 Pdgfb"”"” mice that display a 50% reduction in pericyte coverage compared to controls . Our
318  observation that several LAMs, including VCAM-1 and ICAM-1, are upregulated in the adult
319  vasculature of Pdgfb™" ¢ mice (Fig. 1), which is accompanied by increased leukocyte entry into
320  the brain parenchyma (Fig. 2), corroborates and extends these findings. Of note, endothelial
321  cell-cell junctions in pericyte-deficient are closed to plasma proteins':? indicating that increased
322 leukocyte entry into the brain in pericyte-deficient mice is not due to relaxed cell-cell junctions.
323  However, the molecular composition endothelial cell-cell contacts might be altered, which

324  might facilitate leukocyte transmigration.
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325 Similar persistent inflammation in the absence of pericytes as in the brain vasculature in
326  Pdgfb™" mice has been described in the retina 2>*>, Whether an acute drop-out of pericytes in
327  the adult organism leads to altered BBB permeability and alters the permissiveness of
328  vasculature to leukocyte trafficking needs further studies. Pericyte ablation in adult mice using
329  the Pdgfrb-Cre-Er'?; DTA mice was reported not to cause immediate BBB permeability
330  changes in the retina and brain 2; however, pericyte loss in the brain was not assessed. Our
331  unpublished data show that using the Pdgfib-Cre-Er'?; DTA approach is not effective to deplete
332 adult brain pericytes. In fact, only partial (up to 50 %) pericyte depletion could be achieved in
333  the hippocampus. In adult vasculature, which has established structural (e.g. basement
334 membrane) and cellular structures (e.g. astrocyte-end feet), pathological changes in the
335  wvasculature upon pericyte loss develop gradually over a few weeks. Thus, extensive loss of
336  pericyte coverage during the formation of CNS vasculature results in sustained alterations at
337 the NVU as well as at the level of vessel permeability and permissiveness to leukocyte
338 trafficking, which cannot be corrected by other cellular constituents of the NVU. However,
339  CNS vasculature compensates to a certain extent for pericyte-loss and reduced pericyte
340  coverage. Upon a pericyte loss in the brain, the area covered by a single pericyte can be
341  compensated by spatial rearrangement of nearby pericytes 2°. Increased BBB permeability to
342 intravenous tracers in juvenile Pdgfb"”*” and Pdgfb"”" mice that have a 50-60% reduction in
343  pericyte coverage is absent in adult animals 2. The loss of pericytes may be compensated by
344  other cells of the NVU such as astrocytes, which have been shown to promote BBB integrity
345  and CNS immune quiescence "8, Previous studies have shown an inverse correlation between
346  pericyte coverage and BBB permeability in the brain > 4. Based on previous data on pericyte-
347  deficient mice, up to 50 % reduction in pericyte vessel coverage does not lead to overt BBB
348  permeability changes (Fig. 7a). Notably, an increased infiltration of leukocytes into brain

349  parenchyma has been reported in mouse pups that express one allele of constitutively active
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350 PDGFRB, which alter pericyte differentiation %°, indicating that both altered pericyte
351  numbers/vessel coverage and activation state 2% ** disturb pericyte-endothelial signaling. In the
352 normal CNS, this disturbed signaling limits immune surveillance.

ret/ret iS not

353 Increased infiltration of immune cells into the brain parenchyma in adult Pd,
354  accompanied by demyelination. This finding indicates that the permissive state of brain
355  vasculature to immune cell entry is not sufficient to trigger demyelinating CNS pathology.
356  Normal oligodendrocyte differentiation and myelination of adult Pdgfb’*”" mice has also been
357  investigated *!. The findings of this study contradict a previous report of white matter changes
358 and loss of myelin in another mouse model of pericyte-deficiency — Pdgfib™”*” mice *.
359  However, several other studies have not found evidence that adult Pdgfrb mutants demonstrate
360  pericyte loss during aging or present altered BBB permeability > 4. Whereas pericytes and
361  pericyte-like cells have been shown to proliferate and promote oligodendrocyte differentiation
362  during remyelination after acute CNS injury !, mechanisms other than pericyte loss in old
363  Pdgfrb mutants could contribute to the reported white matter changes during aging (i.e.
364  dysfunction in neural cell types other than pericytes expressing PDGFRB).

