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Preface

This thesis follows a career that has focussed on working with high consequence
pathogens. | started as a research analytical technician working with Sa/monella
bacteriophages, advancing as a research scientist working on Escherichia coli
serotype 0157 (MPhil thesis, 1996), then joined the Special Pathogens Reference
Unit as a Senior Project Team Leader taking responsibility for the Anthrax
Reference Unit. | subsequently led the response at Porton to the Foot and Mouth
Disease Virus crisis in the UK, and then swiftly back to the Anthrax Reference Unit
to co-ordinate the response to the Anthrax releases in the United States of America
and the subsequent knock-on to the United Kingdom. My successful navigation of
these challenges highlighted my capability in this area and resulted in the
opportunity to take on the challenge of a previously poorly managed US contracts
team of scientists and technicians, that at its peak grew to employing 40+ staff,
fourteen projects and funding of over $59M. This wealth of experience has placed
me in the unique position of being able to lead the research, clinical and service
delivery teams working at the maximum levels of containment for human and

animal pathogens.
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Abstract

This thesis outlines the classification of biological agents, the regulatory framework
for working safely and the security implications of handling high consequence

pathogens followed by a detailing of my significant contributions to this field.

My work covers a broad range of pathogens and research questions, yet shares a
common theme of developing novel approaches to working in containment:
examining the use of bacteriophage as a mechanism for the capture and detection
of Escherichia coli serotyope O157; characterisation of the anthrax vaccine and its
production processes, to inform the understanding and development of current and
next generation vaccines; an analysis of environmental anthrax spore levels and
their decontamination, contributing to responses in the event of a bioterrorism
event; improvements to established but unreliable inactivation methods, thereby
allowing viral haemorrhagic fever samples to be taken out of containment whilst
maintaining the integrity of molecular material; and innovative approaches to
working safely and humanely with a primate model of monkeypox virus has been

instrumental in the approval of a new vaccine for smallpox.

This work catalogues my advancement through the containment levels at Public
Health England, which has culminated in my current senior management role as
the Head of High Containment Microbiology, with responsibility for the ACDP

Containment Level 4 /n-vitro facilities at Porton and Colindale.

Vii



Table of Contents

Title Page

Declaration

Acknowledgements

Abbreviations

Preface

Abstract

Table of Contents

1. Commentary: Approaches to Handling High Consequence Pathogens

1.1

1.1.1

1.1.2

1.1.3

1.2

1.2.1

1.22

1.2.3

1.24

1.3

1.4

Introduction

ACDP and SAPO Classification of Biological Agents

High Consequence Pathogens

High Containment Facilities

Scientific Contribution to the Study of High Consequence Pathogens
Pathogen Culture and Detection in ACDP CL3 and CL4 Facilities
Inactivation Studies of High Containment Pathogens

Bacillus anthracis

High Consequence Pox Viruses

Future Work

Concluding Comments

2. References to the Commentary

3. Academic contributions by Allen Douglas Glen ROBERTS

4. Metrics, contributions and original versions of the presented body of work.

5. Ethics Form UPR16

Vi

vii

viii

11

16

21

22

23

33

35

116

viii



1. Commentary

Approaches to Handling High Consequence Pathogens

1.1. Introduction

1.1.1. ACDP and SAPO Classification of Biological Agents

The UK has two classification schemes for pathogens: the Advisory Committee on
Dangerous Pathogens (ACDP) (HSE, 2005) which covers the control and
classification of human pathogens, and the Specified Animal Pathogens Order
(SAPO) (HSE, 2015) which covers the control and classification of animal

pathogens.

The ACDP issues guidelines (HSE, 2001, 2005, 2006) for working with pathogens
and it has the status of guidance supporting the Health and Safety at Work Act
1974 and the Control of Substances Hazardous to Health Regulations (COSHH)
(HSE, 2013b). Micro-organisms are classified into four hazard groups by the ACDP
on the basis of pathogenicity to humans, risk to laboratory workers, transmissibility
to the community, and whether effective prophylaxis is available (HSE, 2013a)
(Table 1). The hazard group of the pathogen then determines the containment
level that has to be used to undertake work with the pathogen. An ACDP hazard
group 4 pathogen is the highest categorisation and work with this hazard group
must be undertaken at containment level 4. The example pathogens highlighted in
bold in Table 1 are pathogens that have been used in work described in this

commentary.

Animal pathogens are classified in a similar way to human pathogens with the
primary focus, understandably, on the potential harm to susceptible animal species,
the potential for the disease to spread from the laboratory and the subsequent
economic impact if a release occurred. It is estimated that the 2007 release of Foot
and Mouth Disease Virus from facilities in Pirbright, which affected eight farms,
cost the government £47 million and industry £100 million (Anderson, 2008). Table
2 describes the criteria for classification of animal pathogens into their respective
groups (HSE, 2015).



Table 1: Definition of ACDP Hazard Groups.

ACDP hazard
group

Definition

Examples

1

An organism that is most unlikely to
cause human disease.

Staphylococcus
epidermis

An organism that may cause human
disease and which may be a hazard to
laboratory workers but is unlikely to
spread to the community. Laboratory
exposure rarely produces infection and
effective prophylaxis or treatment is
usually available

Legionella
pneumophila

An organism that may cause severe
human disease and presents a serious
hazard to laboratory workers. It may

Bacillus anthracis
Escherichia coli 0157
Monkeypox virus

present a risk of spread to the
community but there is usually effective
prophylaxis or treatment available.

An organism that causes severe human
disease and is a serious hazard to
laboratory workers. It may present a
high risk of spread to the community
and there is wusually no effective
prophylaxis or treatment.

Ebola virus
Crimean-Congo
haemorrhagic fever virus

Table 2: Definition of SAPO Hazard Groups

SAPO hazard | Definition
group
Disease producing organisms which are native to animals
1 in the UK (enzootic) or do not produce notifiable
diseases.
Disease producing organisms that are either exotic or
2 produce notifiable disease, but have a low risk of spread

from the laboratory.

Disease-producing organisms which are either exotic or
3 produce notifiable disease, but have a moderate risk of
spread from the laboratory.

Disease-producing organisms which are either exotic or
4 produce notifiable disease, but have a high risk of spread
from the laboratory.

Clearly, some zoonotic pathogens are both human and animal pathogens, and as
such have dual classification e.g. Bacillus anthracis - ACDP hazard group 3, SAPO
hazard group 3; Foot and Mouth Disease Virus — ACDP hazard group 2, SAPO

hazard group 4; Nipah virus — ACDP hazard group 4, SAPO hazard group 4. Both
2



ACDP and SAPO maintain lists of agents and their categorisation which are

reviewed and updated on a regular basis.

1.1.2. High Consequence Pathogens

High consequence pathogens are those that are classified in the UK as belonging to
ACDP hazard groups 3 or 4 (Table 1); they are also often termed high containment
pathogens, and these terms will be used interchangeably throughout this
commentary. The National Health Service High Consequence Infectious Disease
(NHS HCID) programme defines high consequence pathogens as those that are
responsible for infectious diseases that are characterised by: acute infectious
illness, the ability to spread in healthcare settings, a high case fatality rate,
difficulties in recognition and rapid detection, and often lack of effective treatment.
Infections caused by these pathogens frequently require co-ordination at a national
level to ensure an effective and consistent response (Pinto-Duschinsky & Jeavons,
2015) and example of this would be the two cases of Monkeypox virus infection in
the UK in 2018 (Vaughan et al.,, 2018) which was managed as an enhanced
incident in PHE.

Several high consequence pathogens are included in the Research and
Development Blueprint List of Priority Diseases issued by the World Health
Organisation (WHO, 2018); this list highlights those pathogens that have the
potential to cause a public health emergency and identifies where there is a need
for accelerated research and development. All but one of these agents are
categorised as ACDP hazard group 3 or 4 and therefore require handling in high
containment facilities; some of these are featured in the work described in this

commentary.

1.1.3. High Containment Facilities

The requirements for the building, safe operation and maintenance of high
containment facilities in the UK are based on the guidance and regulations of
COSHH, ADCP and SAPO, and are reviewed in Table 3. Additionally, there are
obligations under the Anti-Terrorism, Crime and Security Act 2001 (ACTSA) relating

to the access and security arrangements of high containment facilities. The
3



advanced level of engineering required to meet these containment specifications,
and the associated management systems and emergency procedures that
establishments housing these laboratories must have in place together result in
high building, operation and maintenance costs for these facilities. Consequently,
all ACDP containment level 4 facilities in the UK are government owned and
funded; UK facilities that can undertake work with ACDP hazard group 4 organisms
are the Defence Science and Technology Laboratory (Dstl) at Porton Down (a
Ministry of Defence facility), and the two Public Health England laboratories one at

Porton Down, Wiltshire and the other at Colindale, North West London.

While there is some overlap between ACDP and SAPO requirements for
containment laboratories (Table 3), these differ in their primary aim; ACDP
requirements are designed to protect the operator from risk of infection, while
SAPO containment is designed to minimise the risk of release to the environment
of agents that may have an economic impact. Thus, ACDP4 and SAPO4
containment are not equivalent; SAPO containment level 4 laboratories in animal
health laboratories (such as Animal and Plant Health Agency [APHA]) cannot be
used for ACDP hazard group 4 pathogens, while ACDP containment level 4 facilities
can handle the highest categorisation of both systems if they have the appropriate

SAPO licensure.

