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Abstract

latrogenic transmission of prions, the infectious agents of fatal Creutzfeldt-Jakob disease, through
inefficiently decontaminated medical instruments remains a critical issue. Harsh chemical treatments
are effective, but not suited for routine reprocessing of reusable surgical instruments in medical cleaning
and disinfection processes due to material incompatibilities. The identification of mild detergents with
activity against prions is therefore of high interest but laborious due to the low throughput of traditional
assays measuring prion infectivity. Here, we report the development of TESSA (sTainlESs steel-bead
Seed Amplification assay), a prion seed amplification assay that explores the propagation activity of
prions with stainless steel beads. TESSA was applied for the screening of about 70 different
commercially available and novel formulations and conditions for their prion inactivation efficacy. One
hypochlorite-based formulation, two commercially available alkaline formulations and a manual alkaline
pre-cleaner were found to be highly effective in inactivating prions under conditions simulating
automated washer-disinfector cleaning processes. The efficacy of these formulations was confirmed in
vivo in a murine prion infectivity bioassay, yielding a reduction of the prion titer for the bead surface
adsorbed prions below detectability. Our data suggest that TESSA represents an effective method for a
rapid screening of prion-inactivating detergents, and that alkaline and oxidative formulations are
promising in reducing the risk of potential iatrogenic prion transmission through insufficiently

decontaminated instrument surfaces.
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Introduction

Transmissible spongiform encephalopathies (TSEs), or prion diseases, represent a group of fatal
disorders which are hallmarked by the misfolding and aggregation of the cellular prion protein (PrPC¢)
into a pathological, proteinase K (PK) resistant form, PrPS¢ (Prusiner 1982). Prions can occur as different
strains that are characterized by different inheritable physicochemical properties and clinical signs of
the diseases (Caughey, Raymond et al. 1998). It is widely accepted that the different strain properties
are encoded in the different conformations of the prion agent (Aguzzi, Heikenwalder et al. 2007). Prion
diseases can be inherited, or arise sporadically as Creutzfeldt-Jakob disease (sCJD) in humans (Aguzzi
and Calella 2009). In addition, the nature of the infectious agent, the prion, allows manifestation of the
disease through exposure to infected tissue via ingestion or through iatrogenic transmission (Aguzzi and
Calella 2009).

The first recorded case of iatrogenic CJD (iCJD) as a result of a corneal transplant operation dates back
to 1974 (Duffy, Wolf et al. 1974). Later reports have shown that prion diseases are transmissible through
contact with contaminated surgical devices, dura-mater transplants, and human growth hormone
administration (Bernoulli, Siegfried et al. 1977, Collins and Masters 1996, Bonda, Manjila et al. 2016).
The decontamination of prions poses a major challenge, as they are incredibly resistant to common
cleaning, disinfection and sterilization processes (Lehmann, Pastore et al. 2009, Hughson, Race et al.
2016, Nakano, Akamatsu et al. 2016) which were originally developed for the inactivation of viruses and
microorganisms (Alper, Cramp et al. 1967, Zobeley, Flechsig et al. 1999, Taylor 2000, McDonnell and
Burke 2003). Moreover, prions strongly adhere to a broad variety of surface materials (Zobeley, Flechsig
et al. 1999, Lipscomb, Pinchin et al. 2006, Luhr, Low et al. 2009, Secker, Hervé et al. 2011, Mori,
Atarashi et al. 2016), which further complicates their removal and decontamination by conventional
cleaning and instrumental reprocessing routines, leaving a potential risk of transmission of prion
diseases through insufficiently decontaminated medical devices. The World Health Organization (WHO)
has therefore published a recommendation list of strong chemical and physical procedures that should
be applied for the decontamination of prions (WHO 2000). Such procedures, however, are not applicable
to routine, daily medical device reprocessing or to non-disposable medical devices, such as endoscopes
and surgical instruments, due to material incompatibilities (Head and Ironside 2007). Also, preventive

measures such as the utilization of single-use tools, or allocating instruments only for the use on
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potential CJD cases, are not reasonable solutions, as they would lead to insurmountable costs with
guestionable feasibility (Thomas, Chenoweth et al. 2013). Hence, there is still a need for mild prion
decontamination products that can be applied for the reprocessing of surgical instruments.

To date, the efficacy of novel prion decontaminants is routinely assessed in rodent bioassays that report
on prion infectivity based on the survival of indicator mice inoculated with prions (Flechsig, Hegyi et al.
2001, Peretz, Supattapone et al. 2006, Giles, Glidden et al. 2008, Berberidou, Xanthopoulos et al. 2013).
However, rodent assays are limited in throughput, cost-intensive and take several months to complete.
In addition, in vivo bioassays should be replaced by in vitro assays, where possible, in compliance with
the 3R of animal welfare. The recent development of in vitro seed amplification assays (SAA), such as
the protein misfolding cyclic amplification (PMCA) (Saborio, Permanne et al. 2001) and real-time
guaking induced cyclic amplification assay (RT-QuIC) (Wilham, Orra et al. 2010, Frontzek, Pfammatter
et al. 2016) that take advantage of the seeding capabilities of prions allow to conduct several
experiments in parallel in a much shorter time with higher throughput.