365 Interestingly, we observed an increased number of CD11c¢* DCs in the brain parenchyma
366  of adult Pdgfb™®¢ mice. The presentation of CNS antigens by DCs leads to activation of
367  autoreactive CD4" helper T cells in CNS parenchyma, which is a crucial step for licensing T-
368  cells to initiate neuroinflammation *-*>. The CD11c" DCs have been shown to interact and
369  transmigrate across inflamed CNS endothelium in an integrin a4 1dependent manner during
370  EAE 3°. However, the molecular mechanisms of DCs trafficking to the CNS under homeostasis
371  is less well understood *’. Thus, the increased number of DCs in the brain parenchyma of

372 Pdgfb™" mice indicates that intrinsic changes of the NVU due to reduced pericyte coverage

373  promote immune surveillance, which could facilitate the initiation of neuroinflammation
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374  observed during EAE (Fig. 4, Supplementary fig. 4) and pericyte-deficient animals expressing
375  MOGss.ss specific TCR (Fig. 6 and Supplementary fig. 6, Fig. 7b).

376 Brain-restricted neuroinflammation in pericyte-deficient mice is dominated by myeloid
377  cells (CD11b"Ly6C™) — approx. 87 % and 17 % of the parent population (CD45"CD11b"Ly6G
378 ) in Pdgfb™"* mice during EAE and in Pdgfb™"";2D2'¢ mice, respectively (Fig. 4f, g and Fig.
379  6c, d). Increasing evidence points to the key role of myeloid cell subsets in mediating tissue
380 damage in EAE and MS (reviewed in % 3%). Infiltration of CCR2*Ly6C™ inflammatory
381  monocytes from the blood into the CNS parenchyma coincides with the onset of the clinical
382  signs and worsens the severity of EAE 4042 43,

383 The localization of demyelinating lesions in MS patients shows a variable pattern. Typical
384  affected areas are cerebral white matter (e.g. periventricular, corpus callosum), brain stem and
385  cerebellum ** as well as optic nerve and spinal cord. In the case of neuromyelitis optica spectrum
386  disorders, another type of autoimmune demyelinating disease, the optic nerve and spinal cord
387  are preferentially damaged. *°. In EAE, a “classical” spinal cord phenotype (ascending flaccid
388  paralysis) can be distinguished from “atypical“ EAE with inflammation localized to the
389  cerebrum, cerebellum and brain stem. The underlying mechanisms leading to regional
390 differences in leukocyte extravasation are not well understood. It has been suggested that brain
391  and spinal cord are distinct microenvironments with a distinct inflammatory cell repertoire,
392 including different T cell types and different cytokines *°. We found that upon induction of

393  autoreactive neuroinflammation, Pdgfb’/

, mice succumb to atypical EAE phenotype (Fig.
394  4b). In addition, Pdgfb’®*!; 2D2'¢ animals presented fluctuating symptoms of cerebellar ataxia
395  (Fig. 6a), milder than after the induction of EAE. Histological and flow cytometry analyses of
396 infiltrated immune cells, which showed neuroinflammation localized to the brain in pericyte-

397  deficient mice, were in concordance with the clinical deficits (Fig. 4 and Fig. 6). We showed

398  that although the vessel pericyte-coverage is reduced in the spinal cord of Pdgfb™’" mice
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399  compared to controls (Fig. 3b), pericyte vessel-coverage in the spinal cord in Pdgfb™"" mice
400  is more complete compared to brain 4. This relatively spared vasculature of spinal cord
401  vessels with a higher pericyte-coverage and lack of upregulation of ICAM-1 and VCAM-1
402  could explain the preferential location of neuroinflammation in the brain in Pdgfb™""* and
403 Pdgfb™"r'; 2D2' mice (Fig. 7).

404 BBB breakdown, one of the pathological hallmarks of MS #”-#8 is an early event in the
405  formation of the inflammatory lesions and has been suggested to precede parenchymal
406  inflammation *. Interestingly, one of the early changes after induction of EAE, at the capillary
407  level, increased transcytosis of brain endothelial cells causing increased vessel permeability °.
408  Pericyte damage (e.g. lipofuscin accumulation, membrane protrusions) in chronic-progressive
409  has been described in MS lesions>!. It has been suggested that the BBB becomes disrupted by
410  early inflammatory microlesions via IL-1B °? produced my MdCs and neutrophils after EAE
411  induction >*. However, the nature of changes at the NVU that precede immune cell entry and
412 cause failure of vascular the immune regulatory function in MS is not known. Our study shows
413  that intrinsic changes in brain vasculature facilitate the neuroinflammatory cascade and can
414  influence the localization of the neuroinflammatory lesions. In the future, it would be interesting
415  to investigate whether intrinsic changes in brain vasculature such as alterations in pericyte-
416  endothelial cross talk leading to a pro-inflammatory profile of endothelial cells regulate the
417  localization of MS lesions.

