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S U M M A R Y

Background: Prions are renowned for their distinct resistance to chemical or physical
inactivation, including steam sterilization. Impaired efficacy of inactivation poses a risk to
patients for iatrogenic transmission of CreutzfeldteJakob disease (CJD) via contaminated
surgical instruments.
Aims: Most established prion inactivation methods were validated against scrapie agents,
although those were found to be generally less thermostable than human prions. Thus,
knowledge gaps regarding steam-sterilization kinetics of CJD prions should be filled and
current guidelines reviewed accordingly.
Methods: Prion inactivation through widely recommended steam sterilization at 134�C
was assessed for several holding times by analysing the residual prion seeding activity
using protein misfolding cyclic amplification (PMCA).
Findings: Scrapie 263K was found to be the least thermoresistant prion strain showing no
seeding activity after 1.5 min at 134�C, while variant CJD was the most stable one dem-
onstrating some seeding activity even after 18 min of steam sterilization. Sporadic CJD
subtype VV2 exhibited residual seeding activity after 3 min, but no detectable activity
after 5 min at 134�C.
Conclusion: Validated steam sterilization for 5 min at 134�C as previously recommended
for the routine reprocessing of surgical instruments in contact with high-risk tissues is able
to substantially reduce the seeding activity of CJD agents, provided that no fixating
chemical disinfection has been performed prior to sterilization and that thorough cleaning
has reduced the protein load on the surface to less than 100 mg per instrument.
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Introduction Scrapie prions, though, were found to be substantially less
Prions e the causative agents of transmissible spongiform
encephalopathies (TSEs) e are infectious, self-replicating pro-
tein seeds that are thought to essentially consist of pathologi-
cally misfolded and aggregated conformational isomers of the
cellular prion protein (PrPC), referred to as PrPSc or PrPTSE [1,2].
Due to their molecular structure, prions exhibit a remarkable
resistance to common chemical and physical decontamination
procedures that effectively inactivate conventional pathogens.
While for chemical disinfection, protein denaturizing agents
such as sodium hydroxide, sodium hypochlorite or guanidine
thiocyanate are effective against prions, many common dis-
infectants based on, e.g., alcohols, glutaraldehyde or peracetic
acid fail to inactivate or even fixate prions [3]. Furthermore,
prions are renowned for their particular strong heat resistance
exceeding even that of bacterial endospores. The standard
autoclaving programmes for sterilization of medical instru-
ments, 15 min at 121�C or 3 min at 134�C under saturated steam
pressure, sufficiently inactivate all micro-organisms including
endospores [4,5], but subpopulations of prions can withstand
especially the first condition [6e9]. Over time, while the unusual
prion agent and the nature of its infectivity have been deci-
phered, at least 500 cases of iatrogenic CreutzfeldteJakob
disease (iCJD) occurred worldwide since the first report in
1974 [10e12]. The majority of cases resulted from treatments
with prion-contaminated human-derived growth hormones and
duramater grafts; however, stereotactic electrodes and surgical
instruments have also been reported in low numbers as trans-
mission sources of iCJD. The prolonged pre-symptomatic phase
of prion diseases, difficulties in early diagnosis of CJD and the
distribution of prions in extraneural tissues [13e15] harbour a
risk for prion contaminations on non-disposable instruments
used in patients with sub- or preclinical CJD. Because prions
have a high tenacity to stainless-steel surfaces [16,17], and
drying or heat-fixation of tissue can further stabilize the ther-
moresistant subpopulations [18], persistent concerns were
raised for iatrogenic prion transmission via medical devices,
despite the few cases actually observed so far. Steam steri-
lization has been established as a highly relevant and effective
method of countering such risk, which can be further improved
by chemical cleaning and disinfection beforehand to achieve
optimal decontamination. TheWorld Health Organization (WHO)
recommends in its guideline WHO Infection Control Guidelines
for Transmissible Spongiform Encephalopathies [19] a thorough
chemical disinfection through immersion in sodium hydroxide or
sodium hypochlorite for tolerant instruments prior to steam
sterilization. If medical devices cannot be chemically treated, a
prolonged steam sterilization for 18 min at 134�C is recom-
mended with the caveat that prion infectivity will not be com-
pletely but only largely reduced. The German guideline Hygiene
Requirements for the Reprocessing of Medical Devices [20] (for
English translation see http://go.nature.com/2vjyysf) suggests
a combination of (pre-)cleaning, chemical disinfection and
subsequent steam sterilization at 134�C for at least 5 min; in
case of insufficient chemical cleaning the holding time should be
increased to 18 min. French authorities generally recommend
steam sterilization of 18min at 134�C for all medical instruments
[21]. However, most of the guidelines for prion decontamination
were not validated against CJD but scrapie prions due to the
wider availability of sensitive animal bioassays [18,22e24].
resistant to steam sterilization than other TSE agents, especially
bovine spongiform encephalopathy (BSE) [7,25,26] and BSE-
derived variant CJD (vCJD) [9]. Thereby, vCJD prions are of
increased concern because of their widespread tissue dis-
tribution in affected individuals, which is not limited to neural
and lymphatic tissues only but also extends to peripheral ones
such as blood or muscles [27]. Accordingly, many studies
addressing safe reprocessing of medical devices focused on vCJD
but not the much more frequent sporadic forms of CJD (sCJD),
which account for approximately 85% of all CJD cases [28]. Based
on current knowledge, it seems rather unlikely that new vCJD
cases will occur frequently in the future, while the efficacy of
steam sterilization against sCJD prions remains to be examined
in more detail. In this study we evaluated the sensitivity of one
type of sCJD in relation to 263K scrapie and vCJD towards steam
sterilization for different holding times at 134�C. For this, we
determined the reduction of their proteinaceous seeding
activity, the basic principle underlying prion replication, using
highly-sensitive protein misfolding cyclic amplification (PMCA).
PMCA mimics the nucleation-dependant polymerization of
prions in a cyclic and accelerated process, and allows a direct
titration of the seeding activity of several prion strains in vitro
without the need for animal bioassays [29e33].