The ACDP guidelines give very clear guidance on how the laboratory should
operate but these only apply to work involving standard microbiology methods. Any
work that is non-standard requires further robust risk assessment and may need
additional regulatory approval. A view will be taken on new work if it is deemed a
significant change from previous work, even if regulatory approval to use such
agent has been granted. A recent example of this within my department was a
series of experiments involving infection of ticks with Crimean-Congo Haemorrhagic
Fever (CCHF) in an ACDP Containment Level 4 /n-vitro laboratory; this required
submission of extensive risk assessments, proof of concept at ACDP Containment

Levels 2 and 3 and a walk through of the work with HM Inspector from the HSE.



Table 3: Review of ACDP, COSHH and SAPO containment measures required for

containment facilities.

Containment measure

Containment Level

2 3 4
Workplace sep_are}ted No Yes Ves
from other activities
Supply and Extract No Single extract Single supply,
HEPA filtration only double extract
Restricted access to
authorised personnel Yes Yes Yes
only
Sealable for
disinfection/fumigation No ves ves
Negative pressure Yes, specified for
cascade No Yes SAPO
(-50 to -75 Pa)

Vector control No, unless No, unless animal

animal containment. Yes

containment

Yes, if SAPO

Surfaces impervious to
water and easy to
clean

Yes, bench

Yes, bench, walls
and floor

Yes, bench, walls,
floor and ceiling

Safe storage of

Yes, secured for

Yes, secured for

biological agent Schedule 5 Schedule 5 Yes, secured.
pathogens pathogens
Observatlo_n window No Yes Ves
or alternative
Laboratory has own Yes, as far as
equipment No reasonably Yes
practicable
Infected material,
including any animals Yes, where Yes, where
: Yes
to be handled in aerosol aerosol
containment
Incinerator Accessible Accessible On-site
Effluent treatment Yes, where RA
No . Yes
pant dictates
Shower on exit No No, excgpt where Yes, for SAPO
RA dictates
Autoclave Yes, within suite,
Yes, in the Yes. within suite must be double-
building ’ ended and
interlocked doors
Protective clothing Yes, complete
Yes Yes change including
footwear
Airlocks No, unless RA
No Yes

dictates




1.2. Scientific Contribution to the Study of High Consequence

Pathogens

A significant portion of my career has involved work with ACDP and SAPO high
containment pathogens, both /n vitro and /n vivo. This commentary outlines my
work on the culture, detection and inactivation of high containment pathogens,
followed by a description of my considerable contributions to the study of two
particular high containment pathogens, Bacillus anthracis and high consequence

pOX viruses.

1.2.1. Pathogen Culture and Detection in ACDP CL3 and CL4

Facilities

My work on the detection of high containment pathogens began with the
development of a rapid detection system for £. coli serotype 0157 (Roberts, 1996).
Briefly, bacteriophages were used to phage type isolates and a cocktail was made
of three bacteriophages that between them covered all phage types of £. coli
serotype 0157. These were then grown to high titre and used as an antigen
capture for a range of sample types. A biotinylated bacteriophage was then used
as a detector for any E. coli serotype O157 that was captured on the plate. This
could confirm the presence of E. coli serotype 0157 within several hours as

opposed to conventional methods that took several days.

The detection of high containment pathogens historically required containment
facilities but with the advancement of molecular techniques, pathogen detection
can now be carried out at lower levels of containment. ACDP Containment Level 4
laboratories now are principally used for the culture and propagation of viruses
from clinical samples. Inactivation of high-risk clinical samples, isolates and
experimental samples containing HG3 and HG4 pathogens is often performed in
containment, prior to removal of samples to allow further work to be undertaken at

a lower containment level (see section 1.2.2).

The advancements since molecular methods were developed are staggering and
have led to an unbelievable amount of data being generated very quickly,

particularly in the sequencing field. The 2013-2016 Ebola virus outbreak in West
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Africa was the largest and most complex Ebola outbreak since the discovery of the
virus in 1976; the number of cases and deaths during this outbreak were
considerably higher than all previous known outbreaks combined. A multinational
response was mounted to help control the outbreak, and there were several cases
of foreign healthcare workers contracting the disease. The UK had three imported
cases. My department isolated and cultured the virus from the first of these UK
cases; the full virus sequence was rapidly deposited in Genbank for use by the

wider research community (Bell et a/., 2014).

Culturing pathogens in high containment facilities can be challenging, particularly
at ACDP containment level 4. Compliance with the range of regulatory, safety and
operational requirements make quite simple tasks difficult: space is limited,
especially in cabinet-line-based laboratories; specialised equipment may not be
available; sample manipulation using MSCIIl gauntlets is difficult. Due to the
bespoke nature of each CL4 facility, microbiological methods are hard to
standardise between laboratories, and this has led to inconsistencies in data
generation between groups. This problem can lead to incorrect conclusions being
drawn about pathogen characteristics, the efficacy of therapeutic interventions, or
the suitability of animal models being drawn The development of standardised
methods of propagation are essential for performing reproducible experiments with
high containment pathogens. The US contracts work undertaken under the NIAID
program has demonstrated the problems that can be encountered if propagation is
not standardised; the program had faced issues with US contractors using
Burkholderia maller (personal communication) whereby differing contractors were
obtaining different results from performing the same animal studies. Upon
investigation, it was found that the challenge material was being grown in different
ways, from different sources and different passage numbers were being used at
each establishment. As a result, disease presentations, immunological profiles and
progression were different at each contractor. As a result of these issues, they
funded a repository, the Biodefense and Emerging Infections Research Resources
Repository (BEI Resources), that supply all material required to undertake work by
their contractors. Where possible, all pathogens are supplied in sufficient quantity
for all work to be undertaken, for example the Monkeypox work described in
section 1.2.4 (Tree et al., 2015, Hatch et a/., 2013) and if not possible, stock



vials, reagents and detailed protocols are distributed with clear acceptance criteria

to ensure consistency in all facilities.

A considerable amount of recent work by my department has exploited this
requirement for consistent pathogen propagation, and we have been successful in
winning grants for the production of authenticated Ebola and Marburg virus stocks
for the US Government in 2007 (NIAID, 2007), 2013 (NIAID, 2013) and, more
recently, in 2017 (BARDA, 2017). These contracts required the production of
authenticated master and working virus banks that will be shipped to BEI
Resources for dissemination to contractors. This contract is a prime example of
where standardisation is key, production of the stocks requires a number of key
tests and one of these is the 7U/8U ratio that can change on repeated passage and
is thought to affect the pathogenicity of the virus. It has been reported by Trefry et
al., 2016 that independent of statistical significance amongst vaccinates, it is the
authors’ recommendation that future challenges be carried out utilising a high
percentage 7U Ebola virus stock in order to mitigate the risk that there is a

difference between the two challenge stocks in the context of a vaccine.

1.2.2. Inactivation Studies of High Containment Pathogens

The study of high consequence pathogens, whether for fundamental research,
development of new diagnostics, evaluation of therapeutics, or monitoring of
clinical specimens from a confirmed patient, requires that infectious material is
handled at the appropriate containment level; however, it is highly desirable to be
able to work with this material at lower levels of containment for practical and
economic reasons. Prior to its removal of material from high containment,
infectious material must be inactivated by a method that is both validated for the
organism in question and is compatible with procedures that will be carried out
downstream. Failure to fully inactivate material before its removal from CL3 or CL4
facilities represents a potentially catastrophic breach of containment, with major
implications for the safety of operators and the wider community. Indeed, recent
inactivation failures have caused significant concern worldwide, including two
incidences of the removal of unsterilised anthrax samples from CL3 (Centers for
Disease & Prevention, 2014; Sample, 2014).



Chaotropic salts such as guanidium isothiocyanate or guanidine hydrochloride are a
component of the lysis buffers of several commercially available nucleic acid
extraction kits, and as such are routinely used for RNA and DNA extraction from
clinical samples. Blow and colleagues reported that AVL buffer, a guanidinium
isothiocyanate-containing component of the Qiagen QlAamp Viral RNA Mini Kit
(Qiagen, 2018), was effective at inactivating a range of different ACDP3 and ACDP4
pathogens, including Ebola and Marburg viruses (Blow et al., 2004). These data
have been used as evidence to support the use of AVL buffer for rendering samples
safe so that they can be removed to lower containment levels for processing. AVL
buffer has since been used extensively for inactivation of high risk samples; AVL
buffer alone was relied upon for inactivation of Ebola virus clinical samples before
removal from primary containment in a number of diagnostic laboratories during
the 2013-2016 West African Ebola virus outbreak (Kerber et a/., 2016).