418 In conclusion, our study demonstrates that pericytes contribute to CNS immune
419  quiescence by limiting leukocyte infiltration into the CNS during homeostasis and autoreactive
420  neuroinflammation. In addition, immune cells preferentially home into CNS regions in which
421  vessels show a proinflammatory profile due to the dramatically reduced pericyte coverage. The
422  presence of abundant myelin peptide-specific peripheral T cells is sufficient to promote the

423  development of spontaneous autoimmune brain inflammation. Future studies should be aimed
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424  at unraveling the molecular mechanism leading to vascular permissiveness to leukocyte entry
425  in the setting of altered pericyte coverage or/and pericyte-endothelial cross talk. Since vascular
426  dysfunction modulates leukocyte entry and neuroinflammation, vasoprotective therapies
427  combined with pre-existing treatments could lead to improved clinical outcome in MS.

428
429 Methods

430  Mice

431  Mice were kept in individually ventilated cages under specific-pathogen-free conditions. The
432  following genetically modified mouse lines were used for experiments: PDGFB-retention motif
433 knock out (Pdgfb"""*) 22 and myelin oligodendrocyte glycoprotein (MOGs3s.ss) specific T cell
434 receptor transgenic mouse line (2D2) ?!. Mice were kept on a C57BL/6J genetic background.
435  Animal experiment protocols were approved by the Veterinary office of the Canton of Zurich
436  (permits ZH196/204, ZH070/2015, ZH151/2017, ZH072/2018).

437

438  Histochemistry and immunohistochemistry (IHC)

439  Mice were transcardially perfused under anesthesia with Hank’s balanced salt solution (HBSS)
440  and 4% paraformaldehyde (PFA) subsequently. The organs of interest were dissected, postfixed
441  in 4% PFA overnight and embedded into paraffin. The stainings were performed on 2 um thick
442  sections, except for the luxol fast blue — periodic acid Schiff (LFB-PAS) staining, which were
443 5 pm thick. LFB-PAS staining was performed according to standard procedure. Deparaffinized
444  and rehydrated sections were incubated in luxol-blue solution for 30 min at 60-70 °C,
445  differentiated in lithium-carbonate solution and counterstained with 1% periodic-acid solution
446  for 10 min, Schiff-reagent for 25 min and hematoxylin for 1 min. CD3 and B220
447  immunostaining were performed according to standard procedure using an Automated THC

448  Stainer (Bond-III, Leica Biosystems). Deparaffinized and rehydrated sections were incubated
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449  with CD3 (Thermo Fisher Scientific, cat. # RM-9107-s, 1:50) or B220 (BD Biosciences, cat. #
450 553084, 1:8000) for 30 min respectively, subsequently incubated with Bond Polymer Refine
451  Red Detection solution (with alkaline phosphatase (AP), Leica Biosystems) for 30 min or with
452 Bond Polymer Refine Detection solution (with 3,3'-Diaminobenzidine (DAB), Leica
453  Biosystems) and hematoxylin for 10 min. For CD3 staining, the antigen retrieval with EDTA
454  (pH 8) was performed for 20 min. Stained paraffin sections were scanned with NanoZoomer
455  Digital Pathology (Hamamatsu Photonics).

456

457 Immunofluorescent stainings

458  Mice were transcardially perfused under anesthesia with HBSS and then 4% PFA. Brains and
459  spinal cords were dissected and postfixed for 4-6 hours in 4% PFA. 60 um thick vibratome
460  sections were incubated in blocking and permeabilization buffer (1% BSA, 2% Triton-X in
461  PBS) overnight at 4°C. Subsequently, sections were incubated with primary antibody mix for 2
462  days overnight at 4°C, afterwards with secondary antibody mix for 1 day overnight at 4°C and
463  finally with DAPI (1:10000, Sigma-Aldrich) for 8 min at room temperature. Stained sections
464  were mounted with Mount Prolong Gold Antifade Mountant (Invitrogen). The following
465  primary antibodies were used: rabbit anti-mouse collagen-IV (Bio-Rad Company, cat.# 2150-
466 1470, 1:300), rat anti-mouse CD45 (BD Pharmingen, cat.# 553076, 1:100), rat anti-mouse
467 VCAM-1 (Merck, cat.# CBL-1300, 1:100), rat anti-mouse ICAM-1 (Abcam, cat.# ab119871,
468  1:100), goat anti-mouse CD13 (R&D Systems, cat.# AF2335, 1:100) and chicken anti-mouse
469  MBP (Millipore, cat.# AB9348, 1:100). Fluorescently labelled secondary antibodies suitable
470  for multiple labelling were purchased from Jackson Immuno Research. Images were taken by
471  Leica SP5 confocal laser scanning microscope (Leica microsystems, 20X objective, NA=0.7).
472  Images were analyzed by the image processing software Fiji and Imaris. Images were

473  postprocessed by Adobe Photoshop and Adobe Illustrator.
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474

475  Quantification of MBP immunofluorescence

476  Images of immunofluorescently labeled sections were acquired by Leica SP5 confocal laser
477  scanning microscope (Leica microsystems, 20X objective, NA=0.7) equipped with hybrid
478  detectors (HyD) in photoncounting mode. Mean fluorescent intensity was calculated in three
479  regions of interests (ROIs) of the corpus callosum in coronal brain sections using the mean grey
480  value measurement tool in Fiji. The average value of fluorescent intensity per animal was
481  calculated and plotted on a graph.