Methods

Brain tissue samples

All applicable international, national, and institutional
guidelines for the care and use of animals for scientific purposes
were followed. Euthanasia of Syrian hamsters and transgenic
mice was performed under isofluorane anaesthesia and was
acknowledged by the institutional and local governmental
authorities (Landesamt für Gesundheit und Soziales Berlin,
Germany; registration IDs: T 0191/17, TN 0001/20). 263K brain
tissue was taken from stock obtained from terminally ill Syrian
hamsters at Robert Koch Institute (approval ID: G0085/00 [33]).

Human tissue samples were used in accordance with The
Code of Ethics of the World Medical Association (Declaration of
Helsinki). Sampling and use of tissues from CJD patients for
scientific purposeswere undertakenwith the understanding and
written consent of each donor or authorized caregiver. Brain
tissue of a patient diagnosed with vCJD was kindly provided by
National CreutzfeldteJakob Disease Surveillance Unit, Edin-
burgh, UK, and brain tissue of one donor diagnosed with sCJD
VV2 by Prof. Walther Schulz-Schaeffer, Saarland University,
Homburg, Germany. Experimental use of these tissues was
approved by the East of Scotland Research Ethics Service (No.
16/ES/0084) and the Ethics Committee of the University Medical
Centre Göttingen (No. 11/11/93), respectively.

Steam sterilization

Of each tissue sample 10% (w/v) brain homogenates in
phosphate-buffered saline (PBS) (pH 7.4) were prepared by
sonication. Ten microlitres each of 10% TSE-brain homogenate
or 10-fold dilutions (10�1 to 10�9) in normal brain homogenate
(NBH) as reference values were surface-dried in microtubes
using a SpeedVac concentrator Servant DNA 120 (Thermo
Fisher, USA) running for 20 min at medium dry rate.

http://go.nature.com/2vjyysf
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Samples comprising undiluted brain homogenate were sub-
jected to pre-vacuum steam sterilization at 134�C and
3000 mbar for the indicated holding times in a pre-heated
custom-made autoclave (resistometer HP, #1/0459, MMM
Münchener Medizin Mechanik, Germany). One thermo-pressure
and seven thermo data loggers (calibrated with �0.1�C/
1 mbar, ebro, Xylem Analytics, Germany) enabled precise
parameter control.
Protein misfolding cyclic amplification

