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ABSTRACT

Unlike other species, such as cattle, cats or humans, prion disease has never been described in dogs, even
though they were similarly exposed to the bovine spongiform encephalopathy (BSE) agent. This resistance
prompted a thorough analysis of the canine PRNP gene and the presence of a negatively charged amino
acid residue in position 163 was readily identified as potentially fundamental as it differed from all known
susceptible species. Furthermore, recent results from our group demonstrated that mouse PRNP with the
dog substitution N158D (mouse equivalent to position 163) rendered mice resistant to prion infection.

In the present study, a transgenic mouse model was generated expressing dog prion protein (with
glutamic acid at position 163) and challenged intracerebrally with a panel of prion isolates (including cattle
BSE, sheep scrapie, atypical sheep scrapie, atypical BSE-L, sheep-BSE and chronic wasting disease, among
others) none of which could infect them. The brains of these mice were subjected to in vitro prion
amplification and failed to find even minimal amounts of misfolded prions providing definitive
experimental evidence that dogs are resistant to prion disease. Subsequently, a second transgenic model
was generated in which aspartic acid in position 163 was substituted for asparagine (the most common
amino acid in this position in prion susceptible species) and this mutation resulted in susceptibility to BSE-
derived isolates.

These findings strongly support the hypothesis that the amino acid residue at position 163 of canine PrP¢
is a major determinant of the exceptional resistance of the canidae family to prion infection and establish

this as a promising therapeutic target for prion diseases.

AUTHOR SUMMARY
Cats, cattle, people and dogs were all exposed to mad cow disease but, unlike the other three, dogs never
succumbed to the disease. We generated a mouse model expressing canine prion protein (instead of

mouse prion protein) to provide experimental evidence that dogs are resistant to prion infection by
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challenging the mice with a panel of prion isolates. None of the prions could infect our transgenic mice
that expressed dog prion protein. When the prion protein amino acid sequence of dogs was compared to
that of other susceptible species, one amino acid in a specific position was found to be different to all the
prion-susceptible animals. To determine if this amino acid was the one responsible for dogs’ resistance to
prions, a second mouse model was generated with the canine prion protein but the critical amino acid
was substituted for the one susceptible species have. When this model was challenged with the same
panel of prions it could be infected with at least one of them. These results demonstrate the relevance of
this amino acid position in determining susceptibility or resistance to prions, and this information can be

used to design preventative treatments for prion diseases.
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INTRODUCTION

Prion diseases are a group of invariably fatal neurodegenerative disorders for which no effective
treatment or prophylaxis exist currently. Many mammalian species are susceptible and all share a
common pathogenesis: the misfolding of the host-encoded cellular prion protein (PrP¢) into a pathological
conformer (PrPss) that accumulates in the brain leading to neurodegeneration and death[1-3]. Research
efforts have been directed primarily at human prionopathies and those of domestic animals of commercial
interest. However, other species have been of interest either as a disease model or due to their lack of
susceptibility to infection. The study of species with significantly different prion susceptibilities is key to

understanding the biological mechanisms underlying these diseases.

The PrP¢ misfolding event can be sporadic (putatively spontaneous), caused by mutations in the PRNP
gene or triggered by externally acquired infectious prions. Currently, the “mad cow disease” epizootic is
under control but other animal prion diseases, such as scrapie in small ruminants or chronic wasting
disease (CWD) in cervids, are endemic in many countries and the recent spread of CWD to the European
continent is of great concern[4,5]. Interspecies transmission of prions is a well-established phenomenon
and bovine spongiform encephalopathy (BSE) is one of the best examples. Exposure of various species to
feedstuff contaminated with BSE prions caused several diseases including variant Creutzfeldt-Jakob
disease (vCID) in humans[6], feline spongiform encephalopathy (FSE) in domestic cats[7] and BSE in
goats[8], to name a few. Therefore, the risk that this might occur with other prion diseases and cohabiting
host species must not be neglected especially considering spontaneous cases of prion disease have been
reported worldwide in humans[9], cattle[10] and small ruminants[11], and may exist in other species that

have not been as extensively examined for prion diseases.
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95 In some species, despite having been exposed to prions, no field cases of prion disease have ever been
96  diagnosed. This may be for many reasons including; a low number of individuals examined, a short lifespan
97  resulting in death from other causes before any prion disease can develop, culling at an early age or other
98  circumstances might explain why species that have been proven susceptible to prion disease
99 experimentally have never had naturally occurring cases reported. These include pigs[12—15], rabbits[16],
100 mice, non-human primates[17-19] , ferrets[20] and even horses where a transgenic mouse model with
101 equine PrP was used[21].
102 Dogs are not included in this list for two reasons; (1) experimentation on dogs using prions is very limited
103 (for various reasons, including ethical constraints) and (2) no transgenic model has been generated. To
104  date, no evidence exist that dogs can be infected naturally with prions, only theoretically using an in vitro
105  assays that have, under extreme and specific conditions, succeeded in misfolding dog PrP¢[22].
106  To complicate things further, prions can misfold into well differentiated conformations with specific
107  pathobiological features, the prion strain phenomenon([23]. Specific species are susceptible to a particular
108  prion strain depending on the compatibility between the host PrP amino acidic sequence and the strain
109 conformation of the infecting prion: for example, cats, despite having a PrP amino acidic sequence very
110 similar to dogs, can be readily infected with BSE[24] and CJD[25] but only with great difficulty using
111 CWD[26] (incubation period over three years). So when assessing susceptibility of any species to prions
112 not only is the host’s PrP¢ sequence important but also the strain of prion. The theoretical susceptibility
113 can be predicted by examining the misfolding capability of the chosen species’ PrP¢ in vitro by protein
114  misfolding cyclic amplification (PMCA)[27]. Rabbits, a species with no reported field cases of TSE despite
115 being sympatric with several prion susceptible ruminant species, were shown to have PrP¢ that was readily
116  misfolded by BSE in vitro[22], and susceptibility to this prion strain was further corroborated by bioassay
117 in transgenic mice with rabbit PRNP[28] and experimentally in vivo[16]. However, the scenario in horses,

118  another putatively prion-resistant species, is somewhat different as horse PrP¢ can be misfolded, either


https://doi.org/10.1101/800698
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/800698; this version posted October 10, 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 4.0 International license.

