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19 Abstract

20 Ischemic stroke is a predominant cause of disability worldwide, with thrombolytic or
21  mechanical removal of the occlusion being the only therapeutic options. Reperfusion
22  bears the risk of an acute deleterious calcium-dependent breakdown of the blood-
23  brain-barrier. Its mechanism, however, is unknown. Here we identify type 5 NADPH
24 oxidase (NOX5), a calcium-activated, reactive oxygen species (ROS)-forming
25 enzyme as missing link. Using a humanised knock-in mouse model and in vitro in
26  organotypic cultures, we find re-oxygenation or calcium overload to increase brain
27 ROS levels in a NOX5-dependent manner. In vivo, post-ischemic ROS formation,
28 infarct volume and functional outcomes were worsened in NOX5 knock-in mice. Of
29 clinical and therapeutic relevance, in a human blood-barrier model pharmacological
30 NOX inhibition also prevented acute re-oxygenation induced leakage. Our data
31 therefore identify NOX5 as sufficient to induce acute post-reperfusion calcium-
32 dependent blood-brain-barrier breakdown. We suggest urgent clinical validation by
33  conducting protective post-stroke re-canalisation in the presence of a NOX inhibitor.
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35 Introduction

36 Ischemic stroke represents one of the most frequent causes of death and leading
37 cause of disability worldwide [1]. In the absence of any effective neuroprotective
38 principle, thrombolytic or mechanical removal of the occlusion remains the only
39 current therapeutic option [2]. In 11% of the mechanically re-canalysed patients,
40 however, serious complications occur including new emboli formation, vasospasm,
41 intracranial haemorrhage and stent dislocation or occlusion [3]. Similarly,
42  thrombolysis using tissue plasminogen activator (rt-PA) correlates with an early
43  opening of the blood-brain barrier (BBB)* which may lead to pathologic processes
44  such as edema and hemorrhage transformation® together with excessive reactive
45 oxygen species (ROS) production, neuronal death and therefore worse patient
46  prognosis [4]. Moreover, an increase in intracellular calcium represents one of the
47  earliest events during an ischemic stroke and is considered to trigger many of the
48 downstream processes which promote blood-brain barrier leakage and brain
49 oedema, the leading cause of death after an ischemic stroke [2,5].

50 With respect to ROS, NADPH oxidases are considered a primary and
51 quantitatively relevant source in different ischemic conditions [5]. Of particular
52 interest is NADPH oxidase type 5 (NOX5), the calcium-activated isoform of this
53 enzyme family and widely expressed in the endothelium [6], testis and white blood
54  cells [7]. We therefore hypothesised that NOX5 may be the missing mechanistic link
55 between post-reperfusion calcium overload and early BBB opening. To validate this
56 target, we examined both a pharmacological approach, using a panel of the most
57 advanced inhibitor compounds in a human in vitro BBB model, and a genetic
58 approach, using the most common in vivo stroke model in mice and following the

59  STAIRS quality criteria. Since NOX5 is missing from the mouse genome, we also
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60 generated a novel humanised mouse model expressing the human NOX5 gene in

61 the neutral hypoxanthine phospho-ribosyl-transferase (Hprt) locus.
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63 Results

64 Generation and validation of the humanised NOX5 Kl mouse model

65 In humans, Nox5 is broadly expressed in blood vessels, primarily smooth muscle
66 cells, microvascular endothelial cells, fibroblasts [6,8,9] but also in testis [8] and
67  spleen, specifically in monocytes, macrophages [7,10], B- and T-cells [11]. To mimic
68 the physiological human expression pattern of NOX5 in mice, we created a mouse
69 line called NOX5 KI (knock-in) bearing the human NOX5 gene in the Hprt locus and
70 under control of the Tie2 promoter (Fig 1A-B). The Tie2 promoter physiologically
71 regulates endothelial and hematopoietic gene expression in human cells [12,13].
72  Therefore, using this promoter we expected our transgenic mouse model to mimic
73 physiological human NOX5 expression, both in endothelial and white blood cells.

74 We examined NOX5 gene expression in different organs and cells from the
75  offspring mice. Tissues from WT mice did not show any detectable NOX5 gene
76  expression, whilst significant expression was detected in all samples from KI mice
77  (Fig 1C). Similarly, genotyping agarose electrophoresis showed the presence of
78 NOX5 cDNA in lung, kidney, brain, aorta and white blood cells (monocytes,
79 lymphocytes, T and B-cells; Fig S1). These data suggested that, with the exception
80  of testis, our NOX5 Kl mice can be considered a humanised mouse mode showing
81 no specific overall phenotype in comparison with non-transgenic wild type mice in
82 terms of lifespan, cognition or neuro-motor function.

83

84 In vitro, NOX5 causes acute, calcium-dependent post-reoxygenation ROS
85 formation

86  Distinct NOX isoforms, i.e. NOX2 and NOX4, have been described as key players in

87  stroke ROS-dependent patho-mechanism [5,14], however, no specific role of NOX5
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88 has been defined so far. Thus, to examine whether NOX5 causes acute cerebral
89  post-reperfusion/re-oxygenation ROS formation, we first studied in vitro organotypic
90  hippocampal cultures (OHC) of NOX5 KI mice. When we subjected OHCs to oxygen
91 and glucose deprivation for 15 min (OGD; Fig 2A) and assessed kinetics of ROS
92  formation at 0, 15, 30 min and 1, 2 and 4 h post-OGD, we detected an acute NOX5-
93 dependent ROS production within the first half hour that was not present in WT mice
94  (Fig 2B-C). At later time-points, ROS were unchanged presumably due to the NOX4
95 isoform [15]. To confirm that this observation was indeed due to calcium-induced
96 activation of NOX5, we re-examined ROS generation in OHCs from NOX5 KI and
97  WT mice in the absence or presence of the calcium ionophore A23187 (10uM), but
98 without OGD. A23187 is a mobile ion-carrier which forms stable complexes with
99 divalent cations, mainly Mn®* and Ca?* leading to increase in intracellular levels of
100  Ca*' [16]. Indeed, we observed the same acute ROS surge as after OGD and in a
101  strictly NOX5-dependent manner (Fig. 2D-E). Thus, these data suggest that NOX5-
102 dependant ROS formation is involved in early stages of post-ischemia damage via
103  Ca” overload.