Steam-sterilized samples and their respective dilutions as
well as negative controls (NBH only) and positive controls
(untreated and undiluted brain homogenate) were directly
analysed by PMCA as described elsewhere [31,33,34] with
modifications [32,35]. Due to a change of PMCA devices from
Misonix 3000 (Misonix, US; original protocol) to Q700 (QSoni-
cator, USA; updated protocol) ultrasonication processor and
the use of a heating bath circulation thermostat (CCe304B,
Peter Huber Kältemaschinenbau AG, Germany) for more pre-
cise temperature control, protocols required adaptations
between the experiments. Reproducibility of data from the
new setup was strictly evaluated and confirmed. Complete
data sets were repeated twice for selected holding times,
whereas incomplete data sets were filled up and the results
compared with existing data.

As conversion substrate for PMCA 10% (w/v) NBH of perfused
brains from Syrian hamster or transgenic mice expressing human
PrP with codon 129 polymorphisms MM or VV (tg_hu(129M) or
tg_hu(129V), respectively [36]) in conversion buffer (PBS, 1%
Triton X-100, protease-inhibitor cocktail cOmplete (Roche,
Switzerland), pH 7.4; partly supplemented with Chondroitin
sulphate (CHS; Sigma-Aldrich, USA) or heparin (LKT Labs, USA))
were used. For dissolving the dried samples, the respective
PMCA substrate was added to each microtube of either control,
reference or steam-sterilized sample and sonicated at 300 W for
30 s prior to transfer to the PMCA microtubes equipped with
beads (either 20-mg glass beads (0.75e1 mm; Roth, Germany) or
two Teflon-coated beads (1/1600, McMaster-Carr, USA)). The
conditions for all PMCA reactions are listed in detail in Table I.
Table I

Overview on protein misfolding cyclic amplification (PMCA) reaction co
and the current PMCA protocols

Prion isolate PMCA

version

NBH

substrate

Conversion

buffer

supplements

Beads R

v

263K Original
(unmodified)

Hamster 4 mM EDTA Glass 1

vCJD Original tg_hu
(129M)

4 mM EDTA
400 mg/mL CHS

Glass 1

vCJD Updated tg_hu
(129M)

6 mM EDTA
100 mM NaCl
400 mg/mL CHS

Teflon 1

VV2 Original tg_hu
(129V)

4 mM EDTA
400 mg/mL CHS

Glass 1

VV2 Updated tg_hu
(129V)

6 mM EDTA
100 mM NaCl
100 mg/mL
heparin

Teflon 1

CHS, chondroitin sulphate; NBH, normal brain homogenate; vCJD, variant C
Western blot

PMCA products collected from each round were digested with
75 mg/mL (VV2 and vCJD) or 150 mg/mL (263K) proteinase K
(Roche, Switzerland) for 45 min or 1 h, respectively, at 55�C in
the presence of 1% sarcosyl and 0.06% SDS, subsequently cen-
trifuged at 18,700 g for 1min, and the supernatants denatured in
sample loading buffer at 110�C for 10 min. Ten microlitres per
sample were run on Mini-PROTEAN 4e12% TGX protein gels (Bio-
Rad, USA) for SDS-PAGE and electrotransferred on PVDF mem-
branes. Western blot was performed with anti-PrP monoclonal
antibody 3F4 (1:2000; in-house production) and anti-mouse IgG
alkaline phosphatase-linked secondary antibody (1:5000; Dako,
USA). Stained proteins were visualized with CDP-Star chem-
iluminescent substrate (Thermo Fisher, USA) for alkaline phos-
phatase chemiluminescence reaction on Amersham Hyperfilm�
ECL films (GE Healthcare, USA). Images were created in Illus-
trator 2021 (Adobe, USA) and graphs of analysed data in
GraphPad Prism 9 (USA).