482

483  Quantification of vessel pericyte, VCAM-1 and ICAM-1 coverage

484  Images of immunofluorescently labeled sections were acquired by Leica SP5 confocal laser
485  scanning microscope (Leica microsystems, 20X objective, NA=0.7) equipped with HyD.
486  Pericyte coverage was calculated using the area measurement tool in Fiji. The area of CD13
487  and collagen-IV signal was measured on binary images in 6 ROIs, 150 x 150 um each, in
488  coronal spinal cord sections. Coverage was calculated as the percentage of CD13 positive area
489  over the collagen-1V positive area. The collagen-IV area was taken arbitrarily as 100% and the
490  CD13 positive area was expressed as a percentage normalized to the collagen-IV area. VCAM-
491 1 and ICAM-1 vessel coverage was calculated using the area measurement tool in Fiji. The area
492  of VCAM-1 or ICAM-1 and the GLUT-1 signal (on VCAM-1 stained sections) or collagen-IV
493  signal (on ICAM-1 stained sections) was measured on binary images in 6 ROIs, 200 x 200 um
494  each, in coronal brain sections. Coverage was calculated as the percentage of VCAM-1 or
495  ICAM-1 positive area over the GLUT-1 or collagen-IV positive area, respectively. The GLUT-
496 1 or collagen-1V area was taken arbitrarily as 100% and the VCAM-1 or ICAM-1 positive area
497  was expressed as a percentage normalized to GLUT-1 or collagen-1V area, respectively.

498
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499  Quantification of CD45" cell infiltrates

500 Images of immunofluorescently labeled sections were acquired by Leica SP5 confocal laser
501  scanning microscope (Leica microsystems, 20X objective, NA=0.7) equipped with
502  photomultiplier tube (PMT) detectors. Two ROIs were analysed in 24 sections in the cortex, in
503 19 sections in the striatum and in 15 sections in the corpus callosum on horizontal brain sections.
504 A surface mask was added to the collagen-1V signal and the CD45 signal was marked using the
505  “spots” function in each ROI using Imaris x64 software. The total number of spots (CD45"
506  cells) and number of spots not overlapping with the collagen-IV surface mask (extravasated
507  CD45" cells) was calculated using the built-in statistics tool of Imaris x64 software. The
508  percentage of spots not overlapping with the collagen-IV surface mask to the total number of
509  spots was calculated per each ROI. Finally, the average percentage of spots far from the
510  collagen-1V surface mask was calculated per brain region and per animal and plotted on a graph.
511

512 Transmission electron microscopy

513 Mice were transcardially perfused under anesthesia with HBSS followed by 2% PFA, 2.5%
514  glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4). Brains were dissected, 1 mm thick coronal
515  sections were cut with a brain matrix (World Precision Instruments, cat.# RBMA-200C) and
516  kept in 2% PFA, 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) until sample
517  preparation. 1 mm? thick blocks were cut manually from the region of corpus callosum, washed
518  in 0.1 M cacodylate buffer (pH 7.4) and incubated in 1% osmium-tetroxide in 0.1 M cacodylate
519  buffer (pH 7.4) for 1 hour. After two washing steps in distilled water, the tissue blocks were
520  contrasted with uranyl-acetate in distilled water overnight, followed by dehydration with a
521  series of alcohol and embedded in Epon resin. Ultrathin sections (70 nm) were contrasted with

522  lead-citrate and mounted on grids for imaging. Imaging was performed on FEI CM100
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523  transmission electron microscope (Philips) using an Orius 1000 digital CCD camera (Gatan,
524 Munich, Germany).

525

526  Scoring of demyelination on LFB-PAS stained sections

527  Three LFB-PAS stained sections per animal were assessed for myelination. The scoring system
528  to assess demyelination was adopted from Kim et al. **. Demyelination scores for the medial
529  corpus callosum were subjectively evaluated as follows: 0 - fully myelinated; 1 - mild
530  demyelination (<1/3 affected) in the center; 2 - moderate demyelination (<2/3 affected) in the
531  center; 3 - no myelin in the center; 4 - demyelination extending to the arch of the medial corpus
532 callosum. Demyelination scores for lateral projections of the corpus callosum were scored as
533  follows: a range from 0 to 3 was used, where 0 equals to normal myelination and 3 indicates no
534  myelin.