119  invitro by PMCA or by means of bioassay in mice expressing equine PrP¢ (TgEq) (albeit with low efficiency),
120  but the resultant horse-adapted prions are unable to propagate disease in TgEq mice, even though their
121  ability to infect the original species remains unaltered. This is interpreted as a non-adaptive prion
122 amplification (NAPA) phenomenon([21].

123

124  We have demonstrated that wild type dog PrP¢ (with an aspartic acid in position 163) could be misfolded
125 by BSE prions in vitro by PMCA and the resultant prions were infectious in TgBov mice[22,29] but there is
126 still no evidence in vivo of PrP™s propagation in dogs. This resistance to prion disease makes canids,
127 particularly the domestic dog (Canis lupus familiaris), an interesting species to study as, although having
128 been exposed to BSE contaminated feed like cats, no definitive field case has ever been published despite
129 a few unconfirmed reports[30,31].

130 Sequence alignment studies of the PRNP gene identified the presence of either glutamic (E) or aspartic
131 (D) acids (both negatively charged amino acids) in position 163 in dogs PrP¢ when compared to cats and
132  these might be responsible for the differing resistance of the two species with respect to susceptibility to
133 BSE[24] and CWD[26]. Furthermore, mouse PRNP with substitutions equivalent to the canine amino acid
134 residues proved to be resistant to conversion to PrP's both in vitro, by means of recombinant PrP-based
135 PMCA, and in vivo in two different transgenic mouse models with asparagine (N) to aspartic acid
136 substitution at position 158 (N158D)[32]. Additionally mouse PRNP with this canid substitution provided
137 a protective dominant negative effect by inhibiting PrP¢ conversion in transgenic chimeras co-expressing
138  wild type (WT) mouse PRNP[33]. The same substitution introduced into a bank vole PrP¢ transgenic mouse
139  model significantly delayed prion propagation in this highly prion susceptible model[34].

140  All members of the Canidae family share a virtually identical PRNP sequence with only a few polymorphic

141  variants present. Amongst those, the presence of aspartic acid (D) and glutamic acid (E) in position 163
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142  stands out as it is almost exclusive to this family[35] which may be a possible evolutionary advantage as
143 their diet is frequently based on ruminant meat [36]/[37].

144  In the present study, a transgenic mouse line has been generated bearing wild type E163 dog PRNP and
145  challenged with a variety of prion isolates. To prove that the presence of a negatively charged amino acid
146 at position 163 in canine PrP¢ is critical in determining resistance to prion disease, one additional
147  transgenic mouse line was generated expressing dog PRNP but with asparagine 163 (D163N) as this
148 residue at this position is present in most of the prion susceptible species. This model was then exposed
149  to the same panel of isolates.

150 In this study, we confirm for the first time that dog PrP¢ is unable to propagate any of the prion isolates
151  we challenged them with definitively showing that canids are highly resistant to prion infection and that
152  the resistance mechanism is encoded by the amino acid present at position 163 (D/E in canines vs. N in
153  the rest of prion susceptible species).

154

155  RESULTS

156  Generation of TgDog E163: a model to evaluate canine susceptibility to prion infection

157 Once the effects of D/E at position 163 on mouse PRNP had been established[32,33] the next logical
158 experiment was to test the prion susceptibility in an in vivo model bearing wild type canine PRNP.
159 Considering obvious ethical and budgetary restrictions of using dogs as model, a transgenic mouse
160 approach was pursued. Based on our previous experience, new mouse lines were generated by pronuclear
161 injection of a construct consisting of the mouse PrP promoter and the E163 dog PRNP sequence. Six
162 founders were obtained that transmitted the transgene to their progeny. After backcrossing to a line that
163  did not express endogenous PrP (STOCK-Prnptm2Edin), expression levels of the transgene were analyzed
164 by Western blot and one line was excluded because it expressed 10 times the levels of the endogenous

165 gene and this could cause an undesired PrP¢ over-expression associated phenotype[38,39]. Four lines
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166  expressed less than 2 times the endogenous gene levels and were also excluded (additionally, two of those
167  did not breed efficiently). Finally, only hemizygous line TgDog E163 (line 014) reproduced well and showed
168  a consistent expression pattern of 2x compared to the endogenous dog prion protein level with an
169  unaltered glycoform ratio upon Western blotting (Supplementary information, Fig. S1). Moreover, the
170 immunohistochemical labelling pattern of PrP¢ was comparable to that of a wild type mouse
171  (Supplementary information, Fig. S1B). This line was selected for further studies.

172

173 TgDog PrP¢ in vitro and in vivo misfolding studies; none of the prion isolates resulted in misfolding

174 TgDog E163 in vitro studies: An attempt was made to misfold dog PrP¢ by PMCA using TgDog brain
175 homogenates as substrates and using different prion strains as seeds. Ten rounds of serial PMCA were
176  performed using 4 replicates for each seed including: cattle classical BSE (BSE-C), BSE-L, sheep-BSE, sheep
177  scrapie, atypical scrapie, mule deer CWD, experimental feline CWD and BSE dog(D163)-PrPs (inoculum
178 obtained in vitro by PMCA using dog (D163) brain homogenate as a substrate and cattle BSE as a seed)[22].
179 None of the isolates tested was able to misfold TgDog E163 PrP¢ (Supplementary information, Fig. S2).
180

181 TgDog E163 bioassay: Even though in vitro results usually correlate well with bioassay, ultimately,
182 infectivity can only be demonstrated by in vivo inoculation. The isolates used for inoculation were the
183 ones described in the in vitro section above and negative control inocula were also included consisting of
184  normal brain homogenates (NBH) from cattle, dog and sheep.