In this study, we report the establishment of a SAA, termed TESSA (sTainlESs steel-bead SAA), that
uses stainless steel beads as prion carriers, to mimic the steel surface of surgical instruments. We
applied TESSA for a screen of a series of formulations and conditions to explore their prion-inactivating
(prionicidal) capacity for automated medical device reprocessing. A hypochlorite-based formulation was
identified as the most efficient prion decontaminant in the screen and was further validated together with
two commercially available alkaline formulations and an alkaline pre-cleaner in a mouse bioassay. All
products reduced prion titers below detectability in the bioassay, demonstrating the usefulness of these
formulations as potential prion decontaminants and TESSA as a valuable tool for the rapid evaluation

of novel prionicidals.
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Results

Establishment of TESSA

To develop an assay that allows for the fast screening of novel anti-prion decontaminants, we modified
a microplate SAA (Atarashi, Sano et al. 2011, Frontzek, Pfammatter et al. 2016) for the detection of
surface-attached prions using micron-sized stainless-steel beads as prion carriers (AISI 316L). The
prion-exposed steel beads were first tested for their capability to efficiently bind prions. Beads were
exposed to either 1% (w/v) prion-infected mouse brain homogenate (RML6, Rocky Mountain Laboratory
strain, passage 6; 9.9 + 0.2 Log LDso units g*?; (Falsig, Julius et al. 2008)) or non-infectious brain
homogenate (NBH), followed by air-drying to strengthen the adherence of the prions to the metal beads.
After intense washing with ddH:20, eluates of RML6 and NBH coated beads were analyzed by
immunobilotting for surface bound PrPC and proteinase K (PK)-resistant PrPSc, as a marker for the
presence of prions (McKinley, Bolton et al. 1983). Total PrP was detectable in eluates of non-digested
RML6 and NBH coated beads (Fig. 1A), confirming efficient binding of PrP to the steel-beads. After PK
digestion, PrP¢ was completely digested in the NBH reference sample and on NBH coated beads,
whereas RML6 displayed the typical electrophoretic mobility pattern of the PK-resistant core fragments
of PrPsc¢ (Bolton, Meyer et al. 1985, McKinley, Meyer et al. 1991). Eluates from PK-digested RML6
coated beads, however, showed a decreased signal intensity and no changes in the electrophoretic
distribution pattern when compared to the undigested beads. This finding suggests that the PK cleavage
sites of PrPS¢ may have become protected due to the adsorption of PrPS¢ to the beads, so that PrPSc
largely remained preserved as full-length protein on the beads.

To further assess whether prions, upon adhering to the beads, retained their characteristic propagation
activities and to identify the maximum amount of beads with the highest specific sensitivity in the TESSA,
we analyzed the seeding properties of three different amounts of beads coated with either RML6 or NBH
in quadruplicate reactions (1.5 mg, 750 pug and 375 pg/TESSA reaction, Fig. 1B). Efficient seeding was
detected for all amplification reactions of RML6-coated beads (Fig. 1B). These data demonstrate that
prions retained their propagation activity after adsorption to the beads. For the NBH-coated beads, one
non-specific positive reaction out of four replicates was detected at the highest amount of 1.5 mg/TESSA

reaction. To avoid any potential risk of non-specific positive reactions and technical difficulties in the
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handling of the highest bead amount due to the high viscosity of the bead suspension, we chose 750

pg beads per TESSA reaction as the optimal amount for the formulation screening.

Applicability of TESSA as a method for testing prion decontaminants

To investigate the applicability of TESSA for the assessment of new prion decontaminants, we first
evaluated its performance with 1 M NaOH (2 h; RT), a common standard decontamination method for
the inactivation of prions (WHO 2000), and three commercially available alkaline formulations. These
formulations included (Table 1): (i) deconex® 28 ALKA ONE-x (28A0); an alkaline cleaner whose
alkalinity is solely based on potassium metasilicate and that has been shown to be effective for the
decontamination of the Chandler strain of prion diseases in vitro (Hirata, Ito et al. 2010), (ii) 28A0 in
combination with deconex® TWIN ZYME (28A0/TZ); a mild alkaline product with improved cleansing
properties through the enzymatic activities of subtilisin and a-amylase, and (iii) deconex® 36 BS ALKA
(36BS); a non-enzymatic highly alkaline pre-cleaner that was presumed to exhibit its prion
decontamination efficacy due to a pH-value of >11, though still being applicable to a broad range of
materials despite its relatively high pH-value.

Beads were exposed to RML6 (1 % (w/v)), intensively washed, and treated with either NaOH or the
three different formulations 28A0, 28A0/TZ or BS under conditions recommended by the manufacturer
(Table 1). After another intense washing step to remove any residual decontaminant, beads were
analyzed by TESSA. NaOH and all three formulations efficiently inactivated the seeding activity of the
prion exposed beads below detectability (Fig. 2A and, Fig. S1A), whereas beads treated with deionized
water (ddH20) maintained their prion seeding characteristics. This data indicate that TESSA is a suitable
in vitro tool for the screening and effectiveness testing of novel prion decontaminants and that

formulations 28A0, 28A0/TZ, and 36BS have promising anti-prion inactivation activities.