104

105 In vivo, ROS formation and blood-brain barrier breakdown are NOX5
106 dependent and worsen neurological outcome

107 Having established the role of NOX5 after re-oxygenation leading to calcium-
108 dependent ROS formation in vitro, we wanted to examine the role of NOX5 in a
109 stroke in vivo animal model. We performed 1h of transient occlusion of the middle
110 cerebral artery (tMCAOQO) on 8-16 weeks-old mice, followed by 24h of reperfusion (Fig
111  2A) for later histological and neurological assessment.

112 Reperfusion injury, comparable to in vitro re-oxygenation damage, leads to
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113  abnormally permeable capillary bed resulting from a disruption of the BBB [4]. Since
114 NOXS5 seems to be part of this subsequent post-stroke event, we assessed the role
115 of NOX5 in BBB disruption by quantifying post-stroke edema formation using the
116 extravasation of the macromolecular vascular tracer, Evans blue, into the brain
117 parenchyma. BBB leakage was significantly increased in brains from NOX5 Kl mice
118 when compared to their WT littermates, indicating a key role of NOX5 in post-stroke
119 BBB integrity (Fig 2F). Second, to examine the mechanistic link between this
120 observation to NOX5 activity, we measured ROS formation using dihydroethidium
121  (DHE)-stained cryosections of NOX5 KI and WT mice. Again, ROS generation was
122  significantly increased in the infarcted brains of NOX5 Kl mice compared to their
123 controls (Fig 2G). Thus, post-stroke NOX5-dependent impairment of the BBB is
124  related to enhanced in vivo ROS formation.

125 To further evaluate whether NOX5-dependent ROS formation and impairment
126  of the BBB were linked to a worsened outcome, we assessed 24h post-stroke infarct
127 sizes. Again, TTC-stained brain sections showed a significant increase of infarct
128 volume in NOX5 Kl compared to WT mice (Fig 2H). As a clinical translational
129 parameter, we evaluated neuro-motor function via the Bederson score and Grip
130 tests, two key outcome parameters. We saw that both scores showed worsened
131  neuro-motor function in NOX5 KI animals compared to WT (Fig 2G-I). Thus, acute
132  post-re-oxygenation Ca**-dependent ROS formation, BBB breakdown, increased
133 infarct size and worsened neuro-motor outcome appear to be mechanistically linked
134  to NOX5.

135

136 Blood pressure does not contribute as a confounder to the NOX5 Kl phenotype

137 in stroke
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138  With respect to our in vivo data, our NOX5 Kl approach may have lead to a systemic
139  constitutively elevated endothelial ROS formation, impaired vasodilatory nitric oxide
140  signaling and increased blood pressure. Hypertension can weaken brain arteries and
141  worsen stroke outcome [16] and thus lead to an overestimation of the in vivo impact
142  of NOXS5 via acutely impairing the blood-brain barrier post-reperfusion. We therefore
143  also assessed the 24h blood pressure in our mice using telemetric blood pressure
144  devices allowing non-invasive recording. Neither systolic (Fig 3A), diastolic (Fig 3B)
145 nor mean arterial pressure (Fig 3C) were different between WT and NOX5 KI mice
146  suggesting that no systemic hypertensive phenotype contributes to the worsened
147  post-reperfusion in vivo outcome in NOX5 KI mice. Similarly, when expressing
148  human NOXS5 in a non-physiological smooth muscle cell-specific manner basal blood
149  pressure was also normal [17].

150

151 The role for NOX5 Kl in ischemia reperfusion is specific to the brain

152  In addition, our NOX5 Kl approach may worsen ischemia-reperfusion outcomes in
153 different organs and thus play no brain or BBB-specific role. Indeed, other NADPH
154  oxidases, i.e. NOX 1 and NOX2, have been described as key players in different
155 ischemic diseases such as myocardial ischemia-reperfusion [18], retinopathy [19] or
156  diabetic nephropathy [20,21]. Moreover, Nox5 has been found to be upregulated in
157 human blood vessels after myocardial infarction [22] but its role here remains
158 unclear. We therefore investigated three different in vivo mouse models related to
159  highly relevant ischemic disease conditions: hindlimb ischemia (HL, peripheral artery
160 disease), myocardial infarction (MI) and ischemia-reperfusion (IR) of the heart.

161 To mimic human peripheral artery disease, we used a mouse model of

162  hindlimb ischemia by subjecting 8-16 weeks-old NOX5 Kl and WT mice to
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163  permanent ligation of the femoral artery. Sprouting of new capillaries (angiogenesis)
164 is commonly used as the major histological outcome post-ligation [23]. Therefore, we
165 measured capillary density using CD31 staining in the gastrocnemius and adductor
166 muscles as the major angiogenesis parameter 4-weeks post-occlusion. CD31
167 staining was comparable between WT and NOX5 Kl mice (Fig 4A-B). We also
168 measured blood flow in both groups and saw a significant drop after surgery, which
169 then gradually increased again within 4-weeks recovery. However, we detected no
170  statistically significant difference in blood flow between the NOX5 Kl and WT mice
171 lines (Fig 4C).

172 To further investigate the role of NOX5 in myocardial infarction and ischemia-
173  reperfusion of the heart, we subjected adult NOX5 Kl and WT mice (8-16 weeks old)
174  to a permanent or transient (45 min) occlusion of the left descending coronary artery.
175 Four weeks after a Ml or IR, we assessed infarct sizes by AZAN stain, which showed
176  no differences between NOX5 Kl and WT mice (Fig 4D). Ejection fraction at 2 and 4
177  weeks post-Ml or post-IR, a common functional parameter, did not differ between
178 NOX5 Kl and WT mice (Fig 4E). For an additional clinical parameter, we measured
179 heart contractility in response to increasing concentrations of dobutamine, a
180 sympathomimetic drug, which stimulates heart contraction. NOX5 Kl mice subjected
181 to myocardial infarction showed slightly enhanced contractility and relaxation effects
182 compared to the WT line. However, in ischemia-reperfusion of the heart, the
183 response to dobutamine was not altered between NOX5 Kl and WT mice (Fig 4F).
184 Thus, in our humanised NOX5 Kl mice, neither post-ischemic outcome after
185 permanent and/or transient heart ischemia nor long-term outcomes after hindlimb

186 ischemia were modified. These data suggest that post-ischemic ROS formation,
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187 infarct volume and functional outcomes were all increased in a brain-specific manner
188 in our NOX5 KI humanised model as a result of NOX5 expression.