185 None of the animals showed neurological clinical signs compatible with a TSE. Table 1 shows the number
186  of animals inoculated for each isolate and a range of survival times post inoculation. Prion disease was
187  ruled out in all the animals studied by means of Western blotting for detection of PrP's, histopathology
188  and PrP"s immunohistochemistry.

189
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Table 1: Attack rates and survival times of the inoculated TgDog E163 mice

PrP species Survival range (days post

of origin Strain origin Attack rate inoculation) b
BSE-C Cattle Field isolate 0/11 544 — 825
Dog D163 BSE® Dog PMCA 0/17 439-775
Sheep-BSE Sheep Experimental 0/11 520-695
Scrapie (SSBP/1) Sheep Field isolate 0/10 427 - 660
BSE-L Cattle Field isolate 0/11 389-742
Atypical scrapie Sheep Field isolate 0/12 502 - 863
Mule deer CWD Cervid Field isolate 0/11 456 - 656
Cat CWD Cat Experimental 0/11 472 - 683
Cattle NBH Cattle Negative Contraol 0/10 449 -732
Dog NBH Dog Negative Control 0/11 416-727
Sheep NBH Sheep Negative Control 0/5 482 -652

* Inoculum generated in vitro (PMCA) using dog D163 brain homogenate as substrate (22). ® Animals were
euthanized for ethical reasons due to intercurrent diseases.

190

191 PMCA propagation in brains of inoculated TgDog E163; unsuccessful propagation of PrP™ confirmed
192 Even though no clinical signs nor PrP™s deposits were detected in any of the inoculated TgDog E163 mice
193 by standard PrP™ detection methods [Western blot (WB) and immunohistochemistry (IHC)], PMCA was
194 performed using perfused TgDog E163 brain homogenates as a substrate to determine if even a minute
195 amount of PrP™s was present that could indicate otherwise undetected in vivo prion protein misfolding.
196 Pools of brains of TgDog mice inoculated for the bioassay study were prepared and used as seeds in the
197 PMCA experiments. Six serial rounds of PMCA were performed to ensure the detection of minimal
198  amounts of PrP™s and thereby rule out a putative propagation on a second in vivo passage. None of the
199  pools showed detectable PrP™s after the six in vitro propagation rounds (Supplementary information, Fig.
200  S3).

201

10
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202  Generation of TgDog D163N mice: a model to determine the protective effect of aspartic acid at position
203 163 of the dog PrP¢

204  Since TgDog E163 mice were unable to propagate prions, as shown in previous studies with mouse and
205 bank vole PrP¢[32—-34], the amino acid that conferred apparent resistance, aspartic acid, was removed
206 and substituted by asparagine at positon 163 to determine if susceptibility to prions was recovered. New
207 mouse lines were generated by pronuclear injection of a construct consisting of the mouse PrP promoter
208 and the dog PrP sequence with the D163N substitution. From a total of 5 positive animals, 4 animal
209  founders transmitted the transgene to their progeny. After backcrossing to a line that did not express
210 endogenous PrP (STOCK-Prnptm2Edin), expression levels of the transgene were analyzed by Western blot.
211 One line expressed less than 1x the wild type dog PrP¢ levels and was discarded, another line was
212 discarded because it expressed 5x the dog PrPC¢ levels and there was a risk of an overexpression
213 phenotype. Of the two remaining lines, TgDog D163N (Line 483), expressing 2x the levels of dog PrP¢ and
214  with conserved glycoform ratio upon Western blotting, was chosen since this was the overexpression level
215  obtained with the previous model (TgDog E163) (Supplementary information, Fig. S4A). Furthermore,
216  immunohistochemical labelling of PrP¢ was comparable to that of a wild type mouse (Supplementary
217  information, Fig. S4B).

218

219 TgDog D163N mice are susceptible to classical BSE and sheep-BSE in vitro and in vivo

220 In vitro studies: PMCA was performed using TgDog D163N mouse brain homogenates as a substrate. The
221 same isolates as in previous sections were used as seeds and were subjected to 10 serial PMCA rounds
222  with 4 replicates each. In contrast to what happened with TgDog E163 brain homogenates, classical BSE
223 and sheep-BSE were successfully propagated in this substrate (Supplementary information, Fig. S5). This
224  result suggests that the amino acid residue substitution D163N was responsible for the recovered

225  susceptibility to PrP¢ misfolding.

11
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226

227 TgDog D163N bioassay: Bioassays were conducted to ascertain if TgDog D163N mice were susceptible to
228  prion infection in agreement with the in vitro results. The same panel of isolates mentioned above was
229  used (Table 2). None of the inoculated mice developed TSE-associated clinical signs, although very mild
230 clinical signs might have been masked by age-related changes. However, upon euthanasia 6/11 mice
231 inoculated with sheep-BSE showed evidences of infection as confirmed by Western blotting and/or
232 immunohistochemistry (Fig. 1). These data support the in vitro results that mutated dog PrP® (D163N) is

233 more susceptible to misfolding than wild type dog PrP¢.

Table 2: Attack rates and survival times of the inoculated TgDog D163N mice

PrP species Prpres Survival range (days post
of origin Strain origin Attack rate  (WB/IHQ) PrP™s(PMCA) inoculation) @
BSE-C Cattle Field isolate 0/8 0/8 0/8 552-776
Sheep-BSE Sheep Experimental 0/11 6/11 10/11 701 -804
Scrapie (SSBP/1) Sheep Field isolate 0/10 0/10 0/10 711-776
BSE-L Cattle Field isolate 0/9 0/9 0/9 693-779
Atypical Scrapie Sheep Field isolate 0/13 0/13 0/13 616-759
CWD Cervid Field isolate 0/11 0/11 0/11 571-855
Cat CWD Cat Experimental 0/10 0/10 0/10 621-778
Non-inoculated NA Negative Control 0/10 0/10 0/10 700 - 800
234
235

236  Invitro amplification of potentially undetected PrP's in TgDog D163N mouse brains

237 In order to rule out that any of the other isolates inoculated in TgDog D163N had propagated in minute
238 amounts undetectable by standard PrP™s detection techniques but could be transmitted on a second
239 passage, PMCA was performed using TgDog D163N mouse brain homogenates as substrate and pooled

240 brains from each group of inoculated mice as seeds. Each pool was subjected to 6 rounds of serial PMCA

12
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241  providing PrPres detection sensitivity comparable to, if not greater than, a 2" passage in vivo[40]. In this
242  case the sheep-BSE inoculated mice brain pool served as a positive control.