Results

Establishment and optimization of the experimental
setup

A direct correlation between the molecular seeding activity
of animal or human prions in vitro and their biological infec-
tivity in vivo has been demonstrated in different studies
[31,32,37,38]. On this basis, infectivity can be determined by
fast and easy titration of their seeding activity in vitro by, e.g.,
PMCA. Because the sensitivity of PMCA assays for prion seeding
activity is generally higher than that of animal bioassay for
prion infectivity [32,37,38], such an in vitro approach is par-
ticularly useful for assessing residual infectivity after inacti-
vation procedures.

In this study 10 mL of 10% (w/v) brain homogenates con-
taining 100 mg of total protein [39] were used as standardized
samples. This amount of total protein reflects the maximum
of residual proteinaceous load found on surgical instruments
after chemical cleaning [40] and also corresponds to the
nditions of the tested prion isolates and comparison of the previous

eaction

olume

Temperature Sonication Passaging Number of

rounds

50 mL 38�C 200 W
40 s/59.3 min

1:5 after
24 cycles

4

50 mL 37�C 200 W
40 s/59.3 min

1:2 after
24 cycles

8

00 mL 37�C 170 W
30 s/29.5 min

1:6.67 after
48 cycles

8

50 mL 37�C 200 W
40 s/59.3 min

1:3 after
48 cycles

8

00 mL 37�C 170 W
30 s/29.5 min

1:4 after
48 cycles

5

reutzfeldteJakob disease.
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maximum acceptable amount on reprocessed medical devi-
ces prior to steam sterilization according to German guide-
lines [20]. Although brain macerates might be more
challenging for decontamination procedures [9], brain
homogenates have long been considered to represent a
worst-case paradigm in prion decontamination, especially
when fixed on surfaces by air-drying as in this study
[3,41e43]. Furthermore, other than macerates, brain
homogenates have the advantage of providing homogeneous
and standardizable samples in experimental series, which is
another reason why they have been frequently used in prion
inactivation studies [23,44e47].

In order to examine variations of different prion strains with
regard to their tolerance to steam sterilization, three repre-
sentatives were chosen: the hamster-adapted scrapie strain
263K as a frequently used model agent reaching high titres but
being considered as non-pathogenic to humans [48], sCJD type
VV2 as a human prion isolate of ongoing practical relevance,
and vCJD as it is known to exhibit a particular strong heat
resistance among prions next to BSE [9].

For inactivation kinetics the reduction after holding times of
0, 0.5, 1.5, 3, 5 and 18 min at 134�C were determined. Thereby,
0 min refers to the heating phase of the autoclave including the
evacuation time of the chamber, 3 min represents the standard
holding time for sterilization of surgical instruments [4], while
5 min follows the aforementioned German guideline [20] for
routine reprocessing of medical devices in contact with high-
risk tissues.

In our study PMCA conditions for the three isolates 263K, VV2
and vCJD were adjusted at first, such that a precise gradation
for 10-fold dilutions was obtained after each round. Therefore,
a sufficient sensitivity comparable between the strains was as
essential as a moderate amplification rate to avoid indis-
tinguishable PMCA results for adjacent dilutions. Furthermore,
PMCAs had to be highly reproducible between the independ-
ently performed experiments, which could also be ensured
after updating our PMCA setup by the described adjustments.

Prion seeding activity of the PMCA products from steam-
sterilized samples and reference brain homogenates was
determined by the amplified proteinase K-resistant PrPres in
Western blot. Analysis of the results was carried out based on
the occurrence and intensity of PrPres bands and was inde-
pendently performed by two operators. Western blot signals of
the steam-sterilized samples were then correlated to the
matching 10-fold dilutions of their respective reference sam-
ple. In case of signals lying between two serial dilutions of the
reference sample, the lower dilution was counted. The
respective negative and positive controls allowedmonitoring of
the correct performance of the PMCA runs. By correlating the
residual seeding activity of steam-sterilized samples to the
defined 10-fold dilutions of reference brain homogenates, the
log10-reduction factors could be calculated. An exemplary
Western blot of one experiment with sCJD VV2 is shown in
Figure 1 to illustrate the analytical comparison of reference
and steam-sterilized samples after PMCA.
sCJD VV2 prions exhibit a lower resistance to steam
sterilization than vCJD prions