Concerns were raised at a Global Health Security Initiative (GHSI) meeting of the
Laboratory Network working group (September, 2013) that nucleic acid extraction
buffers may not be completely effective for virus inactivation which would lead to
the assumption there were flaws in the Blow study (Blow et a/, 2004), for
example, inactivated samples were diluted out to overcome the cytotoxic effect of
AVL, so experiment would miss low virus titres. Although the GHSI data on which
these concerns were based remain unpublished, studies published since have
provided evidence of incomplete Ebola virus inactivation by AVL in murine blood,
marmoset sera and cell culture media (Haddock, Feldmann, & Feldmann, 2016;
Smither et al., 2015). More recently, we have demonstrated incomplete inactivation
of Ebola virus in human serum (Burton et al., 2017). Thus, there is now
compelling evidence that AVL buffer alone cannot be guaranteed to inactivate
Ebola virus. However, it was found that complete inactivation of Ebola virus was
achieved following the addition of ethanol to samples in AVL buffer (Haddock et al.,
2016; Smither et al., 2015); this is the next stage of the manufacturer's protocol
for manual RNA extraction (Qiagen, 2018). It was therefore a recommendation of
the GHSI that the ethanol addition step of the nucleic acid extraction procedure
should be undertaken prior to removal of Ebola virus samples from containment. As
the UK representative on the GHSI working group, | ensured that this

recommendation was implemented across the High Containment Microbiology



Department and that local procedures for removal of high hazard material from our

CL4 laboratories were updated accordingly.

The addition of ethanol to samples before removing them from primary
containment is possible for manual RNA extractions, but this poses problems for
automated extraction platforms with which this is incompatible. This has particular
implications for diagnostic laboratories, where high-throughput automated systems
are preferable. Such automated systems were introduced into the PHE diagnostic
laboratories in Sierra Leone during the 2013-2016 Ebola outbreak, when Qiagen
EZ1 machines replaced manual extraction procedures. The sample workflow for
automated extraction in these laboratories involved the removal of samples from
primary containment following incubation with AVL and an additional heat
inactivation step (60 °C for 15 minutes) before loading samples onto the
automated platforms (Bailey et al, 2016). A potential issue with adopting heat
inactivation steps in high-throughput and/or outbreak situations is that continuous
temperature monitoring of samples is required to ensure full inactivation. To
address this problem, we performed studies to evaluate the suitability of Triton X-
100 as a second inactivant (Burton et a/., 2017). Triton X-100 is a non-
denaturing detergent that solubilises lipid membranes, and has been shown to
reduce Ebola virus infectivity without affecting blood chemistry or downstream
nucleic acid analysis (Lau, et al., 2015; Lewandowski et al., 2017; Tempestilli et al.,
2015). We found that the combination of both AVL buffer and 0.1% Triton X-100
for 10 or 20 minutes completely inactivated Ebola virus in mock clinical serum
samples, and that the treatment was compatible with downstream RT-qPCR and
next generation sequencing (Burton et a/., 2017). This represents a considerable
improvement over heat or ethanol treatment as a second inactivation step because
it permits consistent treatment of samples and is compatible with the automated
extraction platforms widely used in diagnostic laboratories. These findings will be of
great benefit to the wider diagnostic community, allowing for the development of
standard operating procedures that permit effective downstream sample

processing while not compromising operator safety.

10



1.2.3. Bacillus anthracis

Bacillus anthracis is a gram-positive, spore-forming bacterium that causes anthrax,
a severe infectious disease of both animals and humans. As such, it is classified
under ACDP and SAPO and must be handled at Containment Level 3 under both
sets of regulations. The type of anthrax infection varies according to the entry
route of the B. anthracis spore: cutaneous anthrax is caused by spore entry
through a skin lesion, most commonly following handling of infected animals or
animal products; spore inhalation or ingestion (through the consumption of
contaminated water or animal products) leads to inhalation anthrax and
gastrointestinal anthrax respectively. Cutaneous anthrax is the most common form
in humans, and presents as small blisters that develop into ulcers with
characteristic black eschars. Cutaneous anthrax causes less severe disease than
inhalation or gastrointestinal anthrax, which is associated with more systemic
symptoms; however, all types may cause severe disease and death if left
untreated. Anthrax cases in the UK are rare. Isolated cases of occupationally-
derived anthrax, associated with the handling of contaminated animal products
(Anaraki et al., 2008; Pullan et al., 2015; Sharp & Roberts, 2006), and sporadic
injection anthrax outbreaks have occurred among drug users, associated with

contaminated heroin (Grunow et al., 2012; Sykes et al., 2013).

B. anthracis spores are highly resistant to extremes of temperature and humidity,
and to treatment with chemical disinfectants; spores can remain viable for long
periods in soil, and B. anthracis has been recovered from contaminated soil and
animal remains after many decades (de Vos, 1990; Wilson & Russell, 1964). These
properties have led to anthrax being successfully developed as an effective
biological weapon (Jernigan et al, 2002); anthrax weaponisation has been
achieved by at least five national bioweapons programs: in the UK, Japan, the US,

Russia and Iraq.

The vegetative form of B. anthracis produces three primary virulence factors: the
bacterial capsule, lethal toxin (LT) and oedema toxin (ET). LT and ET are formed
from combinations of the cell receptor component protective antigen (PA) with
lethal factor (LF) and oedema factor (EF), respectively. LT and ET are required for

the bacteria to evade host immunity and to enable systemic dissemination; to do
11



this, they must be internalised into the cytoplasm of host cells by endocytosis in a

process that is mediated by PA (Friebe, van der Goot, & Burgi, 2016).

An anthrax vaccine is available for humans deemed to be at high-risk of contracting
anthrax; cell-free filtrates of the attenuated, non-capsulated Sterne strain of B.
anthracis (Sterne, 1939) are licensed in the both the UK and US for human use
(Turnbull, 1991). The UK vaccine is made by alum-precipitation of antigen from in
vitro Sterne cultures and is termed anthrax vaccine precipitated (AVP), to
distinguish it from anthrax vaccine adsorbed (AVA) which is licensed for use in the
US. AVP has been produced at the Porton site in the UK for over 60 years
(historically by PHE and its predecessor organisations, now by Porton Biopharma
Limited) and in this time, there has been little change to the manufacturing
process. B. anthracis Sterne is grown in media supplemented with casmino acids
and activated charcoal in order to maximise the yield of PA (Belton & Strange,
1954; Strange & Belton, 1954), which was originally thought to be the principal
immunogen of anthrax vaccines (Turnbull, 1991). Five hundred millilitre cultures
are grown statically in glass Thompson bottles at 37°C until the culture pH drops
below pH 7.6, at which point cultures are harvested and the culture supernatants
are pooled and filter-sterilised; this is followed by the addition of alum and pH
adjustment to 5.8-6.2. The alum precipitate is allowed to settle under gravity, the

supernatant is removed and the precipitate is resuspended in saline.

Despite the demonstrable efficacy of AVP, it was poorly characterised in terms of
the components that end up in the final product. A study | authored sought to
address this gap in knowledge by elucidating the composition of AVP (Hallis et
al., 2002). We used sensitive, specific immunoassays to demonstrate the
presence of PA, LF and EF, and surface layer proteins Sap and EAl in AVP
preparations, and used a series of novel /i vitro functional assays to demonstrate
that PA, EF and LF in AVP retained their biological activity. These findings were
confirmed a couple of years later in a study that used two-dimensional gel

electrophoresis to characterise AVP (Whiting et al., 2004).

The presence of LF and EF differentiates AVP from US-produced AVA, which
contains negligible levels of LF and EF (lvins et al, 1998; Puziss et al., 1963). The

differing compositions of AVP and AVA contribute to distinct antibody responses
12



following vaccination, and there is considerable evidence pointing to a contributory
role for antibodies raised against these non-PA components to the protective effect
of AVP in animal and human studies (Baillie et a/., 2003; Baillie et a/., 2010; Dumas
et al., 2017; Pezard et al., 1995; Price et al., 2001; Turnbull et al., 1986). It was a
concern that the non-PA components of AVP may be immunomodulatory and
negatively impact the PA-specific immune response, but the presence of these
other vaccine components has since been shown not to adversely impact the PA-
induced protective immune response (Baillie et al., 2003). Thus, the inclusion of LF,
EF and/or surface layer proteins, rather than solely focusing on PA as a
component, in the next generation of anthrax vaccines may improve their

immunogenicity.

Beyond a limited study of carbohydrate metabolism and PA production during static
culture of B. anthracis Sterne (Puziss & Wright, 1959), very little was known about
the growth characteristics and physiology of B. anthracis Sterne strain under the
conditions used for vaccine manufacture, despite decades of successful AVP
production. In 2007, we published an extensive study of a range of physiological
parameters during AVP production, including growth characteristics, utilisation of
substrates and antigen production (Charlton et a/., 2007) with the aim of
providing a set of baseline parameters to inform both current and future vaccine
production. Ensuring that our study accurately reflected the conditions during AVP
manufacture required a complex study design and the use of the vaccine
production facility, which operates at both ACDP and SAPO Containment Level 3.
The sampling method for this study involved harvesting whole bottles at desired
time-points instead of repeated sampling from the same bottle, since the
disturbance of cultures is thought to affect growth and antigen production through
disturbance of the pellicle that forms on the surface of the culture supernatant.
This study successfully established reproducible growth and metabolism kinetics for

B. anthracis Sterne under vaccine manufacture conditions.

ELISAs were used to quantify levels of PA and LF across the culture period
(Charlton et al., 2007). Furthermore, we demonstrated that levels of PA and LF
were near maximal at the time that bacterial culture is harvested during the

vaccine manufacture process (providing assurance that current harvest times are
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optimal) and showed that these antigens are not degraded during fermentation (as

has been reported for other culture methods; (Farchaus et al., 1998)).