243  With the exception of sheep-BSE inoculated mice, no PrP™s propagated in any of the remaining brain pools
244  (Fig. 2A and Supplementary information, Fig. S6). Serial PMCA was then repeated individually with the
245 brains of mice inoculated with sheep-BSE in which no PrP™ had been detected by WB or IHC. Of these
246 animals, 10 out of 11 had PrP' present after in vitro amplification confirming the effectiveness of the
247 PMCA procedure to reveal subclinical prion infections on 1t passage bioassay (Fig. 2B). Homogenates from
248  the mouse brains inoculated with cattle BSE were also tested individually by serial PMCA and all of them
249  failed to propagate PrP™s (Fig. 2B) confirming the high specificity of the method.

250

251  Attempting to overcome the barrier: from TgDog D163N PrP™ to TgDog E163

252  We wanted to determine whether, once misfolded by sheep-BSE, the new adapted dog D163N sheep-BSE
253  would be capable of misfolding WT dog PrP¢ using as PMCA substrates TgDog E163 mouse brain
254  homogenates and two different dog brain homogenates coming from different breeds (English Cocker
255 Spaniel and German Wirehaired Pointer). Five rounds of serial PMCA were performed and, even though
256  there was only a single amino acid difference, neither TgDog E163 brain homogenate nor dog brain
257 homogenates were able to propagate the adapted dog D163N sheep-BSE, further confirming the
258 reluctance of dog PrP¢ to misfold and the critical role of the amino acid at position 163 (Fig. 3A). In order
259  to demonstrate that TgDog D163N-adapted sheep-BSE retains its propagation capacity and over its
260 original host PrP¢, cattle brain homogenate was subjected to 5 serial rounds of PMCA, resulting in Prpres

261  with the conserved predominantly diglycosylated band characteristic of this prion strain (Fig. 3B).

13
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262  DISCUSSION

263  Considerable amounts of data have been generated suggesting that canine PrP¢ is highly resistant to
264  conformation change to PrP™s compared to prion susceptible species[22,32,36,37,41,42]. Our group has
265 now established, both in vivo and in vitro, that the amino acid residue in position 163 is the key
266 determinant [32,33] and that an aspartic or a glutamic acid in this position (or equivalent in other species)
267 is what conferred resistance to prion infection in the models in which those proteins were
268 expressed[32,34]. Furthermore, these PrP¢ that are highly resistant to conformation change showed a
269 dominant negative effect when co-expressed with wild type mouse prion protein[32]. Prior to the present
270 report, evidence confirming that murine models expressing wild type canine PrP¢ were resistant to
271  infection by a panel of prion isolates from different species was lacking and we have addressed this by
272 both bioassays and in vitro propagation experiments.

273 Our conclusions rely on the absence of clinical disease in a single passage in TgDog E163. However, when
274  atransmission/species barrier is present, minute amounts of PrPs can be formed on first passage in the
275  absence of any clinical disease or neuropathological lesions at the end of the lifespan of the mouse model.
276  Toinvestigate this phenomenon all challenged animals were not euthanized until the end of their lifespan
277 (or in some cases due to, mostly, age-related intercurrent disease). To ensure the detection of minimal
278 amounts of PrP™s, pools of inoculated TgDog mice brains were subjected to serial PMCA rounds using
279 TgDog brain homogenates as a substrate. This technique has been demonstrated to propagate minute
280 amounts of PrP™ in the absence of transmission barrier[40]. In all instances no PrP™ was present
281  (Supplementary information, Fig. S3) confirming the results obtained in the bioassay.

282  The total absence of prion infection or in vitro propagation with any of the prions used to challenge TgDog
283  could be attributed to reasons other than the extreme resistance of canine PrP¢ to misfolding such as
284  inherent issues with the generation of the transgenic models that may prevent infection. However, this

285  was ruled out through a thorough Western blot analysis of the PrP¢ of these transgenic animals that
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286  showed a virtually identical migration and glycosylation pattern to wild type dog PrP¢ (albeit expressed at
287  twice the levels) indicating correct posttranslational modifications (Supplementary information, Fig. S1).
288  Additionally, the immunohistochemical localization indicated the correct anatomical expression of the
289  protein on the neuronal cell membrane (Supplementary information, Fig. S1B). Furthermore, the same
290 transgenic generation methodology for obtaining models for other prion disorders has been proven
291 successful previously[28,43]. Altogether, the results support the conclusion that dog PrP¢ amino acid
292 residue sequence is solely responsible for the complete resistance to prion infection observed in this
293 transgenic model.

294

295  The only report unequivocally demonstrating that dog PrP¢ can be misfolded was achieved only in vitro,
296  under highly favorable conditions, by a single prion strain and using dog brain homogenate expressing the
297 163D polymorphism[22]. However, this TgDog model was made prior to understanding the importance
298 of the amino acid residue in position 163. Therefore, in the current work 163E was chosen, as this is
299  exclusive to domestic dogs although both D and E can occur in this position. The 163D polymorphism is
300 present in other canidae species and also in some members of the closely related mustelidae family
301 (wolverine and pine marten, members of the martinae subfamily). Differences in behavior between 163E
302 and 163D containing dog PrP¢ were explored by cell-based in vitro studies and in silico analysis of the area
303 containing residue 163 and these revealed differences in the side chain lengths of each residue, the effects
304  of which are unknown[32]. Since the mechanism of action that makes dog PrP¢ particularly resistant to
305 misfolding might be related to the specific surface charge distribution conferred by these negatively
306  charged amino acids and/or steric hindrance, it is not surprising that the slight differences between the
307  side chains of E and D resulted in small differences in the misfolding capacity of each PrP¢. The dog prion
308 from the aforementioned study, formed in vitro by seeding with BSE (BSE-Dog D163 PrP™s), was unable to

309 propagate when inoculated intracerebrally in our TgDog model indicating that E163 poses a greater
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310 limitation for misfolding than D163. However, the BSE-Dog D163 PrP's isolate was propagated efficiently
311 in a TgBov model (BoTg110)[22] suggesting prion amplification without adaptation to the new host but
312  conserving its pathobiological features towards a host with the original cattle PrP¢, similar to that
313  described previously for other isolate-host combination such as scrapie in TgHorse mice[21].