189

190 Human microvascular brain endothelial cells, acute post-reoxygenation
191 leakiness is prevented by pharmacological NOX5 inhibition

192  Calcium is critical for tight junction function specially for characteristics of cerebral
193 microvessels and blood-brain barrier stability. In fact, calcium overload post-stroke
194 has been described as a key mechanism of BBB disruption by altering junction
195 proteins [24]. Thus, we hypothesised that NOX5 is the missing mechanistic link in
196 early BBB-dependent reperfusion injury. Moreover, thrombectomy procedures have
197  been recently associated to reperfusion damage and early BBB disruption what may
198 lead to hemorrhagic transformation and poor clinical outcomes. Therefore, there is a
199 novel trend of designing experimental clinical trials to pharmacologically block BBB
200 opening in patients undergoing reperfusion therapy of stroke [4].

201 To further evaluate whether NOX inhibition would be a promising candidate
202 for this novel strategy, we used human brain microvascular endothelial cell
203 (HBMECs) as an in vitro ischemia model (Fig 5A). After confluence, we subjected
204 HBMECs to 6h of hypoxia followed by 24h of re-oxygenation and assessment of cell
205 permeability (Fig 5B) in the presence or absence of the relatively NOX5-specific
206 inhibitor, MIO90 (0.01 uM). Since current innovative clinical approaches suggest to
207  perform the thrombectomy procedure in presence of the pharmacological agent, we
208 added the NOX5 inhibitor in the acute state before re-oxygenation. However, NOX4
209 is induced 4h post-re-oxygenation (Fig S2) although it also affects BBB disruption
210 [14]. Then, HBMECs were treated both acutely and post-re-oxygenation with the

211  relatively NOX4-specific inhibitor, M13 (0.2 uM) in order to mimic pre- and post-

10
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212  thrombectomy neuroprotective treatment. Whilst the NOX4 inhibitor was protective
213 when added either early or late, the NOXS5 inhibitor was only protective when added
214  early (Fig 5C). These data confirm the strictly acute role of NOX5 in blood-brain-
215  barrier breakdown post-re-oxygenation/reperfusion in stroke while NOX4 seem to
216 play a key role in later stages. At the same time the efficacy of MIO90 suggests a
217  preventive therapeutic option, ideally as a pre-treatment or co-administration with the

218  thrombolytic drug, i.e. rt-PA, or thrombectomy procedure.

11
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219 Discussion

220 Here, we identify NOX5-derived ROS as a missing link in acute stroke therapy
221  between the post-reperfusion calcium overload and frequent side effect of blood
222  brain barrier breakdown and worsened outcome. NADPH oxidases in general are
223  promising therapeutic targets in ROS-associated disease states [5,24,25]. Since
224  most pre-clinical validation experiments are conducted in mice and rats, which lack
225 the NOX5 gene, NOX5 has been under-studied. We provide now the first humanized
226  NOX5 KI mouse model mimicking to a large extent the human physiological NOX5
227  expression pattern, i.e. endothelial and white blood cells.

228 In principle, our observed in vivo phenotype in NOX5KI mice could derive
229 from both cell types, endothelial and white blood cells, and we can certainly not
230 completely rule out a contribution of the latter. However, several lines of evidence
231 support a fully sufficient role of endothelial NOX5. First, our in vitro mouse
232  organotypic culture, essentially free of white blood cell contributions, and second, our
233 HBMEC model, per definition entirely free of white blood cells, are in full agreement
234  with a crucial endothelial location of NOX5. Third, the detrimental role of NOX5 in
235 post-reperfusion was highly specific for brain; NOX5 played no acute role in
236 myocardial infarction, transient heart ischemia, or in hindlimb ischemia, suggesting
237 indirectly the BBB and its cellular components as the main location of NOXS5.
238 Moreover, endothelial NOX5 would be already at the site of action with respect to
239 BBB breakdown, whereas white blood cells would need to adhere and only a fraction
240  of them would be pre-exposed to post-reperfusion calcium surges.

241 Therapeutically, one additional aspect is worth considering, i.e. the previous
242 identification of neuronal (and endothelial) NOX4 in stroke [14,26]. This enzyme

243  does not contribute to the here investigated early stages of BBB opening. Therefore,

12
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244  any prospective therapy, however, will want to cover both isoforms, acutely induced
245 NOX5 and sub-acutely (i.e. within 4-6 hours) induced NOX4 to further inhibit the
246  detrimental role of NOX4 and NOXS5 at different pathomechanisms stages. Thus, a
247  combined NOX4/5 inhibitor or compound combination would be ideal.

248 Importantly, our data suggest that thrombolysis and thrombectomy should be
249  conducted in the presence of NOX inhibition to minimalize the chances of a post-
250 reperfusion, calcium- and ROS-dependent acute and deleterious opening of the
251  blood-brain barrier. Our findings provide a clear rationale for further development of
252 a pharmacological NOX inhibitor (ideally with combined NOX4/5 profile) as a first-in-
253 class neuroprotective strategy after stroke, to be co-administrated already with the

254  onset of reperfusion.

13
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255 Materials and Methods

256 Animals

257  All animal experiments were performed according to the EU Directive 2010/63/EU for
258 animal experiments and approved by the German Animal Welfare Act (German
259  Ministry of Agriculture, Health and Economic Cooperation), the Dutch law on animal
260 experiments and the institutional Ethics Committee of Universidad Autonoma de
261 Madrid, Madrid, Spain. Animals were socially housed under controlled conditions
262  (22°C, 55-65% humidity, 12h light-dark cycle), and could free access water and
263 standard laboratory chow. Adult male and female mice of 8-20 weeks aged were
264 used. NOX5 KI animals were compared to their respective matched WT line. The
265 drop-out rates in all ischemia models (heart ischemia, hindlimb ischemia and stroke)
266 are included in Table S1. Post-hoc power analysis for post-stroke infarct size is
267 included in Table S2.