The parameters established in the Charlton study (Charlton et al., 2007) have
been used subsequently in the evaluation of miniature bioreactors for growth of B.
anthracis (Mukhopadhyay et al, 2010; Mukhopadhyay et al/, 2011); these
miniature bioreactors have a small footprint and reduce experimental volumes used
and are thus particularly suited to the use with ACDP hazard group 3 pathogens in
containment, where space is at a premium and small volumes of pathogen are

preferable in order to reduce risk to the operator.

Both the Hallis and Charlton studies contribute significantly to the understanding of
the AVP production process and the individual components that make up this
vaccine, and inform the development of next generation anthrax vaccines. The
assays developed in these studies facilitate the use of antigen quantification to
provide assurance of AVP batch-to-batch consistency, and could ultimately reduce

or replace the /n vivo tests that are required currently prior to batch release.

The production of authenticated, standardised B. anthracis spore batches was
required for the delivery of two NIAID task orders that were awarded to test the
efficacy of antibiotics in small animals (NIAID, 2003a) and the primate model
(NIAID, 2003b). The standard method for the production of B. anthracis spores
was laborious; it required growing a lawn of B. anthracis on sporulation agar using
flat bottomed glass medical flats (Turnbull, 1998), which would be left for several
weeks before being washed off using diluent and glass beads. The sheer amount of
spores required to undertake all the studies required of the two awarded tasks
would have taken over twelve months. Early on in my career (in 1988), | was
involved in the large scale production of Bacillus globigii spores, which were used
for bio-tracing and were routinely used to monitor water flows. The growth
conditions and sporulation characteristics of B. globigii and B. anthracis are similar;
they are both difficult to spore — sporulation agar is nearly completely dried out
before sporulation starts to occurs, in some cases taking up to 6 weeks. The
method | was involved in and modified involved the production of 100+ litres of B.
globigii spores in a large fermenter with multiple feeds at set times, B. globigiiis an

ACDP hazard group 2 pathogen. A similar process was applied to production of
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B. anthracis spores. This necessitated scale-down of the procedure so that it could
be undertaken in a small fermenter for operation inside a Class Il microbiological
safety cabinet (MSC), in order to comply with the containment requirements of
working with an ACD3 hazard group 3 pathogen and not to contravene the
Biological Weapons Convention (BWC, 1972) by producing hundreds of litres of
high titre spores. Using this alternative method of propagation, all spore stocks for
the task orders were produced within three months and were of high titre and
quality for use in subsequent studies. Due to security issues around the nature of
this work, this methodology was not published; however, the virulence of the
resulting spore stock was presented as a poster at the 7th American Society of
Microbiology, Biodefense and Emerging Diseases Research Meeting, Baltimore
(Hatch et al., 2009).

The robustness of the B. anthracis spore means that the decontamination of
contaminated soil represents a particular challenge and we have reviewed the
available strategies for environmental sampling and anthrax decontamination
(Sharp & Roberts, 2006). This publication included various case studies of the
decontamination of specific buildings following incidences of bioterrorism in the US,
and the clinical case details of two cases of occupationally derived anthrax in the
UK, which I had previously presented at the International Conference on Emerging
Infectious Diseases in Atlanta, USA (Roberts et al., 2002). In addition to
comprising a comprehensive review of the published literature in this field, this
publication included my analysis of the thousands of samples that had been
received by the B. anthracis reference laboratory, of which | had processed the
samples between 1997 and 2006 as part of Environmental and Biosafety Services,
and then latterly as the project team leader of the B. anthracis reference
laboratory, contributing new information to the public domain on the numbers and
nature of environmental samples that were being tested in the UK at this time. This
publication thus provided a valuable resource for the academic, public health and
biodefence communities, and has been widely cited since in B. anthracis studies

since (see metrics section).
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1.2.4. High Consequence Pox Viruses

There are two species of pox virus that must be handled under high containment,
monkeypox (ACDP3) and variola virus (ACDP4). This section describes my
contribution to the characterisation of monkeypox infection animal models, and
evaluation of the toxicity and protective efficacy of a third-generation smallpox

vaccine.

The variola virus is the causative agent of smallpox, a devastating disease
characterised by distinctive skin lesions that has a fatality rate of up to 30%.
Smallpox was declared eradicated by the WHO in 1980 following a global
campaign, and following eradication it was recommended that all countries cease
smallpox vaccination. Only a fraction of the world’'s population now retains
immunity from previous vaccination, leaving the remainder of the population
susceptible to this disease (Henderson et al, 1999). Consequently, the risk of
deliberate reintroduction of smallpox in a bioterrorism event, as well as the
emergence of monkeypox, would have potentially devastating consequences and
there is therefore a need for a safe, effective vaccine to protect against pox

infections.

In cases where studies in humans are not possible or are unethical, the US Food
and Drug Administration (FDA) permits the approval or licensing of a drug or
vaccine on the basis of animal studies, if the animal model is an accurate, well-
characterised representation of the disease condition in humans (FDA, 2002): the
so-called ‘Animal Rule’. This rule has been applied to studies testing the efficacy of
smallpox vaccine, since working with variola virus is both unethical and impossible
given the obvious risks of reintroducing an eradicated disease. There is
consequently great demand for surrogate models of smallpox infection in humans.
In addition to being a clinically relevant human virus in its own right, monkeypox
virus presents with similar clinical symptoms to smallpox in humans and results in
lethal systemic infection in primates. Tree et al, 2015 has contributed
significantly to the characterisation of monkeypox virus infection of cynomolgus
macaques as a smallpox model, building on previous evidence indicating its
suitability for simulation of smallpox infections (Cann et a/., 2013; Chapman et al.,

2010; Zaucha et al., 2001). A range of challenge routes have been studied in
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cynomolgus macaques, including subcutaneous (Nagata et al., 2014; Saijo et al.,
2009), intravenous (Buchman et al., 2010; Earl et al., 2004; Earl et al., 2008; Hirao
et al., 2011; Huggins et al, 2009; Johnson et al, 2011; Jordan et al., 2009),
intrabronchial (Johnson et al., 2011) and intratracheal (Goff et a/., 2011; Stittelaar
et al., 2006; Stittelaar et al.,, 2005). The natural route of infection for smallpox in
man is through close contact with an infected person via the oropharynx or
nasopharynx (Fenner et al., 1998), and furthermore, deliberate release of either
smallpox or monkeypox is considered likely to be by aerosol to permit rapid
dispersion across a large area. Despite this, there was comparably limited data
obtained using this infection route (Barnewall et al, 2012; Nalca et al., 2010;
Zaucha et al., 2001) and the initial stages of monkeypox infection had not been
previously investigated in detail. We therefore sought to characterise the early
pathogenic events that occur during aerosolised infection of cynomolgus macaques
(Tree et al., 2015), through clinical observations and the determination of

associated viral loads, immune responses and pathological changes.

The establishment of a reliable, reproducible macaque model of aerosolised
monkeypox virus infection required a considerable investment in containment
facilities at PHE Porton, and involved both the improvement of existing methods
and the development of novel approaches for carrying out animal studies in high
containment. Under my direction an entirely new building was designed solely for
these studies, and included a new laminar flow system to permit handling of
infected animals, specialist aerobiology equipment including plethysmography, and
telemetric capability and advanced CCTV to enhance subject monitoring. Planning
permission for this was granted by Wiltshire Council in 2006 (Application:
S/2006/1259). A major limitation of animal studies using aerosolised routes of
infection is that they often struggle to meet the accuracy and reproducibility
obtained using other challenge routes. The new aerobiology equipment in this
facility enabled us to deliver accurate doses for virus challenge and we were able

to match the levels of accuracy seen with other routes of infection.

The data we generated during this study supported and expanded on previous
work using this infection model (Zaucha et al., 2001) and demonstrated similarities
to the clinical presentation of smallpox in humans (Fenner et al., 1998). This work
thus contributed to both our understanding of the progress of monkeypox infection

17



and to providing further characterisation of the smallpox animal model, thereby
supporting its application in future smallpox intervention studies. Our study was
reviewed by the US government and we were granted approval to use this animal

model for studying human pox infections on the basis of the FDA Animal Rule.

Some countries have stockpiled smallpox vaccine for use in event of a bioterrorist
attack; in the UK, the stockpiled vaccine is the second-generation Lister vaccine,
which is composed of live vaccinia virus. In certain individuals, this vaccine has
serious or even life-threatening side-effects, and it has been estimated that in a
public health emergency approximately a quarter of the population would be at risk
of developing complications (Kemper, Davis, & Freed, 2002). Modified vaccinia
Ankara (MVA) has been attenuated by hundreds of passages in cell culture and has
subsequently lost the ability to replicate effectively in humans (Earl et a/., 2004).
Third-generation MVA vaccines have been shown to be comparatively safe with
none of the complications of first- and second-generation smallpox vaccines,
especially for patients with HIV or atopic dermatitis, which are contraindicated for
the first and second-generation vaccines (Earl et al., 2004; Kennedy & Greenberg,
2009; Mayr et al., 1978; Stickl et al., 1974).