535

536  Leukocyte and microglia isolation from the CNS

537  Mice were transcardially perfused under anesthesia with HBSS. Brains and spinal cords were
538  dissected and digested with collagenase-D (analysis of EAE and 2D2 experiments, Sigma-
539  Aldrich) or collagenase Type IV (Sigma Aldrich) in Roswell Park Memorial Institute medium
540  (RPMI) 1640. The digested tissue was washed with PBS and centrifuged. The CNS pellet was
541  subsequently centrifuged in 30% Percoll (GE Healthcare) gradient at 10800 rpm for 30 min
542  (analysis of EAE and 2D2 experiments) or 1560 rpm for 20 min (analysis of naive mice) to
543  remove myelin. After myelin removal the single cell suspension was washed with PBS,
544  centrifuged and resuspended in FACS buffer (2% fetal bovine serum (FBS), 0.01% NaN3 in
545  PBS) for flow cytometry analysis.

546

547  Leukocyte isolation from the lymph nodes, spleen, thymus and blood
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548 200 pl blood was drawn before mice were transcardially perfused under anesthesia with HBSS.
549  Lymph nodes, spleen, thymus were dissected. Four lymph nodes (axillary and inguinal) were
550  measured per mouse. Organs were filtered through a 70 pm mesh. Spleen and blood samples
551  were lysed with red blood cell lysis buffer (150 mM NH4Cl, 10 mM KHCOs3, 0.1 mM
552 Na;EDTA, pH 7.4). The single cell suspension was washed with PBS and resuspended in FACS
553  buffer for flow cytometry analysis. The total cell number was counted with an automated cell
554  counter (BioRad, TC20).

555

556  Flow cytometry analysis

557  For cell surface staining, cells were incubated with mix of fluorophore-labelled primary
558  antibodies for 30 min on ice in the dark. Cells were resuspended in FACS buffer. Primary
559  antibodies were purchased from Biolegend and BD Biosciences and are listed in Supplementary
560 Table 1) Flow cytometry analysis was performed on LSR II Fortessa (Becton Dickinson) and
561  data were analyzed with FlowJo (v10.2 and v10.5.3) software.

562

563  Automated population identification in high-dimensional data analysis

564  Raw data was pre-processed using FlowJo followed by transformation in Matlab using cyt2,
565 normalization in R obtaining values between 0 and 1, automated and unsupervised two-
566  dimensional cell mapping, dimensionality reduction and visualization by t-distributed
567  stochastic neighbour embedding (t-SNE) °> %°. The FlowSOM algorithm was used for
568  automated clustering >’ using the t-SNE map with overlaid mean marker expression values and
569  aheatmap of median expression values > °8. Frequencies for each cluster was identified using
570 R, exported into an excel file and used for further analysis.

571

572  Induction of EAE
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573 For active immunization > mice were immunized subcutaneously into the flanks with 200 ug
574  MOGss.ss peptide (Anawa) emulsified in complete Freund’s adjuvant (CFA; InvivoGen) and
575 200 ng pertussis toxin (List Biological Laboratories Inc.) intraperitoneally on day 0 and day 2
576  post-immunization. For passive immunization (adoptive transfer) ® experiments C57BL/6J
577  mice (Janvier Labs) were immunized as described above omitting the injection of pertussis
578  toxin on day 2 post-immunization. On day 7, splenocytes and lymphocytes from the draining
579  lymph nodes were isolated and cultured for 2 days under polarizing conditions (20 pg/ml
580  MOGss.ss, 10 ng/ml IL-23). Recipient mice (control and Pdgfb’*/"") were sublethally irradiated
581  with 550 rad. One day after irradiation, recipient mice received intraperitoneally 11 x 10° MOG-
582  activated cells. Control or Pdgfb™"" mice were terminated for histology or flow cytometry
583  analysis when they reached termination criteria - classical EAE score of 3-3.5 or an ataxia score
584  of 8.5-10, respectively.

585

586  FTY-720 treatment and termination criteria for immune cell analysis

587  Mice were treated daily by oral gavage with 0.5 mg/kg FTY-720 (Selleckhem) in 2% (2-
588  hydoxypropyl)-B-cyclodextrin (Sigma-Aldrich) starting on day four post-immunization.
589  Controls groups received 2% (2-hydoxypropyl)-B-cyclodextrin in water (vehicle). Vehicle
590 treated mice were terminated for histology or flow cytometry analysis when control or
591  Pdgfb™" mice reached a classical EAE score of 3-3.5 or an ataxia score of 8.5-10, respectively.
592 FTY-720 treated mice were terminated on the same day when vehicle treated mice reached
593  termination criteria.

594

595  Scoring to assess the severity of EAE

596  Mice were monitored daily after induction of EAE. The scoring scale of classical EAE

597  symptoms: 0 - no detectable clinical signs; 1 - complete tail paralysis; 2 - unilateral partial hind
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598  limb paralysis; 2.5 - bilateral partial hind limb paralysis; 3 - complete bilateral hind limb
599  paralysis; 3.5 - complete bilateral hind limb and partial forelimb paralysis; 4 - moribund,
600  complete fore- and hind limb paralysis; 5 - dead.