268

269  Generation of the NOX5 knock-in (KI) mouse

270  Since the rodent genome naturally lacks the NADPH oxidase 5 gene, we created a
271  new mouse line expressing the human NOX5 gene under the control of the Tie2
272  promoter. The model was developed using the hypoxanthine phospho-ribosyl-
273 transferase (Hprt) targeted transgenic approach. This locus protects transgenic
274  constructs inserted into this region against gene silencing, positional or methylation
275 effects, and tissue-specific promoters inserted in the Hprt locus conserve their
276  expression patterns. Importantly, Hprt-deficient mice are phenotypically normal.
277 Targeted insertion at the Hprt locus overcomes the unpredictable position effects
278 inherent in transgenic methods relying on random integration. Thus, a respective Kl

279 line allows experiments to be conducted with a single mouse line, in contrast to the

14
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280  3-5 transgenic lines usually required using classical technology.

281 The Hprt gene is localised on the X chromosome, necessitating analysis of
282 hemizygous males or homozygous females. The targeting vector was obtained by
283  subcloning of a transgenic targeting cassette containing the human NOX5 beta gene
284 under control of the Tie2 promoter into the Hprt targeting vector (GenOway),
285 upstream of the human Growth Hormone polyA sequence.

286 E14 ES cells of 129SV mice were transfected with the linearised targeting vector,
287 selected with HAT (hypoxanthine-aminopterin-thymidine medium) medium and
288  resistant clones screened (Southern blot) for presence of the 3’ and 5 homologous
289 recombination events. Selected ES cells were injected into C57BI6/J blastocysts and
290 re-implanted into OF1 (oestrus phase) pseudo-pregnant females, which resulted in
291 chimeric males. Chimeras were mated with WT C57BIl/6 females and agouti female
292  offspring was genotyped to confirm the presence of the recombined X chromosome.
293 The heterozygous females were then mated with transmitting male chimeras to
294  generate hemizygous males and homozygous females. All procedures were carried
295 out under SPF conditions by GenOway, which houses all mice at Charles River.

296

297 Validation of the NOX5 knock-in (KI) mouse

298 Isolation of bone marrow macrophages: Bone marrow was isolated and cells were
299 cultured for one week in RPMI-1640 (Gibco with Glutamac, 2g/L glucose)
300 supplemented with 10% fetal cow serum (FCS), 100U/mL Penicillin-Streptomycin,
301 and 15% L929-conditioned medium to generate bone-marrow-derived macrophages.
302 Cells were then dissociated with lidocaine (200mg, 1mL 0.5M EDTA in 50mL PBS)
303 before differentiating them with EtOh, IFN-y and IL-4 to become MO, M1 and M2a

304  subtype macrophages respectively.

15
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305 FACS of spleen cells: Spleen was gently dissociated through a 700um cell strainer
306 (Greiner), treated with erylysis buffer, blocked with FcR-blocking (eBioscience) and
307 stained for total leukocytes (CD45", CD45 PerCP, Biolegend, Germany), total T cells
308 (CD3", CD3 eF450, eBioscience, Germany), B cells (CD19*, CD19 FITC, BD
309 Bioscience, Germany), monocytes (CD11b™" Ly6G™ CD11c™" CD11lb BV510
310 Biolegend, Ly6G APC-Cy7 BD Bioscience, CD11lc PE-Cy7, eBioscience)
311  and granulocytes (CD11b"" Ly6G"9"). Labeled cells were sorted on BD FACS ARIA
312 | to >95% purity.

313 Microvascular brain endothelial cell isolation: Brain capillary endothelial cells
314 (MBCEC) from eNOX4 KO and WT mice were isolated as described in [27,28]. After
315 sacrificing the mice, forebrains were collected, meninges removed and the tissue
316 was minced and digested with a mixture of 0.75mg/ml collagenase CLS2
317  (Worthington) and 10U/mL DNAse (Sigma-Aldrich, Germany) in Dulbecco’s modified
318 Eagle medium (DMEM; Sigma-Aldrich, Germany) for 1h at 37°C. To remove myelin,
319 the pellet was re-suspended in BSA-DMEM (20% w/v) and centrifuged (1000x g, 20
320 min). The pellet was re-suspended and further digested with 1mg/ml collagenase-
321 dispase (Roche, Germany) and 10U/ml SNAse in DMED for 1h at 37°C.
322  Microvascular endothelial capillaries were separated on a 33% continuous Percoll
323 gradient, collected and plated in petri-dishes coated with collagen IV/fibronectin
324  (Sigma-Aldrich, Germany). Cultures were maintained in DMEM supplemented with
325 20% plasma-derived bovine serum (First Link, Germany), 50ug/ml gentamicin
326 (Sigma-Aldrich, Germany), 2mM L-glutamine (Sigma-Aldrich, Germany), 4ug/ml
327  puromycin (Alexix GmbH, Grinberg, Germany) and 1ng/ml basic fibroblast growth
328 factor (Roche, Germany).

329

16
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330 Organotypic hippocampal culture (OHCs) of NOX5 KI mice

331 Hippocampal brain slices for cultures were obtained from brains of 7- to 10-day-old
332  WT and NOX5 KI mice. Organotypic cultures were prepared based on the methods
333 previously described in [29,30]. Briefly, pups were quickly decapitated and brains
334 removed from the skull and dissected. The hippocampus was cut into 300um-thick
335 slices using a Tissue Chopper Mcllwain. Then, they were separated in sterile ice-
336 cold Hank’s balanced salt solution (HBSS, Biowest, Madrid, Spain) containing (in

337 mM): glucose 15, CacCl, 1.3, KCI 5.36, NaCl 137.93, KH,PO, 0.44, Na,HPO, 0.34,
338 MgCl, 0.49, MgSO, 0.44, NaHCO, 4.1, HEPES 25, 100 U/ml penicillin, and 0.100

339 mg/ml gentamicin. Six slices were placed on each Millicell-0.4 ym culture inserts
340 (Millipore, Madrid, Spain) within each well of a six-well culture plate. Specific
341 neurobasal medium (Invitrogen, Madrid, Spain) enriched with 10% of fetal bovine
342  serum (Sigma-Aldrich, Madrid, Spain) was used for the next 24h (1 ml/well). 24h
343 later, B27 supplement and antioxidants were added to the culture medium. Slices
344  were in culture for 4 days before inducing the oxygen and glucose deprivation (OGD)
345 period. On day 6, inserts were placed in 1 ml of OGD solution composed of (in mM):

346  NaCl 137.93, KCI 5.36, CaCl, 2, MgSO, 1.19, NaHCO, 26, KH,PO, 1.18, and 2-

347 deoxyglucose 11 (Sigma-Aldrich, Madrid, Spain). The cultures were then placed in
348 an airtight chamber (Billups and Rothenberg) and exposed during 3 min to 95%
349 N,/5% CO, gas flow to ensure oxygen removal. After that, the chamber was sealed
350 for 15 min at 37°C (OGD period). After 15 minutes, the cultures were returned to
351 normal oxygen and glucose concentrations for 24h (Re-Ox period).