314  The possible relevance of the negatively charged amino acid residue in position 163 of dog PrP¢ to their
315 resistance to prion infection was initially suspected from sequence alignment studies of the PRNP of
316 several members of the canidae family with those of susceptible species. These studies revealed that
317  feline PrP was the most similar in terms of amino acid sequence and as domestic cats are susceptible to
318  at least three known prion strains (BSE, CWD and CJD)[26,44—-46] the six amino acid difference between
319 canine and feline PrP was studied in detail. The E/D polymorphism in position 163 was highlighted due to
320 its almost exclusive presence in the canidae family and chosen as the most likely candidate for canine
321  resistance to prion disease [32]. Our results with TgDog, together with previous reports on canine
322 resistance to prion infection [32—-34] clearly identify residue 163 as the strongest effector of the resistance
323  of canine PrP¢ to misfolding. Therefore, to definitively demonstrate the importance of E or D in position
324 163, we substituted into the dog PrP the most conserved residue in susceptible species, asparagine, to
325 determine if susceptibility of canine protein to misfolding could be induced. In an experiment conceptually
326 opposite to the one previously conducted with mouse PrP¢, which was rendered resistant to prion
327 infection by substituting asparagine for aspartic acid at the equivalent position 158[32], the D163N
328 substitution was performed in dog PrP. This eliminates the negative charge and/or steric hindrance that
329 aspartic acid might confer on that region of dog PrP¢. The resultant transgenic mice could be infected with
330 sheep-BSE inocula. Additionally, in vitro amplification using brain homogenates of this TgDog D163N
331  model as substrate allowed misfolding of D163N canine PrP¢ using either sheep-BSE or cattle BSE as seeds.
332  This result strongly supports that amino acid 163 in dog PrP¢ is the main determinant of its resistance to

333 misfolding by prions. However, since susceptibility was not recovered to all the challenged prion isolates
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334  itcannotbe regarded as the sole determinant. The prion transmission barrier is assumed to be determined
335 by various factors, including the host PrP sequence and the structure (strain) of the prion. A particular
336  strain will also display a different behavior depending on its own PrP sequence. A clear example of this is
337 BSE, which is more virulent in a sheep PrP¢ environment than in bovine PrP¢[47]. Also, the more similar
338 the PrP¢ sequence is between the host and the inoculated isolate, the lower the transmission barrier
339  should be.

340 In this regard, it is surprising that the cat-adapted CWD isolate, despite having an amino acid sequence
341  with only a five residues difference from dog D163N PrP¢ (residues 99, 107, 116, 180 and 188 in dog PrP
342 numbering, some of them identical to the amino acids found in other susceptible species), could not be
343 propagated in TgDog D163N substrate which suggest a relevant role of these amino acids in the resistance
344  of this species. It also cannot be excluded that a 2x overexpression of PrP¢ is not high enough to overcome
345  the transmission barrier.

346 Interestingly, even sheep-BSE misfolded TgDog D163N could not misfold wild type dog PrP¢ (using TgDog
347  163E brain homogenate as a substrate) in our in vitro experiments despite only a single amino acid
348 difference. Again, this suggests a critical role of negatively charged residues at position 163 on PrP
349 misfolding.

350 In summary, this study provides further experimental evidence that canids, particularly domestic dogs,
351 are the most prion resistant species studied to date and that position 163 in dog PrP¢ is key in conferring
352 resistance to misfolding thereby establishing this amino acid position coupled with negatively charged
353 residues as a clear therapeutic target for prion diseases.

354

355  Materials and methods

356  Preparation of inocula for prion propagation studies
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357 Brain homogenates (107! in PBS) for use as seeds for PMCA or direct intracerebral inoculation were
358  prepared manually using a glazed mortar and pestle from brains of animals clinically affected by various
359  TSE: BSE-C and scrapie (SSBP/1) were supplied by Animal & Plant Heath Agency (UK), BSE-L field cases
360  were supplied by Centro di Referenza Nazionale per le Encefalopatie Animali (Turin, Italy), CWD from the
361  thalamus area of the brain of a female mule deer, genotype 225SS, infected with CWD (04—-22412WSV2
362 EJW/IE)), supplied by Department of Veterinary Sciences (University of Wyoming, Laramie, WY, USA),
363 feline CWD from an experimental case of CWD infection in a domestic cat was supplied by Department of
364 Microbiology, Immunology and Pathology, Colorado State University (Fort Collins, Colorado, USA)[48], and
365 Sheep-BSE was supplied by Ecole Nationale Vétérinaire (Toulouse, France). The atypical scrapie isolate
366  was obtained from a field case diagnosed in the PRIOCAT laboratory, CReSA-IRTA (Barcelona, Spain). BSE
367 DoD163 PrP™s was generated previously by PMCA using cattle BSE as the seed[22].