The special autoclave (resistometer) used in this study
exhibits a highly precise and fast heating capacity, enhancing
the reproducibility between experiments, in particular for short
holding times, which cannot be achieved by standard auto-
claves. The resistometer was pre-heated according to the
manufacturer’s instructions before performing the experiments
to ensure equal heating curves to the final temperature of 134�C
for each run. This heating time was defined as 1 min as depicted
in Figure 2, although the exact time varied by seconds between
different runs. An exemplary temperature profile of a steam-
sterilization run is depicted in Supplementary Figure S1. Inac-
tivation of each prion isolate was examined in at least three
independent experiments run in duplicate (except for 263K,
3 and 5 min: N ¼ 2). In Table II the means of the log10-reduction
factors for each holding time as well as the number of samples
and experiments are presented. Figure 2 shows the reduction of
seeding activity over holding time for the three prion agents.

It is clearly visible that during the heating to 134�C a sub-
stantial amount of seeding active material already became
inactivated. In general, the first minutes account for the stron-
gest inactivation until the reduction slows down. Thereby, for
263K the heating time already led to a reduction of seeding
activity of 7 log10 (holding time 0 min), while in two of three
experiments this agent was fully inactivated after 0.5 min
holding time only and in the third after 1.5 min e corresponding
to a mean reduction factor of 8.75 and 9.5 log10, respectively.
VV2 shows a strong reduction until a holding time of 1.5 min of
about almost 8 log10. After 5 min a mean reduction of 8.9 log10
was achieved, which constitutes a complete inactivation of
detectable seeding activity in all tested samples, depending on
the achieved sensitivity in the respective run. Until 1.5 min
holding time, the seeding activity of vCJD prions showed a sim-
ilarly shaped reduction curve as that for VV2, though with a
somewhat lower reduction of about 7 log10. However, other than
VV2 the reduction profile became increasingly static with a final
reduction of 8 log10 only. In contrast with 263K and VV2, a
resistant fraction of vCJD withstood steam sterilization at 134�C
even for 18min,with a residual seedingactivity equal to the10�9

dilution of untreated vCJD brain homogenate in all samples.
A substantial variation in the detected residual seeding

activities was observed for all three prion agents between the
experiments, in particular for samples subjected to short
holding times less than 1.5 min. However, these deviations
increasingly diminished with longer holding times. Because
variations occurred between experiments and not between the
replicates within one run, the surface drying process and hence
stabilization of prions seemed to differ despite intense efforts
for standardization. In addition, the detection limits of seeding
activities were found to vary up to one order of magnitude
between independent runs, resulting in further variation of the
reduction factors despite equally complete inactivation of
detectable seeding activity.

Discussion

In this study, resistance of prions to pre-vacuum steam
sterilization at 134�C was examined over different holding
times between 0 and 18 min. In order to address the well-
known strain differences in this regard, we compared the
three prion isolates scrapie 263K, sCJD subtype VV2 and vCJD.
Our results confirm previous studies: 263K was found to be the
least thermoresistant strain showing no detectable seeding
activity after 1.5 min at the latest, while vCJD was the most
resistant one with residual fractions of seeding activity
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persisting even after 18 min of steam sterilization in all
experiments. In particular, the lack of data for sCJD previously
raised concerns of a thermostability equal to vCJD and thus a
risk for transmission via surgical instruments. Here we could
demonstrate that the analysed VV2 isolate as a relevant
example for sCJD prions ranged clearly below vCJD but above
263K in terms of heat resistance: at 134�C complete
inactivation of detectable seeding activity was achieved after
5 min but not after 3 min. It can be assumed that the single VV2
and vCJD isolates examined in our study are representative of
the thermostability of their strains, because according to the
prion hypothesis prion strain characteristics are molecularly
enciphered in the conformation of PrPTSE of the respective
strain. Thus, the differences observed between both prion
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agents most plausibly resulted from their intrinsic molecular
characteristics rather than varying individual factors of the
donors.