352

353 Invitro ROS formation in organotypic hippocampal cultures

354 ROS production was evaluated in real-time by the fluorescence dye dihidroethidium
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355 [31,32] (Thermo Fisher Scientific, The Netherlands). A stock solution of DHE (3.2
356 mM) was dissolved in Krebs solution and added to the culture insert. Fluorescence
357 measurements were performed at 0, 15 min, 30 min, 1h, 2h and 4h after the OGD
358 period in both WT and NOX5 Kl mice using a 10X objective in the CA1 region of the
359 hippocampus. Same emission and excitation wavelength were used. Fluorescence
360 analysis was performed using the Metamorph software version 7.0.

361

362 Ca’' overload in organotypic hippocampal cultures

363 Hippocampal brain slices were in culture 4 days as previously described. To induce
364 Ca” overload, 10 pM of ionophore A23187 (Sigma-Aldrich, The Netherlands) was
365 directly added to the culture medium and ROS formation was subsequently
366 measured objective in the CAL region of the hippocampus at 0, 15 and 30 min post-
367 A23187 addition. Fluorescence analysis was performed using the Metamorph
368 software version 7.0. Different time-points were selected based on previously
369 described ROS kinetics.

370

371 Transient occlusion of the middle cerebral artery (tMCAO model)

372 The model has previously been established as described in [26]. Animals were
373 anesthetized with isoflurane (1,5-2% in oxygen). The animal was placed on a
374 heating-pad, and rectal temperature was maintained at 37.0°C using a feedback-
375 controlled infrared lamp. Focal cerebral ischemia was induced using an intraluminal
376 filament technique. Using a surgical microscope (Wild M5A, Wild Heerbrugg, Gais,
377 CH), a midline neck incision was made and the right common and external carotid
378 arteries were isolated and permanently ligated. A microvascular clip was temporarily

379 placed on the internal carotid artery. A silicon rubber-coated 6.0 nylon monofilament
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380 (602312PK10, Doccol Corporation, Sharon, MA, USA) for mice was inserted through
381 asmall incision into the common carotid artery and advanced into the internal carotid
382 artery until a resistance is felt. The tip of the monofilament should be located
383 intracranially at the origin of the right middle cerebral artery and thereby interrupting
384 blood flow. The filament was held in place by a tourniquet suture that has been
385 prepared before to prevent dislocation during the ischemia period and the wound
386 was closed. Reperfusion was initiated 30 minutes after occlusion. After the surgery,
387 wounds were carefully sutured and animals recovered from surgery in a
388 temperature-controlled environment. Animals were excluded from the stroke analysis
389 if animals died before the predefined experimental end-point, if an intracerebral
390 hemorrhage occurred or if the animal scored 0 on the Bederson score.

391

392 Brain infarct volume measurements

393 The ischemic lesion was measured 24 hours after tMCAO using TTC staining [33].
394 The brain was cut in three 2 mm thick coronal sections using a mouse brain slice
395 matrix (Harvard Apparatus, Holliston, MA, USA). The slices were soaked for 10 min
396 in a freshly-prepared solution of 2% 2,3,5- triphenyltetrazolium hydrochloride (TTC,
397 Sigma-Aldrich, Germany/The Netherlands). Total indirect (i.e corrected for brain
398 edema) infarct volume was calculated by volumetry (ImageJ 1.49 software, National
399 Institutes of Health) according to the formula: Vingrect (MM®) = Vinfaret X (1-(Vin-Ven) /
400 Vcn, Where the term Vip-Ven represents the volume difference between the ipsilateral
401 and contralateral hemisphere and (Vi-V.) / V. expresses this difference as % of the
402  control hemisphere.

403

404 Neurological behaviour
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405 The mice were assessed for neurological behaviour just before sacrifice to determine
406 the final functional status. Neurological deficits were measured in a blinded manner
407 on a 0to 5 scale using the Bederson Score [33] with the following definitions: Score
408 0, no apparent neurological deficits; 1, body torsion and forelimb flexion; 2, right side
409 weakness and thus decreased resistance to lateral push; 3, unidirectional circling
410 behaviour; 4, longitudinal spinning; 5, no movement.

411

412 Motor function

413  Prior to sacrifice, the mice were also scored for neurological motor deficits according
414 to the Grip Test [26]. Each mouse was given a discrete value from 0 to 5. This score
415 is used to evaluate motor function and coordination. The apparatus is a metal rod
416  (0.22 cm diameter, 50cm length) between two vertical supports at a height of 40 cm
417 over a flat surface. The animal is placed mid-way on this rod and is rated according
418 to the following system: Score 0, falls off; 1, hangs on to string by one or both fore
419 paws; 2, as for 1, and attempts to climb on to string; 3, hangs on to string by one or
420 both fore paws plus one or both hind paws; 4, hangs on to string by fore and hind
421  paws plus tail wrapped around string; 5, escape (towards the supports).

422

423 Blood-brain barrier function

424  To determine the permeability of the cerebral vasculature and brain edema, 2%
425 Evans blue tracer (Sigma-Aldrich, Germany/The Netherlands) diluted in 0.9% NacCl
426 was injected i.p. at reperfusion. Measurement of Evans Blue extravasation was
427  performed as described in [26].