368

369  Generation of in vitro PrP™ by serial PMCA

370  The in vitro prion replication and PrP™s detection of amplified samples was performed as described
371 previously with minor modifications[49]. Briefly, brains used for substrate were perfused using PBS + 5
372 mM EDTA and the blood-depleted brains were frozen immediately until required for preparing the 10 %
373 brain homogenates (PBS + NaCl 0.15 M + 1% Triton X-100). Brain homogenates (50-60 ul of 10 %), either
374 unseeded or seeded with the corresponding prion isolate/strain, were loaded into 0.2-ml PCR tubes and
375 placed into a sonicating water bath at 37-38 °C without shaking. Tubes were positioned on an adaptor
376 placed on the plate holder of the sonicator (model S-700MPX, QSonica, Newtown, CT, USA) and subjected
377  toincubation cycles of 30 min followed by a 20 s pulse of 150-220 watts sonication at 70—-90 % amplitude.
378  Serial rounds of PMCA consisted of 24-48h of standard PMCA followed by serial in vitro 1:10 passages in

379 fresh 10 % brain homogenate substrate. An equivalent number of unseeded (4 duplicates) tubes
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380  containing the corresponding brain substrate were subjected to the same number of rounds of PMCA in
381  order to monitor for cross-contamination and/or the generation of spontaneous PrPres,

382

383 Biochemical characterization of in vitro- and in vivo-generated prion strains

384 PMCA treated samples were incubated with 85-200 ug/ml of protease K (PK) for 1 h at 42 °C with shaking
385 (450 rpm) as described previously[50]. Digestion was stopped by adding electrophoresis Laemmli loading
386  buffer and the samples were analyzed by Western blotting.

387

388 Generation of TgDog E163 and TgDog D163N mice

389  After isolation by PCR amplification from genomic DNA extracted using GenelET™ Genomic DNA
390 Purification Kit (Fermentas) from a E163 dog tissue sample using 5’
391 GGGGGAATTCATCATGGTGAAAAGCCACATAGGCG 3 and 5
392 GGGCGGGCGGCCGCTCATCCCACTATCAAGAGAATG 3’ as primers, the open reading frame (ORF) of the
393 E163 dog PRNP gene was cloned into the pGEM-T vector (Promega). In the same way, the ORF of D163
394  dog PRNP was isolated from the genomic DNA extracted from the tissue sample of a dog bearing D163
395 polymorphism using the same primers and cloned into pGEM-T vector. The dog E163-PrP ORF was excised
396 from the cloning vector by using the restriction enzymes BsiWI (Thermo Fisher Scientific Inc.) and Fsel
397 (New England Biolabs Ltd.) and then inserted into a modified version of MoPrP.Xho vector[51] as
398 described previously[38], which was also digested with BstWI and Fsel. This vector contains the murine
399 PrP promoter and exon-1, intron-1, exon-2 and 3’ untranslated sequences. The genetic construct
400 containing the dog D163N substitution was carried out by two-step PCR site-directed mutagenesis using
401 pGEM dog D163 as template, using primers 5° GAACATGTACCGCTACCCCAACCAAGTATACTACCGG 3’ with
402 Y GGGCGGGCGGCCGCTCATCCCACTATCAAGAGAATG 3 and 5

403  CCGGTAGTATACTTGGTTGGGGTAGCGGTACATGTTC 3 with 5’
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404  GGGGGAATTCATCATGGTGAAAAGCCACATAGGCG 3'. Then using the previous fragments as templates and
405  primers 5 GGGGGAATTCATCATGGTGAAAAGCCACATAGGCG 3 and 5
406 GGGCGGGCGGCCGCTCATCCCACTATCAAGAGAATG 3’, the dog D163N-PrP ORF was generated and cloned
407  into the pGEM-T vector (Promega). It was also excised from the cloning vector using restriction enzymes
408 BsiWI (Thermo Fisher Scientific Inc.) and Fsel (New England Biolabs Ltd.), and then inserted into a modified
409  version of MoPrP.Xho vector. Both transgenes were excised using Notl and purified with an Invisorb Spin
410 DNA Extraction Kit (Inviteck) according to the manufacturer recommendations.

411  Transgenic mouse founders were generated by microinjection of DNA into pronuclei following standard
412 procedures[29]. DNA extracted from tail biopsies was analyzed by PCR using specific primers for the
413 mouse exon 2 and 3’ untranslated sequences (5 GAACTGAACCATTTCAACCGAG 3’ and 5’
414  AGAGCTACAGGTGGATAACC 3’). Those which tested positive were bred to mice null for the mouse PRNP
415  genein orderto avoid endogenous expression of mouse prion protein. Absence of the mouse endogenous
416  PRNP was assessed using the following primers: 5° ATGGCGAACCTTGGCTACTGGC 3’ and %
417  GATTATGGGTACCCCCTCCTTGG 3'. The dog PrP expression levels of brain homogenates from transgenic
418 mouse founders were determined by Western blot using anti-PrP mAb D18 [52] and compared with the
419 PrP expression levels from different dog brain homogenates.

420 The international code to identify these transgenic mouse lines are STOCK-Prnptm2Edin Tg(moPrpn
421 dogPrP)14Bps and 1290LA-Prnptm2Edin-Tg(mPrpn-dogPrPD163N)1Sala although throughout the paper
422 they are referred to as TgDog E163 and TgDog D163N mice, respectively.

423

424 TgDog E163 and TgDog D163N mice inoculation

425 Mice of 42-56 days of age were intracerebrally inoculated under gaseous anesthesia (Isoflurane) through
426  the right parietal bone. A 50 pl SGC precision syringe was used with a 25 G gauge needle and coupled to

427  a repeatability adaptor fixed at 20 pl. A dose of buprenorphine was subcutaneously injected before
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428 recovery to consciousness to reduce post-inoculation pain. Mice were kept in a controlled environment
429 at a room temperature of 22 °C, 12 h light-darkness cycle and 60 % relative humidity in HEPA filtered
430 cages (both air inflow and extraction) in ventilated racks. The mice were fed ad libitum, observed daily
431 and their clinical status assessed twice a week. The presence of ten different TSE-associated clinical signs
432 [53] was scored. Positive TSE diagnosis relied principally on the detection of PrP™s (either by
433 immunohistochemistry and/or western blotting or ELISA) and associated spongiform changes on stained
434  histological sections (see below) of the brain parenchyma.