Screening of different formulations for their prion inactivation effectiveness using TESSA

We then applied TESSA to screen about 70 different mildly alkaline and oxidative formulations and
conditions for their anti-prion efficacy (summarized in Table 2). Based on their main active ingredient,
the different formulations were grouped into 4 different categories post-hoc. The first category comprised

formulations, for which the anti-prion effect was expected to be mediated by the hydrolytic activity of
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alkanolamines and complexing agents, which are common donors of alkalinity in detergent solutions
with a typical pKa of around 9.5. The second category included alkaline enzymatic phosphate/silicate-
based formulations (TWIN PH10). The alkalinity of these products is based on the phosphate/silicate
composition with the advantage of higher material compatibility. Category 3 encompassed a selection
of commercially available strong alkaline hydroxide- and hydroxide/silicate-based formulations and
solutions (Category 3, Table 1), whereas formulations of category 4 were composed of hypochlorite
(70B); a chemical that acts as a strong oxidizing reagent under alkaline conditions (Sandin, Karlsson et
al. 2015). To support the anti-prion activity and cleaning properties of the main components, in particular,
of products of Categories 1 and 2, these were formulated with a series of enzymatic, non-ionic
surfactants and surface-active reagents (Table 2).

The effectiveness of the different formulations was studied under commonly used automated
reprocessing conditions as used in washer-disinfectors (10 min, 55 °C). Some formulations were also
applied for longer treatment times (40 min and 2 h) and at further temperatures to assess their capability
to inactivate prion seeding activity under differing conditions. Beads were treated as described above
and analyzed by TESSA with the number of replicates as indicated in Table 2. Although some
formulations reduced the prion seeding activity below detectability at extended treatment times (40 min
and 2 h), most formulations showed only moderate to no inactivation efficiency when applied at 55 °C
for 10 min. The most effective formulation under this condition was the hypochlorite-based formulation
70B. Although the data for 70B showed some variability over time, which we attributed to the degradation
of hypochlorite due to the limited shelf life of chlorine containing products (Nicoletti, Siqueira et al. 2009),
when prepared freshly, 70B was able to remove all detectable prion seeding activity (Fig. 2B, Fig. S1B
and Table 1). Formulation 70B was also effective at an even lower concentration and shorter contact
time of 0.5 % (v/v) and 5 min (Table 2). We therefore conclude that formulation 70B exhibits the most
efficient prion decontamination capability among the tested products, but with the limitation of the
stability of hypochlorite containing formulations (Clarkson, Moule et al. 2001, Nicoletti, Siqueira et al.

2009, Hughson, Race et al. 2016).
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Efficacy confirmation by immunoblotting and in a mouse bioassay

We then selected formulations 70B, 28A0, 28A0/TZ, and 36BS to further assess their prion
decontamination effectiveness. We first analyzed the eluates of prion-coated beads after treatment with
the different formulations and NaOH for the presence of PrPS¢ by PK immunoblotting (Fig. 2C). After
treatment, no residual PrPS¢ was detectable on the immunoblot, showing that all decontamination
products effectively reduced the prion load on the stainless-steel beads.

To investigate if the identified formulations were also able to reduce prion infectivity on the prion-coated
beads, we further confirmed their decontamination capability in tga20 mice, a transgenic mouse line that
overexpresses murine PrP¢ (Fischer, Rulicke et al. 1996). We first determined the sensitivity and
maximal titer reduction that can be achieved in the bioassay after decontamination of the prion-coated
beads by performing an end-point dilution titration. Three independent batches of 25 mg beads were
incubated in 100 pL of 10-fold serial dilutions of RML6 (102 — 10-7; Table 3). After intensive washing
with ddH20 and air-drying, beads were resuspended in 1 mL PBS. Bead suspensions of 30 pL (750 ug
beads/mouse) were then inoculated intracerebrally (i.c.) into three groups of three tga20 mice each (n=
9 per dilution, from three independent bead preparations). The survival of the inoculated mice was
monitored for 250 days post infection (dpi). Only mice inoculated with beads exposed to RML6 dilutions
from 102 to 10 developed clinical signs of a prion disease with complete attack rates at 75.9 + 1.8,
92.8 £ 5.5 and 121 + 13.2 dpi, respectively (Fig. 3A, Table 3). To further confirm that mice succumbed
to prion disease, brains of the mice (10-? dilution of RML6) were extracted and immunohistologically
investigated for the presence of spongiform changes and for the accumulation of PrPS¢ (Fig. 3B). Data
were analyzed by comparison to a standard curve obtained from an end-point titration of RML6
inoculated tga20 mice (Falsig, Julius et al. 2008) and a median 50 % lethal dose [LDso] of about 5.1 log1o
infectious units ml-* was estimated for the prion-exposed bead suspension inoculated per mouse (Table
3). This value represents the maximal sensitivity achievable in the mouse bioassay and is similar to the
prion titer that has previously been determined in mice for individual steel wires (105 LDso wire units)
coated with either RML (Edgeworth, Sicilia et al. 2011) or the 263K hamster strain (Lemmer, Mielke et
al. 2008, McDonnell, Dehen et al. 2013).