428

429  Oxidative stress: DHE staining
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430 The presence of ROS was determined using dihydroethidium (Sigma-Aldrich,
431  Germany, stock solution 2mM) staining in coronal brain sections taken from identical
432  regions (-0.5mm from bregma) of the different animal groups. Briefly, frozen sections
433  were incubated in 2uM DHE for 30 minutes at 37°C, washed three times with PBS
434 and incubated with Hoechst (Hoechst 33342, Sigma-Aldrich, Germany) 2 ng/ml for
435 10 min. All sections were analyzed and acquired with a Nikon Eclipse 50i
436  microscope equipped with the DS-U3 DS camera control unit. The relative pixel
437 intensity was measured in identical regions with NIS- Elements software (Nikon,
438 Tokyo, Japan). Digital images were processed using Adobe Photoshop (Adobe
439  Systems, San Jose, CA).

440

441 Heart ischemia: Myocardial infarction and ischemia reperfusion

442  Mice aged 8-16 weeks were subjected to permanent or transient ligation of the left
443  descending coronary artery. After administration of an analgetic (buprenorphine s.c.
444  0,05mg/kg, Temgesic, Schering-Plough), mice were anaesthetized with isoflurane
445  (Abbott forene Isoflurane) 4-5% in air and intubated per orally with a stainless-steel
446  tube. The tube was connected to a respirator (rodent ventilator Microvent type 845,
447  Hugo Sachs Electronic, Germany), set at a stroke volume of 250uL and a rate of 210
448  strokes/min. Anaesthesia was then maintained with 2-3% isoflurane in air via a
449  vaporizor (Univentor, UNO Roestvaststaal BV) connected to the respirator. The
450 mouse was placed on a heating pad (UNO temperature control unit, UNO
451 Roestvaststaal BV) and body temperature was monitored using a rectal probe and
452  maintained at 37.0°C using a feedback-controlled infrared light. During surgery, an
453 ECG was recorded with IDEEQ software (IDEE, Maastricht University). A left

454  thoracotomy was performed to expose the heart. Then, the left descending coronary
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455 artery (LAD) was ligated with a 6-0O polypropylene suture (Surgipo, Chicago, IL,
456  USA), just proximal to its main branching point. The suture was tied around a 3 mm-
457 long polyethylene tube (PE-10) to induce ischemia. Ischemia was assessed by a
458 discolouration of the tissue (from red to pink-white) and ST-elevation on ECG. After
459 45 minutes, the blood flow was re-established by removal of the polyethylene-tube.
460 The occurrence of reperfusion was assessed by the colour of the tissue turning red
461 again. For the myocardial infarct model, the LAD was ligated with a 6-0
462  polypropylene suture permanently. The chest was closed with 5-0 silk sutures
463  (Ethicon). The animals were weaned from the respirator and the endotracheal tube
464 was removed, once the mice breathed spontaneously. After surgery, mice were
465 allowed to recover at thermoneutral temperature (28°C). In the morning and
466  afternoon of the day after, s.c. 0.05 mg/kg buprenorphine hydrochloride was
467 repeated to relieve pain.

468

469  Evaluation of infarct size in heart

470 After the hemodynamic measurements at day 28, the heart was excised and the
471  atria were removed. The ventricles were cut transversally at 3 mm from the apex.
472  The apical part was fixed in formalin and processed for paraffin embedding. Paraffin
473  sections of 4 um were stained with AZAN (infarct size) or Picrosirius red (collagen
474  content). Images were visualised under light microscopy (Zeiss Axioskop
475  microscope) and digitalised using a Leica DFC490 camera (Leica Microsystems Ltd,
476  Heerbrugg) Pictures were analysed using the Leica Qwin pro v3.5.1 software. Infarct
477 sizes are expressed as percentage area of the total left ventricular tissue area.
478  Animals with no visible infarct were deleted from all analysis.

479
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480 Ligation of the femoral artery

481 Directly after a basal Doppler measurement, anaesthesia was maintained with
482  1,5-2% isoflurane. The mouse was placed on the back on a heating pad (UNO
483 temperature control unit, UNO Roestvaststaal BV) and body temperature was
484 monitored using a rectal probe and maintained at 37.0°C using a feedback-
485  controlled infrared light. The right groin was disinfected and the right femoral artery
486  was ligated by placing a suture (5-0 silk) around the femoral artery in between the
487  branching of the a. epigastrica and the a. poplitea. These last two arteries were also
488 ligated to prevent collateral flow and backflow respectively. The wound was then
489 closed with a 4-0 polysorb suture and the mouse was allowed to recover.
490 Discoloration of the paw was visible after the ligating surgery and an accompanying
491 drop in blood flow was visible with laser Doppler.

492

493  Capillary density

494  After the last Doppler measurement at day 28, the musculus adductor and musculus
495  gastrocnemius were prepared free, dissected and formalin fixed. Paraffin embedded
496  sections of 4 um were stained for capillary cells, using a monoclonal rat anti-mouse
497  antibody to CD31 (PECAM-1) (Histonova-Dianova, Cat. no DIA310) diluted 1:50. As
498 secondary antibody, biotin labelled rabbit anti-rat antibody (dakocytomotion Denmark
499 no. E0468) was used diluted 1:200. Images were visualised under light microscopy
500 (Zeiss Axioskop microscope) and digitalised using a Leica DFC490 camera (Leica
501 Microsystems Ltd, Heerbrugg). Pictures were analysed using the Leica Qwin pro
502 v3.5.1 software. For each animal, three random pictures were taken per muscle
503 sample and the amount of capillaries is expressed as number per mm?.

504
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505 Human brain microvascular endothelial cells (HBMECs) subjected to hypoxia
506 HBMEC (Cell systems, USA) between passage 3 and 9 were cultured to
507 approximately 95% confluence using recommended cell medium (EGM-2 MV
508 BulletKit, Lonza, The Netherlands) enriched with 5% fetal bovine serum (FBS;
509  Sigma-Aldrich, The Netherlands) before starting the experiment. For hypoxia studies,
510 HBMECs were always seeded at specific cell density (6x10* cells/ml) in 12 wells-
511 plate and incubated during 24h at 37°C. Then, cell medium was replaced with non-
512 FBS enriched medium (2 ml/well) following by 6h of hypoxia (94,8% N, 0.2% O, and
513 5% CO,) at 37°C using hypoxia workstations (Ruskin Invivo2 400 station, The
514  Netherlands). The hypoxia period was followed by 24h of re-oxygenation at 37°C,
515 enriched medium and normoxia conditions (75% N, 20% O, and 5% CO,) in the
516 presence or absence of treatment. All culture surfaces were pre-treated with
517 fibronectin solution (1:100 in PBS, Sigma-Aldrich, The Netherlands).