435

436  Sample processing and general procedures

437  When the clinical end-point criteria were reached mice were euthanized by decapitation. The brain was
438 extracted immediately and placed into 10 % phosphate buffered formalin. Transversal sections of the
439 brain were performed at the levels of the medulla oblongata, piriform cortex and optic chiasm. Samples
440 were embedded in paraffin-wax after dehydration through increasing alcohol concentrations and xylene.
441 Four micrometer sections were mounted on glass microscope slides and stained with hematoxylin and
442 eosin for morphological evaluation. Additional sections were mounted in 3-trietoxysilil-propilamine-
443 coated glass microscope slides for immunohistochemistry. The spinal cord and a partial section of the
444  frontal cortex, including the olfactory bulbs, were separated prior to fixation and kept frozen for
445 biochemical analysis.

446

447  Immunohistochemistry

448 Immunohistochemistry (IHC) for detection of PrP™s was performed as described previously [54]. Briefly,
449 deparaffinized sections were subjected to epitope unmasking treatments: immersed in formic acid and
450 boiled at low pH (6.15) in a pressure cooker and pre-treated with proteinase K. Endogenous peroxidases

451  were blocked by immersion in a 3 % H,0, in methanol solution. Sections were then incubated overnight
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452  with anti-PrP MAb 6H4 primary antibody (1:2,000, Prionics AG) and subsequently visualized using the
453 DAKO Goat anti-mouse EnVision system (Ref. K400111/0) and 3,3’-diaminobenzidine as the chromogen
454  substrate. As a background control, incubation with the primary antibody was omitted.

455

456  Ethics Statement

457  All experiments involving TgDog animals were approved by the animal experimentation ethics committee
458 of the Autonomous University of Barcelona (Reference number: 585-3487) in agreement with Article 28,
459  sections a), b), c¢) and d) of the “Real Decreto 214/1997 de 30 de Julio” and the European Directive
460 86/609/CEE and the European Council Guidelines included in the European Convention for the Protection
461 of Vertebrate Animals used for Experimental and Other Scientific Purposes.

462  All experiments involving TgDog D163N animals were approved by the Ethical Committee on Animal
463  Welfare of the Laboratorio Central de Veterinaria (project code assigned by the Ethical Committee CEBA-
464  07/2010) and also in agreement with the aforementioned European legislation and the Spanish Legislative
465 Decree “Real Decreto 1201/2005 de 10 de Octubre”.
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651 Figure legends

652 Fig. 1: A: Molecular and pathological study of TgDog D163N mice inoculated with different prion
653 isolates. A. Biochemical analysis of Protease-K (PK) resistant PrP (PrPrs) in brain homogenates from TgDog
654 D163N inoculated with scrapie (SSBP/1), BSE-C, mule deer CWD, sheep-BSE, cat CWD, BSE-L and atypical
655  scrapie. The TgDog D163N brain homogenates were digested with 200 pg/ml of PK and analyzed by
656  Western blot with monoclonal antibody D18 (1:5,000). Only 5 out of 10 animals inoculated with sheep-
657 BSE showed the classical three-banded pattern after PK digestion. Dog br.: Undigested TgDog D163N brain
658 homogenate. Mw: Molecular weight. B: Histological evidence of prion disease in brains of TgDog D163N
659 mice inoculated with sheep-BSE. Panel A: Plaque like PrPres deposits (brown pigment) in the thalamus
660  (arrow). Panel B: Intraneuronal PrP™s deposits (brown pigment) in the thalamus (arrowheads). Note
661  moderate spongiform change (thick arrows). PrP™s immunohistochemistry (mAb 6H4, 1:100, Prionics AG.).
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662 Fig. 2: In vitro propagation of brain samples from TgDog D163N mice inoculated with different prion
663  isolates using brain-based PMCA. A. 3 rounds of serial PMCA using TgDog D163N brain homogenates as
664  substrate. Pools of brain samples from TgDog D163N inoculated with scrapie (SSBP/1), BSE-C, mule deer
665  CWD, sheep-BSE, cat CWD, BSE-L and atypical scrapie were used as seeds in replicates of four through 3
666  rounds of serial PMCA. Only brain homogenates from sheep-BSE-inoculated mice propagated and this
667 showed a classical three-banded glycosylation pattern. B. Individual brains of TgDog D163N mice
668 inoculated with BSE-C and sheep-BSE were subjected to 3 rounds of serial PMCA using TgDog D163N brain
669 homogenates as substrates. None of the BSE-C samples show in vitro propagation. However, 9 of 11
670 sheep-BSE samples propagated PrPres efficiently. Samples were digested with 200 pg/ml of PK and
671 analyzed by Western blot with monoclonal antibodies D18 (1:5,000). All unseeded samples remained
672 negative. P.: Pooled sample. Dog br.: Undigested TgDog D163N brain homogenate. Mw: Molecular

673  weight.

674 Fig. 3: In vitro propagation of sheep-BSE inoculated TgDog D163N samples using brain-based PMCA. A.
675 3 rounds of serial PMCA using TgDog D163N, TgDog E163 and two different dog breed (English Cocker
676 Spaniel and German Wirehaired Pointer) brain homogenates as substrates. A pool of brain samples from
677 TgDog D163N inoculated with sheep-BSE was used as seed in replicates of four through 3 rounds of serial
678 PMCA. Samples were considered positive if a classical PrPres pattern was observed on Western blot. While
679 TgDog D163N-based substrate efficiently propagated in vitro, neither TgDog E163 nor either of the dog
680  brains used as substrates propagated the TgDog D163N-adapted sheep-BSE sample. B. In order to
681  demonstrate that the previous (Fig. 3A) TgDog D163N-adapted sheep-BSE propagates over a substrate of
682 cow brain (indicating conservation of propagation capacity), this sample was subjected to 5 rounds of
683 serial PMCA using TgDog D163N, TgDog E163 and cow brain homogenates as substrates. Cow brain-based
684  substrate efficiently propagated the TgDog DI163N-adapted sheep-BSE with a similar pattern