601 The scoring of atypical EAE (cerebellar ataxia) symptoms was adopted from Guyenet et
602  al. 8. Following four individual parameters were scored - ledge test, hind limb clasping, gait
603  and kyphosis. Each individual measure was scored on a scale from 0 to 3 and recorded at the
604  end of the measurement as a combined score from 0 to 12. The scale for ledge test was assessed
605 as follows: 0 - the mouse is able to walk along the ledge without losing its balance and lands
606  on its paws when lowering itself back to the cage; 1 - the mouse is not able to walk along the
607  ledge without losing its footing, but otherwise walks coordinated; 2 - the mouse is not able to
608 effectively use its hind limbs while walking along the ledge and lands rather on its head then
609 its paws; 3 -: the mouse is completely unable to walk along the ledge or falls off. The scale for
610  the hind limb clasping was assessed as follows: 0 -upon lifting the mouse by its tail both of its
611  hind limbs are persistently pointing away from the abdomen; 1 - if one hind limb is pulled back
612  towards the abdomen for more than 50% of the time suspended; 2 - both hind limbs are partially
613  pulled back towards the abdomen for more than 50% of the time suspended; 3 - hind limbs are
614  entirely retracted and touching the abdomen for more than 50% of the time. The scale for gait
615  was assessment is as follows: 0 - the mouse walks coordinated, all four limbs support the body
616  weight evenly and its abdomen is not touching the ground; 1 - the mouse limps while walking
617  or tremor can be observed; 2 - the mouse has severe tremor or severe limp or lowered pelvis
618  and the feet are pointing away from the body (“duck feet); 3 - the mouse has severe difficulties
619  to walk and the abdomen is completely touching the ground or it refuses to walk at all. The
620  scale for kyphosis was assessed as follows: 0 - the mouse can freely straighten its spine while

621  walking, no visible kyphosis; 1 - the mouse has a mild kyphosis but is able to straighten its
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622  spine while walking; 2 - the mouse has a constant kyphosis and is unable to straighten its spine
623  completely; 3 - the mouse has a pronounced kyphosis while walking or sitting.

624

625  Transcriptional profile analysis of microvasculature of pericyte deficient mice

626  Pdgfb™" and control mice brain microvascular transcriptome data have been published
627  previously (GSE15892) !. Normalized intensity values and meta data were obtained from Gene
628  Expression Omnibus, using the "GEOquery" package from Bioconductor ®'. Probe annotation
629  data were obtained using the "mouse4302.db" package, also from Bioconductor °2. Probe-level
630 intensity values were summarized at the gene-level using the collapseRows functionality within
631 the WGCNA R package . If a gene symbol was associated with more than one probe id, the
632  probe id showing maximum variation was kept for downstream analyses. Differential
633  expression summary statistics were computed using the empirical Bayes approach implemented
634  with the "limma" package from Bioconductor ®*. Heatmap visualizing the expression pattern of
635  selected genes was created using the "pheatmap" R package ¢°. All bioinformatics analyses
636  were performed in R version 3.5.1 .

637

638  Statistical analysis

639  Statistical significance was determined with the unpaired t-test or ANOVA (GraphPad Prism
640  8.0). Differences with a p value <0.05 were considered statistically significant. Data is
641  presented as the mean = SD.

642
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659
660 Figure Legends

661  Figure 1. Increased expression of LAMs on pericyte-deficient brain vasculature.
662  Immunofluorescent stainings showing the expression of VCAM-1 (a) and ICAM-1 (b) on brain
663  vessels in the striatum of control and pericyte-deficient mice (Pdgfb™"®). Vascular basement
664 membrane was visualized with collagen-IV (in green) and pericytes with CD13 (in cyan)
665  immunostaining. Quantification of vascular surface coverage of VCAM-1 and ICAM-1 (c) in
666  the cortex and striatum in control and pericyte-deficient mice (Pdgfb™"*). 3D brain image
667  depicting the somatosensory cortex and striatum was generated with the Blue Brain Cell Atlas

668  (bbp.epfl.ch/nexus/cell-atlas/). N=3 mice per genotype. Unpaired t-test was used to determine

669 the statistical significance. Data are presented as the mean + SD. Scale bars are 100 um.