We next explored the efficiency of 70B, 28A0, 28A0/TZ, and 36BS to reduce prion infectivity on the

prion coated beads in the bioassay. 30 uL of prion exposed beads (1% (w/v) RML6) treated with the
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different formulations or NaOH (same samples/conditions as used in the TESSA (Fig. 2A and B and Fig.
S1)) were inoculated i.c. into tga20 mice in three groups of three animals. None of the inoculated mice
(n= 9 per formulation) developed detectable prion disease until study termination at 250 dpi (Table 3;
Fig. 3B and C). To further investigate the absence of any seeding active prions in the brains of these
mice, BH samples of three individual mice per group were analyzed by a standard SAA (Wilham, Orra
et al. 2010, Frontzek, Pfammatter et al. 2016). No signal was observed for any of the brain homogenates
of mice previously inoculated with treated beads, indicative for the absence of seeding active prions
(Fig. S2), whereas samples from mice inoculated with untreated prion-exposed beads showed a positive
signal. Our data thus indicate that all formulations and NaOH reduced prion infectivity on the prion-
exposed beads below detectability in the mouse bioassay. This corresponds to a titer reduction of 2 5.1
logio units ml-! based on the established reference curve for prion-exposed beads. In conclusion, our
data show that all tested formulations are highly effective for the inactivation of prions on medical steel

surfaces.
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Discussion

In this study, we have developed TESSA, a stainless-steel bead SAA assay, as a tool for the rapid
screening of a large number of chemical formulations to assess their effectiveness to inactivate prions
on steel surfaces. For its establishment, we opted for the use of micron scale stainless steel beads as
prion carriers to mimic the surface of surgical steel instruments, since they are more practical to handle
than most other previously utilized prion carriers due to their ease of pipetting (Edgeworth, Farmer et al.
2011, Belondrade, Nicot et al. 2016, Hughson, Race et al. 2016, Mori, Atarashi et al. 2016, Williams,
Hughson et al. 2019). We further air-dried the beads after prion exposure to perform the screen under
most stringent conditions, since air-dried prions bind more tightly to surfaces and show a higher
resistance to decontamination treatments (Secker, Hervé et al. 2011). Using this approach, our results
showed that the steel beads were able to efficiently bind prions and amplify prions in a way identical to
that previously described for prions coated to other carriers (Belondrade, Nicot et al. 2016, Hughson,
Race et al. 2016, Mori, Atarashi et al. 2016, Williams, Hughson et al. 2019, Erafia, Pérez-Castro et al.
2020).

For the screen, we focused on investigating strong to mild alkaline (> pH 9.5) and oxidative formulations
which we grouped in four classes based on their main anti-prion active ingredients. We identified 70B,
a hypochlorite-based formulation, to be the most effective formulation, whereas all alkaline formulations
tested in the screen showed only a moderate to no prion inactivation efficiency under conditions
simulating automated washer-disinfector cleaning processes. Formulation 70B proved to be effective at
a concentration of 1 % (v/v, 55 °C, 10 min) and at even lower concentrations and shorter contact times
(0.5% v/v, 5 min). Additionally, we found that the alkaline formulations, 28A0O (Hirata, Ito et al. 2010),

28A0/TZ, and 36BS used for the applicability testing of TESSA also fully eliminated the propagation

activity of prions bound to the metal surfaces. After having identified 70B, 28A0, 28A0/TZ and 36BS as

being highly efficient in TESSA, we further confirmed their effectiveness by PK immunoblotting where
all formulations eliminated the amount of bead bound PrPs¢ below detectability.

Although in vitro SAAs are more widely applied for the evaluation of prion decontaminants (Pritzkow,
Wagenfihr et al. 2011, Belondrade, Nicot et al. 2016, Hughson, Race et al. 2016, Mori, Atarashi et al.
2016, Williams, Hughson et al. 2019, Erafia, Pérez-Castro et al. 2020), bioassays are still required to
claim a new formulation as prionicidal (Taylor 2000, Fichet, Comoy et al. 2007, Giles, Glidden et al.
2008). In this study, all four formulations, along with the reference NaOH, reduced prion titers in the

mouse bioassay below the detection limit of the maximum achievable sensitivity of 5.1 LDso mI** which
10
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was determined in the reference bioassay. These results demonstrate that all formulations fulfilled or
even exceeded the criteria of a log reduction of 4.5 in infectivity, required by the WHO for a prion
decontaminant to be considered as effective (WHO 2000). The data for 28A0 also confirm previous in
vitro experiments (Hirata, Ito et al. 2010), and thus provide further evidence for its prionicidal efficacy.
In line with previous studies (Wilham, Orru et al. 2010, Vascellari, Orru et al. 2012, Elder, Henderson et
al. 2013, Henderson, Manca et al. 2013, Henderson, Davenport et al. 2015, Hughson, Race et al. 2016,
Bélondrade, Jas-Duval et al. 2020), our results further show that the data obtained by TESSA and the
mouse bioassay are well correlated, suggesting TESSA as a viable method for the screening of new
prion decontaminants on prion contaminated steel surfaces. However, whether SAAs can eventually be
used as a complete substitute for the biological infectivity determined by bioassays remains a critical
guestion from a medical safety perspective and more data need to be acquired to answer this question
definitively.