IMVAMUNE is a third-generation vaccine manufactured by Bavarian-Nordic
(Martinsried, Germany) that is derived from a strain of MVA. It has been supported
through to licensure by the US Government, the National Institute of Allergy and
Infectious Diseases (NIAID) for animal studies and subsequently the Biomedical
Advanced Research and Development Authority (BARDA) clinical trials. My group
has played an essential part in providing evidence supporting the licensure of
IMVAMUNE (Hatch et al.,, 2013; Tree et al., 2016), using the aerosolised
macaque monkeypox virus model described above (Tree et al., 2015). Hatch et
al., 2013 describes a pivotal study assessing the protective efficacy of either one
or two (prime-boost; administered 28 days apart) doses of IMVAMUNE against a
subsequent aerosol monkeypox virus challenge, and evaluated its performance
against the second-generation vaccine ACAM2000. We showed that the use of a
prime-boost regime (but not a single dose) of IMVAMUNE provided complete
protection from subsequent challenge with monkeypox, demonstrating stimulation
of both neutralising antibody and cell-mediated immune responses. This

IMVAMUNE prime-boost regimen is well-tolerated in human subjects, with the
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second dose significantly boosting antibody responses (Frey et al, 2013),
supporting our observation that two doses of vaccine were required for maximal

efficacy.

The administration of two doses of IMVAMUNE 28 days apart is the optimal dosing
schedule for this vaccine; however, in event of a deliberate smallpox release, this
dosing regimen would be not be effective at providing rapid protection of the
population. To give maximum protection in an emergency situation, an accelerated
vaccination schedule or, ideally, a single dose of vaccine would be desirable. Frey
and colleagues evaluated the use of a compressed schedule of vaccination (two
doses given, 7 days apart) and found this was not as effective at stimulating
antibody responses in humans as when given 28 days apart (Frey et al., 2013).
The same group evaluated the effects of administration of a single, high-dose (5 x
108 TCIDso, compared to the standard 1 x 108 dose) in a phase Il clinical trial (Frey
et al., 2014). Prior to this study being carried out, we conducted a good laboratory
practice (GLP) toxicity study testing the effects of this high dose in New Zealand
white rabbits to contribute to the safety assessment for the use of this vaccine
regimen in humans (Tree et al., 2016). We established that a repeated high dose
of vaccine was safe in this rabbit model and that this dose elicited no adverse
events, supporting its use if required in an emergency situation. The high dose was
subsequently shown to be well-tolerated in human subjects although the high dose
gave inferior antibody responses relative to the standard dosing regimen (Frey et
al., 2014).

Our monkeypox and IMVAMUNE studies (Hatch et a/., 2013; Tree et al., 2015;
Tree et al., 2016) have provided crucial evidence supporting the IMVAMUNE
licensure package submitted to the US FDA. Bavarian-Nordic is currently seeking
approval for use of IMVAMUNE in the US and our studies are key to their FDA
submission (personal communication, BARDA). These studies also have
implications for protection of the human population against monkeypox, which has
emerged in West and Central Africa since the cessation of mass smallpox
vaccination (Durski et al., 2018; Hutin et al., 2001; Meyer et al., 2002; Rimoin et
al., 2010). The first cases of monkeypox virus infection in the UK were very
recently diagnosed, following two unrelated imported monkeypox cases from

Nigeria (Vaughan et al, 2018). IMVAMUNE is available in the EU under the
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tradename IMVANEX and has been used as part of the response in the UK and is
indicated in the rapid risk assessment issued by the European Centre for Disease
Prevention and Control on the 21st September 2018 (ECDC, 2018).

The principles of the ‘3Rs’ (Replacement, Reduction and Refinement) were
developed over 50 years ago and provide a framework for performing humane
animal research: Replacement refers to methods which avoid or replace the use of
animals in an area where animals would otherwise have been used, Reduction
refers to any strategy that will result in fewer animals being used and Refinement
refers to the modification of husbandry or experimental procedures to minimize
pain and distress. Since then the 3Rs have become embedded in national and
international legislation and regulations on the use of animals in scientific
procedures. The application for a project licence to undertake the monkeypox
studies (Hatch et al., 2013; Tree et al., 2015), in accordance with the Home
Office Animals (Scientific Procedures) Act 1986, undertook to refine and reduce the
number of animals used. We achieved refinement by way of using of implanted
telemetric devices that could allow for the remote monitoring of the animals, more
robust and accurate data with no manipulation of the animals and the provision of
additional measurements that could be used as euthanasia criteria. We were able
to reduce the number of animal subjects in our studies by using the latest
aerobiology equipment linked to real time plethysmography, to reproduce aerosol
dosing with accuracy not previously possible in these sorts of experiments; fewer
animals were therefore needed to ensure the studies were robust. The licence had
an animal allocation of that allowed for a number of repeat experiments but due to
the robust aerobiology data and information obtained, no repeats were needed and
the programme of work was completed with a significant reduction in subject
numbers. We refined our procedures to employ the most up-to-date CCTV
technology to permit monitoring of the animals without having to enter the room,
thereby minimising animal disturbance and distress. The building, containment
system, telemetry and all necessary equipment was funded by NIAID (NIAID,
2003c). The technological and procedural advances introduced during the course of
the IMVAMUNE and monkeypox studies have demonstrably and positively impacted
the way animal containment studies are performed at PHE Porton in many ways:
reproducibility of delivered aerosol doses has reduced the number of test animals

required; telemetry and advanced CCTV have improved the quality of life of study
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animals; and the use of veterinary blood analysers, a first for PHE, gave a greater
wealth of data that was not previously possible. Together, these all fulfilled an
obligation to reduce animal numbers and refine the studies, whilst capturing the
maximum possible amount of data on the efficacy of interventions. Leading the
team responsible for so many advancements in the way animal studies are carried
out in containment and the consequent improvement in the welfare of animal

subjects has been a particularly rewarding part of my career.

1.3. Future Work

PHE is committed to building a suited ACDP containment level 4 facility when it
relocates its two scientific centres, Porton and Colindale, and its headquarters
function to a new campus at Harlow on the former GlaxoSmithKline (GSK) New

Frontiers Science Park (https://www.gov.uk/government/news/government-

invests-350-million-to-create-world-class-public-health-labs-in-harlow).  Currently,

the UK utilises cabinet lines for /n-vitro work due to regulatory constraints but a tri-
partite group was set up with a view to amending the UK guidelines to allow for
suited working systems at ACDP containment Level 4. The new build facility at
PHE Harlow will contain a new animal facility capable of handling animals up to
ACDP and SAPO Containment Levels 4, along with a suited and cabinet line ACDP
and SAPO Containment Level 4 /n-vitro laboratories. | was part of the tri-partite
group that consisted of dstl, HSE and PHE which has rewritten the ACDP
Containment Level 4 guidelines to include suited systems of work which are due to
be issued in late 2018, early 2019.

Additionally, 1 am the PHE Senior User on the Science Hub programme for the new
high containment facility to be built in Harlow. Transition to PHE Harlow is key for
my department, | need to be able to maintain business as usual for a critical
capability, ensure competent cohort of staff in the new facility and have available a
cadre of cabinet line and suit trained individuals. The training for suited systems
takes many years and | have instigated a programme of training with the Public
Health Agency of Canada to have staff trained at their National Microbiology

Laboratory in Winnipeg.
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Our vision for the new facility was presented at the WHO Consultative Meeting on
High/Maximum Containment (Biosafety Level 4) Laboratories Networking at the
International Agency for Research on Cancer, Lyon, France 13-15 December 2017
were | was invited to present for the UK on the proposed new facility at Harlow
and separately on engineering challenges faced when running high containment
facilities (Proceedings of meeting to be published on the WHO website in due
course. Draft issued). None of this would have been possible without the expertise
and knowledge | have gained working with the challenges around handling high

consequence pathogens.

1.4. Concluding Comments

This thesis has brought together my published papers, which involve working with
a range of pathogens from ACDP hazard group 3 and 4. These are the culmination
of differing strategies to allow the handling of high consequence pathogens for
culture, detection, testing of interventions, and inactivation to release them from
the restrictions of containment work. This has allowed significant advances in being

able to work, understand, detect and treat infections with these pathogens.

The papers follow a career that has grown into the leadership of research, clinical
and service delivery working with the most dangerous pathogens known to man, at
both the national and international level. The strategies employed have been
instrumental in the approval of a new vaccine for smallpox, an understanding of
anthrax background levels and decontamination, looking at bacteriophage as a
detection strategy and potential therapeutic, understanding of vaccine processes
and helping the advancement of modern molecular techniques by allowing samples
to be removed from containment while maintaining the integrity of molecular

material.
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Abstract: The characterisation and evaluation of the UK licensed human anthrax vaccine depends
on several in vwo tests that determine its safety and potency. Assays for the determination of
functionally active and/or immunoreactive toxin components and S-layer proteins have been
developed and applied to the characterisation of anthrax vaccine. These technologies may support
production of consistent and effective vaccines, and may uitmately reduce the requirements for in
vivo testing,

INTRODUCTION

Anthrax is a discase caused by the Pram-posllwc spore-forming bacterium,
Bacillus anthracis, an organism capable of causing infectionina range of mammals
including humans. The disease results from entry of spores via a skin lesion,
inhalation or ingestion; the pneumonic and gastro-intestinal forms of the disease
are more severe than the cutaneous form [1].

Acellular anthrax vaccines comprising sterile culture filtrates of the attenuated
Steme strain have been licensed for use in both the U.K. and U.S.A. [2]. The UK.
licensed anthrax vaccine is an undefined mixture of cellular components from in
vitro cultures of the toxigenic, non-capsulated B. anthracis Steme 34F; strain,
precipitated in the presence of potasslum aluminium sulphate (alum). However, the
exact composition of the product is not known, as only limited characterisation
studies have been performed.