Our findings mitigate concerns regarding re-using neuro-
surgical instruments even in cases of unknown con-
taminations with sCJD prions, if they were properly cleaned
and sterilized. In addition, the results confirm the rationale
of the current German guideline for the routine reprocessing
of medical devices and accentuate the need for a prolonga-
tion of steam-sterilization holding times from the standard
3 min to at least 5 min for possibly prion-contaminated
instruments [20]. None the less, a thorough cleaning and
non-fixating chemical disinfection is required to minimize
the risk of transmission and to achieve a sufficient steri-
lization. Chemical cleaning, particularly alkaline-based,
efficiently removes tissue lumps and fatty components that
contribute to prion stabilization. Thereby, residual protein
loads on instrument surfaces are reduced below 100 mg and
thus potential infectious prion contaminations too.
Table II

Reduction factors in log10 for each tested prion isolate per holding t
performed, including standard deviation and total number of samples

vCJD VV

Holding

time

at 134�C
(min)

Reduction

factor

(log10)

Standard

deviation

No. of

experiments

No. of

samples

Reduction

factor

(log10)

Standar

deviatio

e e e 6 12 e e

0 4.38 1.11 4 8 4.88 1.54
0.5 5.40 1.11 5 10 5.38 1.11
1.5 7.10 0.54 5 10 7.88 0.78
3 7.33 0.47 3 6 8.40 0.49
5 7.50 0.50 5 10 8.88 0.33
18 8.17 0.37 3 6 9.00 0.00

sCJD, sporadic CreutzfeldteJakob disease; vCJD, variant CreutzfeldteJako
Additionally, it is evident that prion-containing material
dried on surfaces fixate prions and increase their thermo-
stability [18]; hence, it is essential to keep surgical instru-
ments moist after use and to pre-soak and pre-clean them
prior to sterilization [26,49]. In this study, the prion-
containing material was fixated on polypropylene instead of
surgical steel. Different surface materials can have an
influence on the decontamination of prions as described
recently [50]. However, an impaired access of the dis-
infectant to the prion contamination due to porous or
hydrophobic surfaces rather than prion stabilizing effects of
the materials are thought to be causative for varying dis-
infection efficacy. There seems to be no evidence that car-
rier materials alter the tenacity of prions during the surface
drying process, other than the fixation by drying itself
[16e18].

Safety of sterilized surgical instruments is an ongoing con-
cern in prevention of nosocomial infections. Systematic and
regular evaluation of sterilization efficacy is important, for
ime at 134�C, presented as mean of all samples and experiments
and experiments

2 (sCJD) 263K

d

n

No. of

experiments

No. of

samples

Reduction

factor

(log10)

Standard

deviation

No. of

experiments

No. of

samples

4 8 e e 4 8
4 8 7.00 0.89 3 10
4 8 8.75 0.43 3 8
4 8 9.50 0.50 3 6
5 10 9.25 0.43 2 4
4 8 9.50 0.50 2 4
4 8 9.67 0.47 3 6

b disease.
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which pathogens with the possibly highest resistance to inacti-
vation provide the most appropriate test species. Prions exhibit
such a strong heat resistance that they even exceed Geobacillus
stearothermophilus spores, the commonly used model patho-
gen for autoclave testing. Hence, prions appear to represent
ideal test agents for reliable validation of steam-sterilization
procedures. In this context, PMCA provides an easy, fast and
ultrasensitive tool for analysing prion inactivation.

Our data provide evidence that VV2 as the second most fre-
quent sCJD subtype [51] exhibits a less strong resistance to steam
sterilization at 134�C than vCJD. The tenacity of vCJD was con-
firmed tobe remarkably strong, and aprolongation of the holding
time from 5 to 18 min did not further reduce remaining heat-
resistant vCJD species as observed in several previous studies
[8,18]. Therefore, concerns regarding vCJD contaminations on
medical devices appear plausible, as highlighted by Fernie et al.
[9]. However, the heat-resistant fraction of vCJD prions that
withstood steam sterilization in our study represented a seeding
activity corresponding to the 10�9 dilution of untreated vCJD
brain homogenate only. Due to the apparently minor risk of new
vCJD patients in future, the recommended steam sterilization at
134�C for 5 min from 2012 [20] can be regarded to be sufficiently
safe for the routine reprocessing of heat-resistant devices
unknowingly used in sCJD carriers, at least thosewith the disease
subtype VV2. Further, our study highlights that 263K and pre-
sumably also other scrapie strains are an imperfect surrogate for
human prions concerning steam sterilization.
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