An important prerequisite for effective prion decontaminants is not only that they efficiently eliminate any
prion contamination, but also that they are compatible with corrosion-sensitive materials to avoid
damage to delicate surfaces of medical devices. Formulations 28A0, 28A0/TZ, and 36BS are gentle
alkaline cleaners which are applicable to corrosion-sensitive surfaces of medical devices. This property,
along with our finding for effective prion inactivation, suggests their potential application as an additional
safety measure in the multistep reprocessing procedures of reusable medical devices applied in medical
settings as advised by the WHO (WHO 2000) to increase the decontamination efficiency and reduce
the risk of iCJD transmission through unintentionally contaminated surgical instruments.
Chlorine-based disinfectants, such as sodium hypochlorite, belong to the most effective prion
decontaminants (Taylor 1993, WHO 2000, Williams, Hughson et al. 2019), but have limited relevance
for routine instrument reprocessing due to their strong corrosive properties. In our work, formulation
70B, designed to have a low active chlorine concentration to meet the requirement for low corrosion
properties, turned out to be a highly effective decontaminant that reduced the prion infectivity titer below
detectability. However, chlorine-based products are constrained by their limited shelf life due to
degradation of the active chlorine content over time (Clarkson, Moule et al. 2001, Nicoletti, Siqueira et
al. 2009, Hughson, Race et al. 2016). The simultaneous decline in the active chlorine content and
decontamination proficiency was also observable in our findings with formulation 70B and we therefore

would advise for using either freshly prepared solutions or the addition of chlorine stabilizers. Under
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these conditions, formulation 70B could be a useful alternative cleaner for the decontamination of prion
contaminated surfaces.

The effectiveness of prion decontaminants can also depend on the prion strain type (McDonnell and
Burke 2003, Giles, Glidden et al. 2008, Edgeworth, Jackson et al. 2009, Edgeworth, Farmer et al. 2011,
Edgeworth, Sicilia et al. 2011, McDonnell, Dehen et al. 2013, Ellett, Revill et al. 2020). Due the scarcity
of suitable human prion mouse models (Telling, Scott et al. 1995, Watts and Prusiner 2014), we relied
on the rodent-adapted prion strain, RML6, which has been widely used as a model strain for the
development and validation of prion decontaminants (Fichet, Comoy et al. 2004, Lemmer, Mielke et al.
2008, Edgeworth, Sicilia et al. 2011, McDonnell, Dehen et al. 2013). However, the efficacy of prion
inactivation procedures tested on rodent prions cannot be completely generalized to human prions
(Adjou, Demaimay et al. 1996, Kawasaki, Kawagoe et al. 2007, Bélondrade, Jas-Duval et al. 2020). In
the future, however, SAAs such as TESSA, that are applicable to many different prion strains (Hughson,
Race et al. 2016, Cooper, Hoover et al. 2019, Avar, Heinzer et al. 2022), could be used as animal-free
methods for the additional validation of prion decontaminants on multiple prion strains.

In conclusion, TESSA allows the detection of steel-bead adsorbed prions and represents an effective
method for the rapid screening and evaluation of the effectiveness of new prion decontaminants on steel
surfaces. Our data further show that formulations 28A0, 28A0/TZ, 36BS and 70B efficiently inactivate
prions below the detection limit as demonstrated by several orthogonal in vitro methods as well as by a
mouse bioassay. These formulations could therefore be suitable as mild yet effective, anti-prion
decontaminants for routine instrument reprocessing to increase the safety of reusable surgical and

medical instruments.
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Materials and Methods

Chemical compositions of the formulations

Products and conditions used in this study were provided by Borer Chemie AG (Zuchwil, Switzerland)
and are summarized in Tables 1 and 2. Four different main chemical categories were tested, including
series of mild alkaline alkanolamine (Category 1), alkaline enzymatic phosphate/silicate (Dec TWIN
PH10; Category 2), strong alkaline hydroxide- and silicate-based (deconex® OP 152, deconex® HT and
deconex® MT; Category 3), and hypochlorite-based formulations and solutions (Category 4). To improve
the anti-prion and cleaning properties of the formulations, they were supplemented with different
ingredients. Enzymatic detergents, such as amylases, cellulases and lipases, were added for the
digestion and removal of lipids, carbohydrates, polysaccharides and fatty deposits (Olsen and Falholt
1998), whereas proteases were used to hydrolyze and remove proteins and to directly act on prions
(D'Castro, Wenborn et al. 2010). In addition, non-ionic surfactants, chelating agents and surface active
reagents (e.g. fatty alcohol alcoxylates and alkyl glucosides) were supplemented to induce a low-foam
profile that is required for automated applications, and/or as corrosion inhibitors or wetting reagents to

reduce the surface tension (Geetha and Tyagi 2012).

Coating of the stainless-steel beads with prions and decontamination procedure

Unless otherwise specified, 100 pL of 1 % RML6 brain homogenate (in-house produced, 9.9 + 0.2 log
LDso units g (Falsig, Julius et al. 2008)) or NBH were incubated with 25 mg of autoclaved stainless
steel beads (AISI 316L — grade surgical steel, average diameter of <20 um; Thyssenkrupp; material
number 1.4404) for 2 h at 37 °C under agitation at 1100 rpm. After incubation, the supernatant was
discarded, and beads were air-dried at 37 °C for 1 h. Beads were washed four-times with sterile
phosphate-buffered saline (PBS) to remove any residual RML6 using a DynaMag-2 (Thermo Fisher) for
magnetic separation of the beads from the buffer and stored at -20 °C until further use. For prion-
inactivation, RML6 coated beads were treated with the different formulations as specified in Tables 1
and 2. After decontamination, beads were washed 10 times with ddH2O and stored in PBS at -20 °C