670
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671  Figure 2. Increased extravasation of leukocytes in the brain parenchyma of pericyte-
672  deficient brain. (a) Overview images of the periventricular areas in the brains of control and
673  pericyte-deficient mice (Pdgfb™*"*"). Arrowheads indicate leukocyte infiltrates (CD45, in red)
674  in the parenchyma of Pdgfb™*"* mice. Blood vessels are visualized by collagen IV staining (in
675  green). (b) High magnification images showing a parenchymal infiltrate of CD45" leukocytes
676  (in red, asterix) in the cortex of Pdgfb™* mice. In control mice, few CD45" leukocytes
677  (arrowheads) are found only in the lumen of blood vessels (collagen IV, in green). Of note,
678  immunohistochemical sections of control mice were imaged using a higher detector gain
679  (voltage) than images of Pdgfb""* mice in order to visualize few leukocytes in the lumen of
680  blood vessels. In the control images, in addition to intravascular leukocytes, microglia are
681  detected (CD45"%). (¢) Quantification of extravasated CD45" leukocytes in different
682  anatomical regions in the brains of Pdgfb"""* mice (n=3). Ordinary one-way ANOVA test was
683 used to determine the statistical significance. (d) T-SNE plot displaying immune cell

684  populations in the brain and spinal cord of naive control and mice Pdgfb"*/

mice (n=3 per
685  genotype) analyzed by flow cytometry. Data were transformed and percentiles normalized.
686  Median expression values (0-1) of selected markers are shown. (e) Quantification of the
687  absolute cell numbers of detected immune cell populations using flow cytometry (n=3 mice per
688  genotype). Unpaired t-test was used to determine statistical significance. Data are presented as
689  the mean £ SD. Scale bars: a - 250 um, b - 100 um and magnified insets - 20 pm.

690

691  Figure 3. Increased pericyte-coverage and reduced expression of LAMs in the spinal cord
692  vessels of Pdgfb™’* mice. (a) Immunofluorescent staining of pericytes (CD13, in cyan) and
693  vasculature (collagen-1V, in red) in different anatomical regions of the CNS (spinal cord,

694  striatum, cortex) in control and Pdgfb"”"* mice. The yellow dotted line outlines the cortical

695  surface. (b) Quantification of vessel pericyte coverage in the spinal cord of control and
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696  Pdgfb™" mice. N= 3 mice per genotype. VCAM-1 (c¢) and ICAM-1 (d) expression (in cyan)
697  on the blood vessels (in red, collagen-IV) in the spinal cord of control and Pdgfb™""* mice.
698  Scale bars are 100 pm. Unpaired t-test was used to determine statistical significance.

699

700  Figure 4. Pericyte-deficient mice succumb to atypical EAE accompanied by increased
701  leukocyte infiltration into the brain. (a) Kaplan-Meier survival curves after active induction
702  of EAE. The experiment was terminated on day 15, indicated by black dashed line. Pooled data
703  from two individual experiments. N=11 mice per genotype. Survival curves showed statistical
704  difference (p<0.0001, log-rank test). (b) Scoring of neurological symptoms during the course
705  of active EAE. The left y axis shows cerebellar ataxia scores of Pdgfh’”"* mice (in red) and the
706  right y axis,classical EAE scores of control mice (in black). Arrowheads indicate when
707  individual mice were sacrificed for flow cytometry analysis. See Materials and Methods for
708  detailed termination criteria. Each line represents symptoms of an individual mouse. N=5 mice
709  per genotype, showing two pooled experiments. (¢) Kaplan-Meier survival curves after passive
710  induction of EAE. The experiment was terminated on day 14, indicated by black dashed line.
711  Controls - n=5, Pdgfb"""* - n=6). Survival curves showed a statistically significant difference
712 (p=0.0300, log-rank test). (d) Immunohistochemical staining of T cells (CD3, in red) of sagittal
713 brain sections of the cerebellum and brain stem after active induction of EAE of control (on day
714 16 postimmunization) and Pdgfb’"® mice (on day 11 postimmunization). (e)
715 Immunohistochemical staining of T cells (CD3, in red) on coronal sections of the spinal cords
716  showing two regions (1, 2) after active induction of EAE in control (on day 16
717  postimmunization) and Pdgfb™”"* mice (on day 11 postimmunization). Tissue sections were
718  counterstained with hematoxylin (d, e). Representative flow cytometry pseudocolor plots
719  showing the manual gating of microglia and other immune cell populations in the brain (f) and

720  spinal cord (g) after active induction of EAE of control (EAE score 3) and Pdgfb"®”"* (ataxia
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721  score 9) mice. Quantification of the absolute cell numbers of different leukocyte populations
722 (gated as shown in f and g) in the brains (h) and spinal cords (i) of control (EAE score 3-3.5)
723 and Pdgfb™"" (ataxia score 9-10) mice using flow cytometry. Shown are pooled data from two
724  individual experiments. N= 5 mice per genotype. Data are presented as the mean + SD.
725  Unpaired t-test was used to determine the statistical significance. Scale bars are: d and e - 100
726  pm.