The main virulence components of B. anthracis are a poly-glutamic acnd capsule
and two binary anthrax toxins, lethal toxin and oedema toxin formed from
combinations of lethal factor (LF) and oedema factor (EF) with the cell receptor
component protective antigen (PA). LF is a Zn-dependent endopeptidase active on
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MAP kinase kinases (e.g. MEK-1) and EF is a potent calmodulin and Ca-dependent
adenylate cyclase.

Cell-free cultures of B. anthracis contain PA and, because expression of the
three toxin component genes is co-ordinately regulated, LF and EF are also likely
to be present. The other major protein components of a cell-free culture filtrate
include one or both of the S-layer proteins. The vaccine may, of course, contain
many other B.anthracis proteins, including secreted and lysis products,
peptidoglycan, nucleic acid and carbohydrate.

The aims of this study were to characterise the UK. licensed vaccine and to
measure the presence and/or functionality of the three anthrax toxin components
and two S-layer proteins.

MATERIALS AND METHODS
Extraction of vaccine

Proteins were released from the aluminium salts precipitate of batches of the vaccine using sodium citrate
(0.1M, pH 7.5 at 4°C overnight) followed by dialysks,

ELISAs for the detection of antigen (capture ELISAs)

Antigen capture ELISAs were performed using conventional methodology. Briefly, appropriate purified
antibodies raised in rabbits and specific for PA, LF, EF, EAl or Sap were coated on 1 microtitration plate at
10ug/m! at 4°C overnight. Plates were blocked, washed and then incubated with vaccine or reference
samples. Antigen was detected using antibody-enzyme conjugate, developed, siopped with 2M sulphuric acid
and read at 450nm.

cAMP assays for EF adenylate cyclase

Adenylate cyclase activity was determined as described by Leppla (3) except that cAMP was measured
using a BIOTRAK enzyme immunoassay (ELA) kit (Amersham-Pharmacia Biotech). EF, with Ca and calmod-
ulin, was incubated for 60min at 30°C in the EIA and cAMP measured according 1o the kit instructions,

Macrophage lysis assays for LF and PA

The mocrophage lysis assay was performed essentially as described by Quinn et al [4] using RAW 264.7
monocyie/macrophage cells, For assay of LF, PA was added at 1pg/ml in pre-warmed growth medium. LF or
vaccine antigen was then added at varying concentrations. The resulting LT was added to the cells and incu-
bated for 3h, Cell viability was determined after incubation using the MTT tetrazolium dye assay [5]. For the
detection of PA, the assay was performed as described but using a fixed concentration (0.1 pg/ml) of LF.

LF functional assay using synthetic peptide substrate

A synthetic peptide representing the N-terminal 60 residwes of human MEK-1 was synthesised (Sigma-
Genosys), this peptide includes the LF cleavage site, The peptide (10 pg/ml) was bound by drying overnight
at 37°C on to o microtitre plate. Coated plates were fixed with methanol, washed and blocked. Vaccine
samples containing LF were diluted in assay buffer and incubated, Cleavage products were detected using
antisera produced against cleaved peptide, and visualised using a second antibody-enzyme conjugate. The
assay was developed and read at 450nm,

ResuLts
Antibody capture ELISAs for anthrax vaccine components

ELISAs for the detection of PA, LF, EF, EAl and Sap were developed. Each uses
a purified immunoglobulin G (IgG) as the capture antibody and the same IgG
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labelled with horseradish peroxidase as the second antibody. The ELISAs were
antigen-specific, with no cross-reactivity, and sensitive (typical detection limits 1-
2ng/ml; data not shown). The ELISAs were used to quantify immunoreactive toxin
c nents and S-layer proteins in vaccine extracts. Figure 1 shows a typical
ELISA titration for LF in the vaccine; other components give similar results.

Determination of adenylate cyclase activity of EF

_ The adenylate cyclase activity of EF was determined using a commercial EIA
kit and had a detection limit of 60 pM. The activity of purified recombinant EF was
determined (Fig. 2). The data indicate that recombinant EF was calcium and
calmodulin-dependent, and functionally active. Morcover, recombinant EF
exhibited similar specific activity to native material (data not shown). This assay
has been applied to extracted vaccine batches and functional adenylate cyclase
activity demonstrated (data not shown).

Macrophage lysis assay for LF and PA

The macrophage cell lysis assay [4] was used to compare the activity of
recombinant PA and LF with their native counterparts (Fig. 3). The optimum time
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Fig. I : Detection of LF in an extracted anthrax vaccine using antigen capture ELISA.
Assays were performed on two extracted vaccine batches with recombinant LF (rLF) as the reference
standard. Data are from one single experiment, performed in triplicate. Data points are shown &3 the mean
2 SEM values. rLF (m), extracted vaccine batch number | (4), extracted vaccine batch number 2 (®).
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Fig. 2: Assay of adenylate cyclase activity of recombinant EF.
Adenylate cyclase activity of rEF was determined as described in the Materials & Methods. Controls
without calmodulin or calcium (preseace of EGTA) were performed to confirm calmodulin .
Recombinant EF (e), Recombinant EF minus calmodulin (v), Recombinant EF plus EGTA (a).

for incubation of PA and LF with the macrophage cells was determined and found
to be 2.5-3.0 hours, thereby providing a satisfactory balance between assay duration
and sensitivity. The assay may be used with a fixed concentration of PA to
determine functional LF and vice versa. The optimised assay was used to determine
the functionality of both PA and LF extracted from the vaccine. In the presence of a
constant PA (lug/ml), LF activity was demonstrable after extraction from the
vaccine. In contrast, when the assay was performed with a fixed concentration of
LF (0.1pg/ml), PA extracted from a limited number of vaccine batches was found to
be inactive in this assay (data not shown).

In vitro cleavage assay for LF endopeptidase activity

LF endopeptidase activity may be determined in vitro by the measurement of
cleavage of one of its intra-cellular substrate MEK-1 using a synthetic polypeptide
representing the N-terminal 60 amino acids of MEK-1. Polyclonal antisera raised
against cleaved ends were screened for cross-reactivity against uncleaved
MEK-1. This assay has been used to determine the functionality of LF present in the
vaccine (Fig. 4). These data clearly demonstrate that LF activity can be determined
in the two vaccine batches. This assay may be used in combination with the antigen
ELISA to determine the percentage functionality, based on the expected cleavage
activity of a known concentration of LE
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Discussion

Specific ELISAs for key vaccine components (PA, LF, EF, Sap & EAl) have
been developed and used to quantify these proteins in extracted vaccine samples.
The assays are sensitive, robust and reproducible with typical detection limits of 1-
2ng/ml. Currently, licensing regulations do not require biochemical quantification
of vaccine components; however application of the assays described here could
facilitate the use of antigen quantification to determine vaccine batch-to-batch
consistency, etc. Assays to measure functional activity of the anthrax toxin
components have also been successfully developed and applied to vaccine
extracts. The macrophage cell lysis & MEK-1 cleavage assays confirmed the
presence of active LF in extracted vaccine batches. Interestingly, LF retains its
activil{ despite having been immobilised on an aluminium salts ipitate,
several years storage at 4°C, followed by citrate extraction for assay. activity
of EF was also demonstrated in vaccine extracts. In contrast, PA functionality was
not demonstrable in extracts, although these are very preliminary studies. The
macrophage cell lysis assay has been applied to measurement of PA activity using
several different preparations of rPA, all of which exhibit stoichiometric activity in
the assay.
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Fig. 3: Assay of rLF activity by macrophage cell lysis.
The activity of two preparatioas of rLF was determined using a fixed concentration of PA at Ipg/mi,
Dilutions of two rlF preparations were made and applied 1o the cells, The assay was performed 23
described by Quinn et al. (1991). Data are the mean of independent determinations and are shown £ SEM,
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Fig. 4: Assay of LF functionality using the MEK-| cleavage assay.
Two vaccine batches were extracted and the LF activity determined using rLF as a reference standard,
Data are from one experiment, performed in triplicate. Data are shown as the mean = SEM. ILF
reference standard (m), extracted vaccine batch | (a), extracted vaccine baich 2 (@)

CONCLUSIONS

A range of in vitro assays has been established for the characterisation of the UK
licensed Anthrax Vaccine. These immunological and functional assays, which do
not depend on the use of animals, are being evaluated for the support and
characterisation of anthrax vaccine manufacture. Such assays could ultimately
replace or reduce the in vivo tests currently required for the batch release and
quality control of anthrax vaccines.
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Anthrax: the challenges for

decontamination
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Abstract: Anthrax remains endemic in many parts of the world with regular infections of livestock presenting a
consequent risk to public health. In the United Kingdom anthrax has diminished as a significant threat to human
health with only sporadic outbreaks in farm animals derived from ingestion of spores from soil at sites associated
with previous outbreaks and the burial of carcasses. Occupationally-derived anthrax, associated with industries
involved in the processing of animal products, has historically had an impact on the occurrence of outbreaks of
infection. The introduction, in 1963, of vaccination for workers in high-risk occupations contributed significantly
to the eradication of the disease from the UK. During 2001 the deliberate release of anthrax spores in the USA,
disseminated through the postal system, resulted in the infection of 22 people, five of which resulted in death
through inhalational anthrax. At that time anthrax was unheard of in many clinical practices and there was a
lack of training and preparedness to handle such incidents; the emergency resulted in medical and public health
personnel across the world having a significantly raised awareness of both the organism and the clinical symptoms
of infection, and the new threat posed by bioterrorism. In the USA, the immediate public health emergency was
followed by the legacy of contaminated buildings and facilities. There had been little previous systematic study
of the issues surrounding ling and dec ination of areas contaminated with Bacillus anthracis. The
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decontamination of large complex buildings and the equipment they contained required the urgent development

and validation of new procedures for both sampling and decontamination.