until further usage.
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TESSA

For the TESSA reactions, the same experimental conditions were used as previously described for a
standard SAA (Atarashi, Sano et al. 2011, Frontzek, Pfammatter et al. 2016, Sorce, Nuvolone et al.
2020). Briefly, the reaction buffer of TESSA was composed of recombinant hamster PrP(23-231)
(produced in-house; filtered using 100 kDa centrifugal filters (Pall Nanosep OD100C34)) at a final
concentration of 0.1 mg/mL, 1 mM EDTA, 10 uM Thioflavin T, 170 mM NaCl and 1 x PBS (incl. 130 mM
NaCl) (Frontzek, Pfammatter et al. 2016). To the 70 pL reaction buffer per well (96-well plate), RML6
coated beads either untreated or treated with the different formulations as described above were added
(30 pL of 25 mg/mL ~ 750 pg). The TESSA reactions were performed in a FLUOstar Omega plate reader
(BMG Labtech) with cyclic shaking modes of 7 x (90 s shaking (900 rpm (double orbital), 30 s rest)), 60
s reading) at 42 °C. Reading was carried out with excitation at 450 nm and emission at 480 nm every
15 min for 105 h and reactions were performed in quadruplicates. The microplate for each run contained
four control wells of each RML6 treated with ddH20, and of RML6 coated beads treated with 1 M NaOH.
Only fluorescence positive reactions between 0 and 83 h hours were considered for the data evaluation,
because of an increasing occurrence of spontaneous aggregation events at later reaction times.

For the preparation of the tga20 brain homogenate of the mice inoculated with the beads, brains were
homogenized in 0.32 M sucrose (10 % (w/v), Sigma) using the Precellys 24 (Bertin Instruments) as
previously described (Frontzek, Pfammatter et al. 2016) and diluted 20’000 times in PBS. A total of 98
pL of reaction buffer was dispensed into a well of a 96-well plate and 2 uL of each BH sample was

added. The assay was then performed under the conditions as described above.

Immunoblotting

Samples containing beads were prepared as mentioned above. As controls, NBH or RML6 brain
homogenates were used after determination of total protein levels with a bicinchoninic acid assay (BCA,
Pierce) according to the manufacturer and were adjusted to 20 pg of protein and PK digested. To assess
PK-resistant PrPS¢ levels on beads, 20 puL PBS with PK (25 pg/mL) was added to the beads and the PK
digestion was performed directly on the beads at 37 °C for 30 minutes under shaking at 1’100 rpm. To
stop the digestion, 4 x LDS containing loading dye (NuPAGE, Thermo Fisher) and 1 mM 1,4-
dithiothreitol (Roche) were added prior to boiling the samples at 95 °C for 10 minutes and centrifugation

at 2’000 rpm for 5 minutes. Samples were loaded on a 12 % Bis-Tris Gel (NUPAGE, Thermo Fisher)
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and transferred to a nitrocellulose membrane using the iBlot system (Thermo Fisher). Membranes were
blocked with 5 % SureBlock (LuBio science) and probed with 1:10'000 monoclonal POM1 antibody
(Polymenidou, Moos et al. 2008) in 1 % Sure-Block/PBS with 0.1 % Tween-20 (PBS-T). As a detection
antibody, an HRP-conjugated goat anti-mouse antibody (1:10°000, Invitrogen) was used in 1 %
SureBlock-PBS-T. Membranes were developed with Crescendo HRP substrate (Millipore) and imaging

was done using the LAC3000 system (Fuji).

Mouse bioassay in tga20 mice

All animal experimentation was performed under compliance with the rules and regulations by the Swiss
Confederation on the Protection of Animal Rights. All protocols used in this study were approved by the
Animal Welfare Committee of the Canton of Zurich under the permit number ZH040/15. Tga20 mice
were kept under general anesthesia after isoflurane treatment and inoculated i.c. using 30 pL of a
suspension of either NBH or RML6 coated beads that were either untreated or treated with the different
decontaminants as described above. Inoculated mice were subjected to health monitoring every second
day until the appearance of terminal clinical symptoms of scrapie. On the first day the animals presented
themselves as being terminally sick, they were sacrificed under isoflurane anesthesia. Brains of mice
were dissected and analyzed immunohistochemically for the presence of a prion disease. Histological
analysis was performed on one hemisphere of the dissected brains after inactivation in 96 % formic acid
and fixation in formalin. Hematoxylin and eosin stain (H&E) was used to confirm spongiform changes in

brain tissue sections, whereas SAF84 staining was used to visualize PrPS¢ aggregates.
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Figure Legends:

Figure 1: Evaluation of PrPS¢-specific binding to the stainless-steel beads. (A) PK-immunoblot
analysis demonstrating the binding of total PrP and PrPs¢ to the steel beads. Eluates from NBH and
RML6 exposed beads were blotted after treating the samples without (-) or with (+) PK for the detection
of total PrP and PrPS¢, As controls RML6 and NBH without and with PK digestion were loaded. The anti-
PrP antibody POM-1 was used for detection. The molecular weight standard is shown in kilodaltons
(kDa). (B) TESSA showing specific propagation activity for three different bead amounts of RML6 coated
beads as indicated in the Figure. NBH coated beads were used as negative controls. All reactions were

performed in quadruplicates.

Figure 2: TESSA and PK-immunoblot analysis to assess the decontamination effectiveness of
the four lead formulations. (A) TESSA analysis of RML6 exposed and treated beads. No remaining
seeding activity was observed for RML6 exposed beads after decontamination with the different
formulations. RML6 exposed beads treated with ddH20 and 1 M NaOH were used as positive and
negative controls, respectively. Shown is one representative data set in quadruplicates for each
condition. (B) Same as (A), but after decontamination with 70B. (C) PK-immunoblot showing no residual
PrPs¢ in the eluates of RML6 exposed beads after treatment with the four formulations. As further

controls, RML6 and NBH before (-) and after PK (+) digestion are shown.