727

728  Figure 5. FTY-720 treatment rescues the lethality of pericyte-deficient mice after
729  induction of EAE. (a) Kaplan-Meier survival curves of vehicle and FTY-720 treated Pdgfb’*/"
730  mice after active induction of EAE. The experiment was terminated on day 25 (marked by a
731  black dashed line). n=5 mice treated with vehicle, n=6 mice treated with FTY-720. (b) Scoring
732 of clinical symptoms during the course of FTY-720 treatment after induction of active EAE of
733 control and Pdgfb™”" mice. The left y axis shows the cerebellar ataxia scores of Pdgfb/
734 mice (in red) and the right y axis the classical EAE scores of control mice (in black). FTY-720
735  administration (0.5 mg/kg) was started on day 4 postimmunization (red dashed line) and the
736  experiment was terminated on day 25 postimmunization. The ataxia score or EAE score of each
737 mouse is plotted individually. Arrowheads indicate when Pdgfb’/"* mice reached termination
738  criteria and were sacrificed. N=4-5 mice per group. Representative flow cytometry pseudocolor
739  plots showing the manual gating of microglia and other immune cell populations in the brains
740  of vehicle or FTY-720 treated Pdgfb™"* mice (c) and in the spinal cords of vehicle or FTY-
741 720 treated control mice (d) after active induction of EAE. Pdgfb’*/"* mice were sacrificed for
742 immune cell analysis when reached the ataxia score (8.5-10) and control mice were sacrificed
743  for analysis when they reached EAE score 3-3.5. Quantification of the absolute cell numbers of
744 the different immune cell populations (gating shown in ¢ and d) in the brain (e) and spinal cords

745  (f) of vehicle and FTY-720 treated control and Pdgfb"*"* mice using flow cytometry. Controls:
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746  n=3 vehicle treated and n=4 FTY-720 treated, Pdgfb*’"* mice: n=3 vehicle treated and n=3
747  FTY-720 treated. Data are presented as the mean + SD. Two-way ANOVA test was used to
748  determine statistical significance between groups.

749

750  Figure 6. Pericyte-deficient mice expressing myelin specific T cell receptor develop
751  neurological symptoms accompanied by immune cell infiltration. (a) Scoring of cerebellar
752 ataxiain Pdgfb™" ' x Pdgfb"""'; 2D2' crossing offspring. Dashed black line indicates the mean
753  baseline score of control mice (ataxia score=1, occasional slip during the ledge test). n=7-11
754  mice per genotype. (b) Immunofluorescent detection of CD45™ leukocyte infiltrates and
755  microglia (in red) in the striatum in Pdgfb™®"*: 2D2"¢ and Pdgfb™"*: 2D2¢ mice. Blood
756  vessels are in green (collagen-IV). (¢) Representative flow cytometry pseudocolor plots
757  showing the manual gating of microglia and other immune cell populations in the brain. (d)
758  Quantification of absolute cell numbers of immune cells (gated as shown in ¢) in the brains of
759 control mice and Pdgfb’"*'; 2D2"¢, and Pdgfb"*"*'; 2D2'¢ animals. Pdgfb’’"'; 2D2¢ mice were
760  terminated at the peak of cerebellar ataxia symptoms (ataxia score 6-9). Age of animals 2-3
761  months (b, ¢). Data are presented as the mean + SD. Ordinary one-way ANOVA test was used
762 to determine the statistical significance between groups. Scale bars are - 100 um.

763

764  Figure 7. The consequences of pericyte-loss on CNS vasculature during development. (a)
765  Reduction of vessel pericyte coverage correlates with the severity of BBB alterations. Up to 50-
766 60 % of pericyte loss during the development does not result in overt BBB changes 2. Changes
767  occurring at the NVU due to the reduced pericyte coverage could be compensated by remaining
768  pericytes and/or by other cellular constituents of the NVU (e.g. astrocytes). Approximately 85%
769  -40% loss of pericytes is compatible with development; however, it results is persistent changes

770  at the NVU, which cannot be compensated by other cellular components of the NVU. Pericyte
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771  coverage less than 10-15% during development results in premature death. (b) Pericytes
772 regulate organ specific characteristics of the CNS vasculature. Previous studies have shown that

.2 and

773  pericytes regulate the BBB permeability on the level of endothelial transcytosis
774  polarization of astrocyte end-feet !. Of note, pericytes do not regulate expression of ABC
775  transporters . Accordingly, increased BBB permeability to plasma proteins is not paralleled by
776  increased transport of small-molecular drugs ®’. Our study corroborates pervious data showing
777  an increased expression of LAMs upon the absence of pericytes 2. Poor pericyte coverage in
778  adult mice results in the loss of zonated expression and upregulation of VCAM-1 and ICAM-1
779  on blood vessels which licences entry of dendritic cells (DC), monocyte-derived cells (MdC)
780 and T cells into the CNS, which upon the induction of neuroinflammation aggravates the

781 disease and determines the anatomical location of immune cell infiltrates.

782
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