685 characteristic for BSE (predominance of the diglycosylated band) while TgDog E163 confirmed its inability
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686  to propagate this prion strain. Samples were digested with 200 pug/ml of PK and analyzed by Western blot
687  with monoclonal antibody D18 (1:5,000). All unseeded (Uns.) samples remained negative. Dog:

688 Undigested dog (English Cocker Spaniel) brain homogenate. Mw: Molecular weight.

689  Supporting information legends

690  Fig. S1: PrP expression levels in TgDog E163 animals compared to PrP expression levels of normal dog
691  brain by Western blot. A: 10% brain homogenates from TgDog E163 mouse and dog were diluted 1:20,
692 1:40, 1:80, 1:160, 1:320 and 1:640 and analyzed by Western blot using monoclonal antibody D18
693 (1:5,000). The PrP expression levels of TgDog E163 were approximately double compared to PrP¢ levels
694 in dog brain, based on signal intensity. Notice that the glycosylation pattern is maintained between the
695 transgenic mice and the dog indicating correct posttranslational processing of the PrP¢in the mouse. Mw:
696 Molecular weight. B: Immunohistochemical analysis of PrP¢ expression in TgDog E163 and TgDog D163N
697 compared to C57BL/6 mice. Cerebral cortex sections from TgDog E163 and C57BL/6 mice were used to
698 compare the localization of PrP¢ expression. A diffuse neuropil immunolabeling (corresponding to PrP¢ on
699 the dendrite cell membrane) and absence of labeling within the pericarion were observed. PrP¢
700  immunolabeling from TgDog E163 brain was comparable to that found in WT (C57BL/6) brains, revealing
701  anormal synaptic staining. Nuclear staining is artefactual. Samples were immunostained using 6C2 (1:100)
702 monoclonal antibody. Bar: 25 um.

703

704  Fig.S2: Invitro propagation of different prion isolates using TgDog E163 brain-based PMCA. Rounds (R1-
705 R10) of serial PMCA using TgDog E163 (line 014) transgenic mouse brain homogenates as substrates. The
706 prion isolates: BSE-C, sheep-BSE, Scrapie (SSBP/1), BSE-L, atypical scrapie, mule deer CWD, cat CWD, BSE-

707  dog D163 (in vitro generated) or unseeded, were used as seeds in replicates of four through 10 rounds of
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708  serial PMCA. Samples were considered positive if a classical PrPs pattern was observed on Western blot.
709 None of the isolates propagated over the TgDog E163 substrate.

710

711  Fig. S3: In vitro propagation of different prion-infected samples using TgDog E163 brain-based PMCA.
712 Rounds (R1-R6) of serial PMCA using TgDog E163 (line 014) transgenic mouse brain homogenates as
713  substrates. The brains from TgDog E163 mice inoculated with the different prion isolates (see
714  supplementary figure 2) were pooled and were used as seeds in replicates of four through 6 rounds of
715  serial PMCA. Samples were considered positive if a classical PrPs pattern was observed on Western blot.
716 None of the samples propagated over the TgDog E163 substrate failing to demonstrate propagation of

717  even minute amounts of misfolded prion protein.

718
719 Fig. S4: PrP expression levels in TgDog D163N animals compared to PrP expression levels of dog by

720  Western blot. A: 10% brain homogenates from TgDog D163N mouse and dog were diluted 1:20, 1:40,
721 1:80, 1:160, 1:320 and 1:640 and analyzed by Western blot using monoclonal antibody D18 (1:5,000). The
722 PrP expression levels of TgDog D163N were approximately double to PrP¢ levels in dog brain based on
723  signal intensity. Notice that the glycosylation pattern was maintained between the transgenic mice and
724  the dog indicating correct posttranslational processing of the PrP¢ in the mouse. Mw: Molecular weight.
725 B: Immunohistochemical analysis of PrP¢ expression in TgDog E163 and TgDog D163N compared to
726 C57BL/6 mice. Cerebral cortex sections from TgDog E163 and TgDog D163N and C57BL/6 mice were used
727 to compare the localization of PrP¢ expression. A fine granular neuropil immunolabeling (corresponding
728  to PrP¢on the dendrite cell membrane) and absence of labeling within the pericarion were observed. PrP¢
729 immunolabeling from TgDog D163N brains was comparable to that found in WT (C57BL/6) brains,
730 revealing a normal synaptic staining. Nuclear staining is artefactual. Samples were immunostained using

731  6C2(1:100) monoclonal antibody. Bar: 25 pm.

30


https://doi.org/10.1101/800698
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/800698; this version posted October 10, 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 4.0 International license.

732
733 Fig. S5: In vitro propagation of different prion isolates using TgDog D163N brain-based PMCA. Rounds

734  (R1-R10) of serial PMCA using TgDog D163N (line 483) transgenic mouse brain homogenates as
735  substrates. The prion isolates: BSE-C, sheep-BSE, Scrapie (SSBP/1), BSE-L, atypical scrapie, mule deer CWD,
736 cat CWD or unseeded, were used as seeds in replicates of four through 10 rounds of serial PMCA. Samples
737  were considered positive if a classical PrPrs pattern was observed on Western blot. Cattle BSE-C and
738 sheep-BSE propagated over the TgDog D163N substrate but none of the other prion isolates resulted in
739 any propagation.

740

741  Fig. S6: In vitro propagation of different prion isolates using TgDog D163N brain-based PMCA. Rounds
742 (R1-R6) of serial PMCA using TgDog D163N (line 483) transgenic mouse brain homogenates as substrates.
743  The brains from TgDog D163 mice inoculated with the different prion isolates (see supplementary figure
744  5) were pooled and used as seeds in replicates of four through 6 rounds of serial PMCA. Samples were
745 considered positive if a classical PrP™s pattern was observed on Western blot. Just sheep-BSE propagated
746 over the TgDog D163N substrate.

747
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