© 2006 Society of Chemical Industry

Keywords: anthrax; bioterrorism; public health; Bacillus anthracis

INTRODUCTION

While recent interest in Bacillus anthracis has concen-
trated on its exploitation as a weapon of bioterrorism,
anthrax remains a significantly important, naturally
occurring disease, world-wide.'? Data from the Office
for International Epizootic Control (OIEC) indicate
that anthrax is endemic in Asia, Africa, Europe, Amer-
ica and Australia.?

During the past year, many outbreaks involving
both livestock and humans have been reported ro
the Programme for Monitoring Emerging Diseases
(ProMED).* Outbreaks were reported in north-
eastern Zimbabwe in November 2004 and in January
2005 in Masvingo, resulting in the death of 60 cartle
and infection of some 200 people, with three fatalities.
In 2004 an outbreak in the Gonarezhou National Park
killed over 1500 animals comprising kudus, buffaloes
and antelopes. In Botswana an outbreak of anthrax
occurred in the Chobe National Park, resulting in the
deaths of 120 animals including elephants, buffalo and
hippo.

In 2004 the deaths of carttle and sheep were reported
from Victoria and New South Wales in Australia,
cattle in Saskatchewan in Canada and pigs, sheep, red
deer and cattle in Basilicata, Italy.* In Kursk, Russia,

meat from an infected bull calf was presented for
sale at market but was intercepted and confirmed
as infected with anthrax by the local veterinary
laboratory.* The slaughtering and eating of infected
beef resulted in seven people in Tajikistan becoming
infected, 20 being hospitalised in Krygyzstan with
cutaneous anthrax and eight admitted to hospital
in Thilisi, Georgia. Other outbreaks infecting either
livestock or humans or both were reported in Turkey,
South Africa, United States, Indonesia, Peru, India
and Finland.*

ENVIRONMENTAL FACTORS INFLUENCING
SURVIVAL AND OUTBREAKS OF INFECTION
Transmission

Anthrax is primarily a disease of herbivores, although
other mammals and some avian species can become
infected. The organism can be isolated in large
numbers from the blood or tissues of recently-dead
animals. As the carcass decomposes (particularly in
warmer climates) putrefactive bacteria out-compete
B. anthracis and may eventually eliminate the infective
organism from the carcass. Confirmation of anthrax
may then depend on the isolation of spores which have
contaminated the soil through terminal discharges

* Comrespondence to: Richard J Sharp, Centre for Emergency Preparedness and Response, Health Frotection Agency, Porton Down, Salisbury, SP4 0JG, UK
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from the carcass.’ 7 Vegetative cells within the carcass
die rapidly, killed by putrefaction, when released in
body fluids, sporulation occurs following exposure to
air. The latter process is delayed if the temperature is
below 20°C.%

Animals are usually infected by ingesting soil-borne
spores in contaminated food or water. Spores can be
picked up directly from the soil through grazing and
particularly during periods of drought when animals
are forced to forage much closer to the ground.®
Other routes of infection include biting insects,
which transmit the organism between animals,’ !
or from ingestion of vegetation contaminated by
deposition from infected carcasses.'? De Vos reported
that anthrax epidemics in 1960 and 1970 in the
Kruger National Park coincided with an explosive
population of blow-flies.!? Carnivores and scavengers
appear relatively resistant to anthrax'? with ingested
spores passing through the gastrointesrinal tract and
contaminating the soil through the deposition of
faeces 91415

Survival

The spores survive for long periods in the soil and
are highly resistant to heat, cold, humidity, chemi-
cal disinfectants, and long dry periods. The island of
Gruinard off the north-west coast of Scotland was
deliberately contaminated by the exploding of small
devices containing anthrax spores during the Sec-
ond World War; soil remained contaminated for over
40 vyears prior to its successful decontamination.'® '8
Viable spores have been recovered from soil sam-
ples stored in the laboratory at room temperature
(10-38°C) for over 60years'” and in the Kruger
National Park, B. anthracis has been recovered from
bones estimated to be 200 years old.!?

Studies of the distribution of spores on Gruinard
Island, 40years after their initial deposition to the
surface, indicated that most remained in the top 4 cm
of topsoil.!® There appeared little evidence of natural
redistribution of spores from the point of deposition
on the surface and movement was considered to be
due to rainfall and surface build-up of soil humus.
Data from the Kruger National Park also indicate
that redistribution was mainly due ro rainfall with a
decrease in the number of cases of anthrax occurring
during the rainy season.'?

There are however conflicting opinions regarding
the ability of spores to germinate and multiply in soil
as vegetative cells. Van Ness?® considered that spores
in heavily contaminated areas could be eliminated
through biological competition or soil acidity. From
studies of epidemiology of anthrax in the US he
observed that anthrax outbreaks were more likely
where the soil pH was greater than 6.0 and the ambient
temperature was above 15.5°C. Factors such as an
appropriate temperature and soil moisture content
were considered prerequisites for outbreaks to occur
with the involvement of the vegetative state. He
concluded that epidemiological evidence indicated the

J Chem Technol Biotechnol 81:1612-1625 (2006)
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occurrence of anthrax in areas where the organism
survived ecological competition with other micro-
organisms; animals became infected following a period
when biological conditions favoured the multiplication
and sporulation of the organism in soil.

Van Ness proposed that micro-environments such
as depressions in which water had stood long enough
to kill the grass, or dried-up water courses and hill-
side run-offs where organic matter had accumulated,
provided suitable ‘incubator environments’ for ger-
mination and multiplication of B. anmthracis spores.
Infection of animals was observed to occur later
through ingestion of spores when the earth became
dry and dusty.

Alkaline or calcareous environments also appeared
to be associated with areas of high infectivity. During
1957, outbreaks in Oklahoma were only associated
with limestone areas, and absent from areas of
shale and sandstone hills. Other geological studies of
epidemics in the Mississippi valley and coastal regions
of Louisiana and Texas also indicated that outbreaks
were frequently associated with calcareous soils, rich
in nurrient. Areas of high anthrax infectivity were also
shown to closely parallel the cattle drive trails of the
1800s.%0

In laboratory culture, B. anthracis is more fragile and
less able to survive in simple environments than most
other Bacillus spp. In water, survival of vegetative cells
was negligible after 24 h, indicating that sporulation is
an essential survival mechanism.?!

The factors that favour survival in soil have been
evaluated by a number of groups and the conclusions
are not always consistent. Minett and Dhanda seeded
both sterilised and nartural soil with a known inocula
of spores and incubated samples in flasks at 25°C.2?
An increase in the number of spores was recorded
in sterilised soil where the water content was in the
region of 10-20%. No increase was observed in the
natural soil.

The addition of blood to soil samples from the
island of Gruinard resulted in a significant increase in
spore numbers when incubated for 7 daysat 22°C and
37°C, the pH of the acidic soil was raised from 4.5 to
7.2. Soil cores supplemented with faecal pellets from
rabbits also showed a small increase in numbers when
incubated at 37°C. It was considered that the death
of an animal in a contaminated area during a period of
warm weather could provide a favourable environment
for the germination of spores, followed by growth and
development of increased concentrations of spores at
the soil surface; on Gruinard with its acidic soils such
occurrences were not observed.'®

While the incubator theory of Van Ness remains
controversial, outbreaks of anthrax do appear to
be seasonal and the factors favouring outbreaks
appear to have some regional variation. Areas of
high contamination appear to be associated with soils
above pH 6.0, soils with a high nitrogen content,
rich in organic matter, high calcium levels, ambient
temperatures higher than 15.5°C and dramatic

1613

45



RJ Sharp, AG Roberts

1600
1400
1200
1000
800 - B Outbreaks
600
400 -
200 A

0_

-@é \'gp@@\q@ \d& @f:p\y\g@\@\é\g@gp '{’-'q?’t'ﬁ)(P

Figure 1. Anthrax outbreaks in livestock in Great Britain 1887-2000.

changes in climate, such as abundant rainfall following
a prolonged drought.2%:23

A contrasting view suggests that the low level of
survival of anthrax spores in New Zealand is due to
the high competitive microbial activity.?*

OUTBREAKS IN THE UK

In the UK outbreaks of anthrax are now relatively
rare and, when they do occur, are often the result of
imported bone meal or animal hides. The Anthrax
Order of 1886 made anthrax a notifiable disease in the
UK and in 1887, 236 outbreaks were recorded across
51 counties involving some 640 cattle, sheep and pigs.
Major outbreaks occurred across 80 counties during
1909 and 1910 involving 3500 cattle, sheep, pigs and
horses. Since those peak years there has been a steady
decline (Fig. 1), but as recently as 1977, 139 outbreaks
were reported across 29 counties, involving 153 cattle,
13 pigs and one dog.?® Since 1987 outbreaks have
been in single figures.