518 HBMECs were treated at two different time points: early treatment (25 min before re-
519 oxygenation) and late treatment (25 min after re-oxygenation) with 0,01uM MI090
520  (NOXS5 inhibitor) and 0,2uM M13 (NOX4 inhibitor, Glucox, Sweden).

521

522  Assessment of cell permeability in HBMECs

523 2 x 10* HBMECs were seeded and incubated during 24h on Transwell inserts
524  (collagen-coated Transwell Pore Polyester Membrane Insert; pore size = 3.0 um,
525 Corning, The Netherlands) before inducing 6h of hypoxia (94,8% N, 0.2% O, and
526 5% CO,) followed by 24h re-oxygenation period in presence/absence of early or late
527 treatment. The Evans Blue dye (Sigma-Aldrich, The Netherlands) was used to
528 assess cell permeability on the insert. Before the diffusion experiment, the medium

529 was removed and cells were washed once with assay buffer (37°C-warm PBS). 1.5
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530 ml of the same buffer was added to the ab-luminal side of the insert. Permeability
531 buffer (0.5 ml) containing 4% bovine serum albumin (Sigma-Aldrich, The
532  Netherlands) and 0.67 mg/ml Evans blue dye in PBS was loaded on the luminal side
533  of the insert followed by 15 min incubation at 37°C. Evans Blue concentration in the
534  ab-luminal chamber was measured by determining the absorbance of 150 pl buffer
535 at 630 nm using a spectrophotometer.

536

537  Statistics

538 All data are expressed as mean + SEM. Using the GraphPad Prism 6.0 software package
539 data were assessed for normal distribution using the D’Agostino & Person omnibus
540 normality test. For each outcome parameter, outliers clearly >2SD were not considered in
541  the analysis. Statistical differences between mean continuous values were determined by
542  Student’'s two-tailed t-test. For repeated measurements, a two-way ANOVA was used.
543  Categorical values or continuous values that did not pass the normality test were assessed

544  using the Mann-Whitney t-test. A value of p<0.05 was considered as statistically significant.
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723  Supplementary Figures
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725 Fig S1. NOX5 KI mice genotyping. Control (WT) and NOX5 KI mice tail genomic
726  DNA were purified and a PCR was performed to amplify the Nox5 sequence in
727  different tissues such as lung, kidney, brain, aorta and white blood cells (monocytes,
728 lymphocytes, B- and T-cells). Nox5 DNA sequence were detected in NOX5 Kl mice

729  while no signal was shown in WT mice.
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733 Fig S2. NADPH oxidases 4 (NOX4) are up-regulated at different time-points
734  after oxygen and glucose deprivation (OGD). Organotypic hippocampal cultures
735 (OHCs) prepared from mice hippocampal brain slices were cultured for 4 days and
736  subsequently subjected to 15 min of OGD period. Brain slices were collected at 0, 2,
737 4, 8, and 12 after OGD for later gene expression analysis. NOX4 expression was up-
738 regulated at 4h, 8h and 12h in comparison with the beginning of the ischemia period
739  ('p<0.01, “p<0.001, n = 3).
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741  Supplementary tables

742 Table 1. Study design. Animals

Model Measurement Strain Drop-out Outliers N
Dobbler WT 0 0 13

PP K| 0 3 10

Hindlimb Capillary density wT 0 0 13
ischemia gastrocnemius Kl 0 1 13
Capillary density WT 0 1 12

adductor Kl 0 0 14

Infarct size WT 12 0 16

Kl 12 1 15

WT 12 1 13

Heart ischemia DFP Kl 12 1 15
permanent WT 12 1 13
DFN Kl 12 1 15

L . WT 12 0 16

Ejection fraction K| 12 0 14

Infarct size WT 1 L 13

Kl 1 0 17

WT 1 1 12

Heart ischemia DFP Kl 1 1 17
transient WT 1 1 12
DFN Kl 1 2 17

L . WT 1 1 12

Ejection fraction K| 0 0 16

WT 2 0 19

Blood pressure All measurements Kl 0 0 20
Infarct size WT > 1 27

Stroke Kl 5 4 25
Blood-brain barrier WT 0 L 22

: ! KI 3 2 26

743  WT, wild type; KI, knock-in.
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745 Table 2. Study design. Power analysis

Infarct size (tMCAQO) — NOX5 Kl vs WT mice

Mean SD N Power for measured difference (%)
WT 59,7 20,4 21
1 ) 0
NOX5 K 91,6 24 17 99,9%

tMCAOQ, transient middle cerebral artery occlusion; SD, standard deviation; N, number of
animals. We conducted a post hoc analysis of power in the different animal groups. For each
animal group, a pooled variance of the vehicle and treatment groups was calculated from
mean, SD and n-number with n the size of the group and CV the coefficient of variation
(SD/Mean) of the group. Power was calculated for the measured difference using Russ
Lenth’s power software with an alpha of 0.05, the measured effect (%) and the calculated
pooled variances [(Lenth, R.V 2006-9, java Applets for Power and Sample Size [Computer
Software], Retrieved 02-17-2014.
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750 Fig 1. Generation and validation of the NOX5 KI mouse. (A) Representative
751 scheme of the humanised NOX5 mice. NOX5 gene is now located on the X
752 chromosome resulting in females with a double copy of the gene (NOX5*"¥") while
753 gene load will be half in male mice (NOX5"Y) (B) Schematic representation of the
754  construction of the humanised NOX5 knock-in (KI) mice. First, the wild type and
755 deleted Hprt constructs are shown. Third, targeting vector to insert NOX5: human
756  NOX5 cDNA (blue box) is coupled to the human Hprt promoter (red box) and exons