Figure 3: Mouse bioassay for the evaluation of the decontamination efficiency of the different
formulations. (A) End-point titration in tga20 mice inoculated with beads exposed to 10-fold serial
dilutions of RML6 from 102to 107. Data points are shown as the mean incubation time + standard
deviation of the mean. n/n%: indicates the attack rate (number of mice developing a prion disease divided
by the total number of inoculated mice). Open circles: individual mice that died of an intercurrent death
unrelated to prion infection. (B) Histopathology of brain sections from tga20 mice inoculated with RML6
exposed steel beads treated with either ddH20, 1 M NaOH or the different formulations (as indicated in
the Figure). Vacuolation and PrPS¢ deposits as markers for the presence of prion disease were observed
after visualization by H&E staining (middle: expansion, 2 x magnification) and imaging with an antibody

directed against PrP (SAF84), whereas no vacuolation and PrP=S¢ deposits were observed in the brains
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mice inoculated with the treated beads. Vacuoles are indicated by black arrows. (Scale bars: 500 um).
(C) Survival of tga20 mice inoculated with RML6 exposed beads treated either with 1M NaOH or the

different formulations. None of the mice developed a prion disease until the end of the experiment.

22


https://doi.org/10.1101/2023.06.26.546570
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.06.26.546570; this version posted June 28, 2023. 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-ND 4.0 International license.

Tables.
Table 1. Summary of the chemical composition of the lead formulations and conditions used to

decontaminate the prion-contaminated steel beads.

Formulation Ingrediens Experimental conditions
36BS - Tripotassium orthophosphate (15-30 %) Concentration: 2 % in water
- Anionic surfactants (< 5 %) with standardized hardness

- Non-ionic surfactants (< 5 %)
- Alanine, N,N-bis(carboxymethyl) sodium salt
(5-15 %)

Condition: 25 °C, 60 min

28A0 - Tripotassium orthophosphate (15-30 %) Concentration: 1 % in ddH20
- Dipotassium Trioxosilicate (5-15 %) o .
- Amphoteric surfactants (< 5 %) Condition: 70 °C, 10 min

28A0/TZ - N,N-Dimethyldecylamine N-oxide (1-5 %) Concentration: 1 % 28A0 +
- Subtilisin (< 1 %) 0.3% TZ in ddH20

- Alpha-Amylase (< 1%)

- Non-ionic surfactants (15-30 %)
- Potassium sorbate (5 %)

Two step reprocessing
1. 45 °C, 10 min
2.70°C, 10 min

70B - Tetrapotassium pyrophosphate (15-30 %) Concentration: 1 % in ddH20

- Dipotassium trioxosilicate (5-15 %) S, .

- Sodium hypochlorite solution, active chlorine Condition: 55 °C, 10 min
(<5 %)

Table 2: Post-hoc classification of the formulations and experimental conditions. The number of
positive replicates from up to 5 independent TESSA experiments with 4 replicates each are shown.
All formulations were applied under machine reprocessing conditions (55 °C, 10 min), if not

otherwise indicated. *Number of positive/total replicate for each formulation.

Commercial available formulations

Identifier Composition” (v/v) TESSA reactions
(positive/total)

1 AO028; 70°C, 10 min 4/16

2 AO28/TZ; 45°C, 10 min / 70°C, 10 min 0/16

3 36BS; 25°C, 60 min 4/16

# see Table 1; *graphs are presented in Figure 2a and Supplementary Figure 1la

Category 1: Enzymatic alkanolamine surfactant-based formulations
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Formulation  Composition® (v/v) TESSA reactions
(positive/total)
F1, F2 20D/ 10U,10V 4/4*
F3-F5 20D/ 11T-11V 4/4*
F6-F9 20D / 40B-40E 4/4*
F10, F11 20H / 10U-10V 4/4*
F12 20H /11T 4/12
F13 20H /11U 7112
F14 20H/ 11V 4/8
F15-17 20H / 40B-40D 4/4*
F18 20H / 40E 4/12
F26 20H / 12A 8/20
F27 20H /12B 5/8
F28-F30 20H / 12C-12E 3/4*
F32 20K / 12F 6/8
F38-F50 20K / 12K-12W 4/4*
F51-F56 20K / 13A-13F 4/4*
F57 20K / 13G 8/8
F58 20K / 13G, 20 min, 55°C 8/8
F59 0.4% 20K / 0.6% 13G 7/8
F60 0.4% 20K / 0.6% 13G; 20 min, 55°C 4/8
F61 0.4% 20K / 0.6% 13G; 20 min, 65°C 6/8

20D: Alkanolamine (complexing agents, amines, phosphonates)

20H: Alkanolamine (complexing agents, amines, phosphonates); different concentrations

20K: Alkanolamine (complexing agents, amines, phosphonates); different concentrations

10U-V: enzymatic product with different concentrations of Ca- and Mg-salts, non-ionic surfactant

11T-U: various enzymatic products, non-ionic surfactants, different concentrations of fatty alcohol alcoxylates
and alkylglucoside, glycol

12A-W: 11T, various concentrations of ingredients

13A-G: various enzymatic products, non-ionic surfactant

40B-E: 11T-U, lower enzyme concentrations, higher glycol concentration, non-ionic surfactants
#Formulations F1-F58 are composed of 0.3 % (v/v) 20D-20K and 0.2 % (v/v) 10U, 10V, 11T-11V, 40B-40E,
12A-13W or 13A-13G

Category 2: Enzymatic surfactant phosphate/silicate based formulations

Formulation Composition# TESSA reactions
(positive/total)

F19 deconex® TWIN PH10/ 11T 8/16

F20 deconex® TWIN PH10/ 11V 3/4

F21 deconex® TWIN PH10/ 12A 2/8

F22 deconex® TWIN PH10/ 12B 2/8

F23 deconex® TWIN PH10/12C 5/8

F24 deconex® TWIN PH10/ 12D 5/8

F25 deconex® TWIN PH10/ 12E 3/4

F31 deconex® TWIN PH10 / 12F 5/8

11T-1V: different enzymatic products, non-ionic surfactants, different concentrations of fatty alcohol
alcoxylates and alkylglucoside, glycol

12A-F: 11T, various concentrations of ingredients

#Formulations are composed of 0.3% (v/v) Dec TWIN PH10: Phosphate/Silicate and 0.2% 11T, 11V or 12A-
12F

Category 3: Hydroxide-based products and solutions

Formulation Composition (v/v) TESSA reactions
(positive/total)
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F67 1 % deconex® OP 152, 40 min 8/16
F68 1 % deconex® HT 1501,40 min 0/16
F69 1 % deconex® MT 14, 40 min 0/16
F74 0.5 % deconex® MT 14 5/8
F72/73 1 % deconex® MT 14 4/24
F75 2 % deconex® MT 14 4/8
F76 3 % deconex® MT 14 3/8

Category 4: Hypochlorite-based formulations

Formulation Composition (v/iv)# TESSA reactions
(positive/total)

F65 0.5 % 70B, 0.5 % enzyme and surfactant, 40 min 1/8

F66 1% 70B, 40 min 0/16

F71 1% 70B 9/24
F71.2* 1 % 70B, freshly prepared 0/16

F77 0.3% 70B 6/20
F77.2 0.3 % 70B, 5 min, freshly prepared 2/8

F78 0.5% 70B 5/20
F78.2 0.5 % 70B, 5 min, freshly prepared 0/8

F81 0.75 % 70B 3/8

# see Table 1; *graphs are presented in Figure 2b and Supplementary Figure 1b

25


https://doi.org/10.1101/2023.06.26.546570
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.06.26.546570; this version posted June 28, 2023. 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-ND 4.0 International license.

Table 3. Serial dilutions of RML6 coated beads to estimate the titer of the RML6 coated beads in an

end-point format and efficacy testing of the different formulations on the RML6 coated beads in a

mouse bioassay (Falsig, Julius et al. 2008). All formulations reduced the prion infectivity titer by at

least 5.1 logio. Treatment with 1 M NaOH and the different formulations was performed on beads

coated with a 1072 dilution of RML6. 2 Data for the end-point titration of RML6 brain homogenate were

adapted from (Falsig, Julius et al. 2008). b Dilutions were started from a 10 % BH. An approximate

linear regression curve (y = -0.08624x + 11.63; r = 0.9388) was obtained from the mean incubation

periods of dilutions 101 to 107 (Prusiner, Cochran et al. 1982, Brandner, Isenmann et al. 1996) and

used to estimate the titers of the beads. Red.: titer log reduction.

End-point titration of RML6 2 Steel bead in vivo assay Decontamination
RML6 P Mean Titer RML6 Mean Estimated Chemical Mean Red.
dilution incubation (Log LDso dilution incubation titer incubation  (logio)
period units ml'l) | to coat the period (Log LDso period
(days + SD) beads (days + SD) units ml) (days = SD)
101 54+1 7.9 NaOH >250 >5.1
102 59+2 6.9 102 759+1.8 5.1 36 BS >250 >5.1
103 69+1 5.9 103 92.8+55 3.6 28 AO >250 25.1
104 77 +2 4.9 104 121 +13.2 1.2 28 AOITZ >250 =51
10°% 862 3.9 10° >250 - 70B >250 =51
106 93+2 2.9 10© >250 -
107 119+ 4 1.9 107 >250 -
108 121, >236 0.9
10° >236 -
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Supplemental Information

Supplemental Figures.

Supplemental Figure 1: Additional TESSA replicates for the confirmation of the decontamination
efficacy of the four formulations. (A) Same as shown in Figure 2A, but for three further TESSA
replicates of RML6 exposed beads after decontamination with formulation 28A0, 28A0/TZ and 36BS.
Shown are three reactions for each condition in quadruplicates. (B) Same as shown in Figure 2B, but
for three further replicates of RML6 exposed beads after decontamination with formulation 70B. Shown

are three reactions for each condition in quadruplicates.

Supplemental Figure 2: Standard SAA analysis of BHs from tga20 mice inoculated with prion-
contaminated steel beads treated with the different decontaminants. SAA analysis of BHs of three
individual mice per condition. Tga20 mice were inoculated with steel-beads previously exposed to RML6
and treated with ddH20 (RML6), 1M NaOH or different formulations and brains were assessed for their

seeding activity.

Source data. (A) Source data of Figure 1A. Left panel: POM1 immunoblot, right panel: marker. (B)

Source data of Figure 2C. Left panel: POM1 immunobilot, right panel: marker.
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