757 1 and 2. The human Hprt promoter is under control of the Tie2 gene (purple box) to
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758  create NOX5 expression. Hatched black and red boxes represent murine and human
759  Hprt exons, respectively. Solid line represents intronic sequences. Diagram is not
760  depicted to scale. (C) NOX5 gene expression was measured by gPCR (Ct numbers)
761 in different organs: lung, brain, kidney, aorta and mice brain capillary endothelial
762 cells (MBCEC); macrophages from bone marrow: undifferentiated (MO0),
763 inflammatory (M1) and active (M2); and hematopoietic cells isolated from spleen:
764  monocytes (Mono), neutrophils (Neu), B-cells and T-cells. Tissues from WT mice did
765  not show NOX5 gene expression, while significant expression was detected in NOX5

766 Kl mice. CT values of n = 4 are shown.
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Fig 2. Increased in vitro ROS production and Ca®* overload in NOX5 K| mice

lead to enlarged stroke size, blood-brain barrier damage and aggravate neuro-

motor function. (A) Two different brain ischemia models were used. In vitro, mice

organotypic hippocampal cultures (OHCs) were subjected to oxygen and glucose

deprivation (OGD) followed by the re-oxygenation (Re-Ox) period. In vivo, occlusion

of the middle cerebral artery was performed in WT and NOX5 KI mice. (B) ROS
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774  production measured after OGD in organotypic hippocampal cultures was higher in
775 NOXS5 KI mice (blue, n = 6) versus NOX5 WT mice (black, n = 6) starting directly
776  from the OGD period until 4 h post-OGD (** P < 0.01). (C) Difference in ROS
777  production between NOX5 KI (blue, n = 6) and WT (black, n = 6) mice showed a
778  NOX5-dependant effect within the first hour post-OGD (0, 0.25, 0.5 and 1h). (D)
779  Addition of the ionophore A23187 (10uM) showed a Ca**-dependent increased of
780 ROS formation in NOX5 KI mice (blue, n = 3) while no changes were detected in WT
781 mice (black, n = 3) (* P < 0.05). (E) Difference in ROS production between NOX5 KiI
782  (blue, n = 3) and WT (black, n = 3) mice showed a direct link between Ca*? overload
783 and NOXS5 induction at 15 and 30 min post-A23187. (F) Evans blue staining 24h
784  post-tMCAO showed blood-brain barrier damage in the contralateral brain side in
785 both WT (black, n = 21) and NOX5 Kl (blue, n = 21) mice (* P < 0.05).
786 Representative pictures are shown above the graphs. (G) ROS production as
787 measured by DHE staining 24h after stroke induction was increased in NOX5 Ki
788 (blue, n = 4) versus NOX5 WT (black, n = 4) mice (** P < 0.01). Representative
789  pictures are shown above the graphs. (H) Infarct size as measured by TTC staining
790 showed increased infarct sizes in NOX5 Kl (blue, n = 16) versus NOX5 WT mice
791 (black, n = 21) (*** P < 0.001). Neurological behaviour testing showed worse
792  neurological functioning in NOX5 K1 (blue circles, n = 19) versus WT (black circles, n
793 = 22) mice with worse (I) Bederson and (J) Grip test scores (* P < 0.05).
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796 Fig 3. No role of NOX5 in blood pressure. (A) Systolic blood pressure was not
797  different between WT (black, n = 19) and NOX5 Kl mice (orange, n = 20). (B)
798 Diastolic blood pressure and (C) mean arterial pressure (MAP) did not differ between
799 WT (black, n = 19) and NOX5 KI (orange, n = 20) mice during day-time (07:00-

800  18:00) or night-time (18:00-06:00).
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Fig 4. No role of NOX5 in three different cardiovascular ischemic models.
Capillary density (capillariessmm® as measured by CD31 staining showed no
difference between NOX5 Kl (green) and WT (black) mice 4 weeks after ligation of
the femoral artery in (A) gastrocnemius (KI, n = 13; WT, n = 13) (B) and adductor
muscles (KI, n = 14; WT, n = 12). (C) Blood flow restoration after ligation of the left
femoral artery was not different between WT (black, n = 13) and NOX5 KI (green, n
= 10) mice. (D) Infarct size as measured by AZAN staining was not different between
WT (black, n = 16) and NOX5 KI mice (purple, n = 15) in the myocardial infarction

model. Similarly, no difference was shown in the transient ischemia-reperfusion heart
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811 model (hatched black, n = 13; hatched purple, n = 17). (E) Ejection fraction
812 decreased 2 and 4 weeks after permanent (full lines) or transient (dashed lines)
813 heart ischemia. No differences were found between WT (black, n = 16; hatched, n =
814 12) and NOX5 KI mice (purple, n = 14; hatched, n = 16). (F) Functional
815 measurements of the heart showed better contractile and relaxing properties of the
816 NOXS5 Kl hearts 4 weeks after permanent ligation (full purple lines, n = 15) compared
817  to WT (full black lines, n = 13) (* P < 0.05). In transient ischemia (dashed lines; WT,
818 n=12;KI, n=17), no difference was seen.
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821 Fig 5. NOX5 inhibition before re-oxygenation reduced cell permeability to basal
822 levels using a human in vitro ischemia model. (A) Human brain microvascular
823  endothelial cells (HBMEC) were incubated during 24h and later seeded on trans-well
824 inserts where cell permeability was assessed using the Evans blue dye. (B) After
825 incubation and seeding at physiological conditions, HBMEC were subjected to 6h of
826  hypoxia period and 24h of Re-Ox. Cells were treated with both NOX4 (M13) and

827  NOXS5 inhibitors (MI1090) at early (20 min before Re-Ox) and late (20 post-Re-Ox)
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828 time-points. (C) Cell permeability was assessed by measuring Evans Blue
829 fluorescence post-hypoxia. Evans Blue diffusion was significantly reduced in cells
830 subjected to early treatment of MI090 (0.01uM), which preferably inhibits NOX5, and
831 M13 (0.2 uM), mainly a NOX4 inhibitor (* P < 0.05). Contrary, late treatment was
832 only effective after M13 (0.2 puM) treatment compared to non-treated cells (** P <
833 0.01). (D) NOX5 activation takes place within the first 30 min/1h post-hypoxia (see
834  figure 3) while NOX4 activation peak shows around 5h post-ischemia [15].
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