Patterns of farming and those industries associated
with animal products such as tanning, and bone
meal manufacture and the use of horse-hair plaster
in building construction have all had an impact on the
occurrence of outbreaks of infection.

In the UK anthrax has diminished as a significant
threat to human health. The occurrence of spores
in the soil is associated with a diminishing number
of historical hot-spots of activity. Sporadic outbreaks
in farm animals are derived from ingestion of spores
from soil at sites associated with their presence from
previous outbreaks and the burial of carcasses on
the site, or associated with the processing of animal
products such as tanneries.

In 1994, three cows on a farm in Gloucestershire,
UK, were infected by anthrax spores thought to
have been left in the soil after another animal with
the disease had been buried with quicklime 52 years
earlier.2® In 1996 three cattle died in an outbreak in
Wiltshire, presumed to have been the result of ditch-
dredging work which disturbed spores which had lain
dormant for decades. The spores were considered to
have been carried along a stream from an abandoned
leather works on the outskirts of Westbury, where
infected hides were reported to have been buried
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in the past. The farm was about a mile-and-a-half
downstream from the works.?”

The last confirmed case of anthrax in the UK was in
2002 on a farm in the Wrexham area and was the first
outbreak in the UK since an outbreak in Lanarkshire
in 1997. The case was confirmed following the sudden
death of a dairy cow on a farm which had suffered three
previous anthrax cases in the last two decades.?®

The Anthrax Order of 1991 replaced the revised
Anthrax Order of 1938.%° It included anthrax as a
notifiable disease under the Animal Health Act with
any occurrence or suspicions of disease to be notified
to the DEFRA (previously MAFF - the Ministry of
Agriculture, Fisheries and Food) Divisional Veterinary
manager. The order provides for a veterinary inquiry
to determine the existence of disease and the action to
be undertaken at infected sites. Movement of animals
is controlled and local authorities have the power
to dispose of carcasses by incineration at the site of
infection or by means approved by the Divisional
Vererinary Manager.*”

Anthrax became a notifiable industrial disease under
the Factories Act in 1895, and in 1960 became a
notifiable disease under the Public Health Act. Data
relating to outbreaks at certain factories since 1895
are available but information relating to morbidity in
the general population is only available from 1961.
Between 1961 and 1980, 122 cases of occupationally-
associated anthrax were reported, resulting in six
fatalities. During the same period, 26 cases not
associated with occupational exposure were reported
and resulted in six fatalities.?!

Following the introduction of vaccination in 1965,
for workers considered to be at risk, there was
a significant reduction in cases associated with
occupations involving the handling of animal wool,
hair and bristle fibres. Other outbreaks reported were
associated with the meat trade, the handling of bone-
meal, farming and horticulture, dock workers and
sailors, and the handling of leather goods. The majority
of the non-occupationally-derived infections were due
to the handling of bone-meal as a garden fertiliser.*!

The last two deaths in the UK both occurred in 1974
with one patient suffering haemorrhagic septicaemia
and generalised infection with B. anthracis and the
other with gastrointestinal and pulmonary anthrax.
Both were considered to be associated with the
use of bone-meal fertiliser. Since 1981, 16 possible
cases of anthrax have been notified under the Public
Health (Control of Disease Act, 1984).32 One case
was considered to be misdiagnosed and one was de-
notified, leaving 14 cases on the register. All of these
were cases of cutaneous anthrax, five were associated
with the meat trade and others with imported wool
and leather, bone-meal fertiliser, or handling animal
products abroad. The last two cases reported to the
HSE under RIDDOR (Reporting of Injuries, Diseases
and Dangerous Occurrences Regulations) were in the
financial vears 1991/92 and 2000/01.33.3
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B. anthracis still presents a challenge to public health
in many parts of the world. In the UK however the
threat of a bioterrorism incident appears to present
more risk to public health than the occasional and
diminishing threat from contaminated soil and animal
products.

Recent cases in the UK

The United Kingdom Anthrax Reference Unit at
the Health Protection Agency Laboratory, Centre
for Emergency Preparedness and Response, Porton
Down, provides for the diagnosis of anthrax or
detection of B. anthracis. Over the past seven vears a
wide range of samples have been received for analysis
from environmental health officers, consultants,
clinicians and developers. Samples received include
soil, horse-hair plaster, horse-hair, bristle from shaving
brushes, bone, wool, sacking, flakes of paint, dust and
debris, filters, sewage and sludge, fatty deposits, flesh
deposits, meat, culture isolates, serum, blood, heroin,
swabs and culture media. Since 1995 there has been
a steady increase in the number of environmental
samples received for analysis (Fig. 2). During the last
quarter of 2001, enhanced surveillance for B. anthracis
in the UK, due to the bioterrorist-related incidents in
the US, resulted in a significant increase in the number
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Figure 2. Samples received by the UK Health Protection Agency B.
anthracis reference laboratory for analysis for the presence of B.
anthracis spores from 1995 to 2002.
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Figure 3. Samples received by the UK Health Protection Agency

B. anthracis reference laboratory (2001 and the first half of 2002) for
analysis for the presence of B. anthracis spores before and during the
period of heightened alert following the deliberate release of anthrax
spores in the USA.
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of samples received for analysis (Fig. 3). During this
period two cases of occupationally-derived anthrax
were identified.

A 55-year-old man who handled animal skins and
hides was notified to the Communicable Disease
Surveillance Centre (CSDC) with a diagnosis of
cutaneous anthrax which was occupationally acquired.
He presented to his general practitioner (GP) with
swelling around a painless scab on his right forearm.
He was treated with antibiotics for suspected impetigo
but returned to his GP after a further four days when
the scab became necrotic. At this stage the case was
notified to Nottingham Health Authority as suspected
anthrax and swabs were taken from the healed area
by the consultant in communicable disease control.
This was after a further three days of antibiotics. The
swabs revealed no pathogens but a serum sample taken
a week later showed antibodies to protective antigen
(PA) and lethal factor (LF) specific for B. anthracis.>®

A second case involved a 50-year-old man who
returned from Africa with malaria and a skin lesion,
he reported flu-like symptoms to his GP. His travel
history indicated Rickertsial infection and he was
treated with antbiotics. The GP requested serological
analysis for Rickettsia and three samples were supplied
over 25 days. After 36 days a request for serological
analysis for Rickettsia and anthrax was requested. A
positive serological response to both PA and LF, which
are specific for anthrax, was confirmed. Before, and on
his return from his fishing holiday in the Gambia, he
was employed in building renovation work on an old
water-mill. He had removed large amounts of horse-
hair mixed with old plaster and wore no protective
clothing. Environmental sampling indicated positive
identification for anthrax by the polymerase chain
reaction (PCR).>®

During the period from 1981 to October 2001 only
14 cases of anthrax infection were registered, in the
3-month period October 2001-December 2001, two
cases were recorded. This was a period of heightened
surveillance in the UK and raises the question that
cutaneous anthrax is under-diagnosed in the UK,
with anthrax skin lesions being treated as unidentified
bacterial infections which are generally successfully
treated by administration of antibiotics.

SAMPLING AND DETECTION STRATEGIES

Where contamination of a site is suspected, environ-
mental sampling is required to determine the degree
and extent of contamination. This enables decisions to
be made on the likely degree of human exposure, the
on-going risk to human health and provides informa-
tion to support the development of decontamination
strategies. Environmental sampling generally results in
a heterogeneous range of samples conraining a range
of micro-organisms depending on the sample’s source.
In soil, depth, vegetation, the rhizosphere and water
content all influence microbial distribution. Where
large areas such as fields or former industrial sites are
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involved sampling may be carried ourt using a statisti-
cally random manner using a grid system.>” Turnbull
has discussed problems and strategies for sampling.?®

Personal protective equipment (PPE)

First responders and teams carrying out environmental
sampling or decontamination are at risk from exposure
to B. anthracis; a risk assessment of the site and the
degree of operator protection must be made prior to
entry. Emergency responders generally need greater
levels of protection since they may be responding to
incidents involving unknown agents and be exposed to
agents which have been aerosolised; PPE will include
respiratory devices, protective clothing, gloves and
overshoes. 40

Face and respiratory protection should be provided
using a powered air-purifying respirator with full
face-piece and high-efficiency particulate air (HEPA)
filters. The constant flow of clean air into the face-
pieces ensures contaminated air cannot enter gaps
in the face-to-face-piece seal. These respirators also
give operators greater mobility and field of vision.
Disposable protective clothing with integral hood and
boots not only protects the skin but can eliminate
the likelihood of transferring contaminated dust to
places away from the work site. Disposable rubber
shoe coverings with ridged soles made of slip-resistant
material over the booties of the disposable suit
will reduce the likelihood of slipping on wer or
dusty surfaces. All PPE should be decontaminated
immediately after leaving a potentially contaminated
area. Protective clothing should be removed and
discarded before removing the respirator.

Disposable lightweight nitrile or vinyl gloves protect
hands from contact with potentially contaminated
dusts without compromising dexterity. A thin cotton
glove can be worn inside a disposable glove to protect
against dermatitis, which can occur from prolonged
exposure of the skin to moisture in gloves caused by
perspiration.?*#°

Sampling on Gruinard

Gruinard Island off the west coast of Scotland was
heavily contaminated with spores of B. anthracis during
biological weapons trials during the Second World
War. Small bombs containing a slurry of spores were
detonated, mostly suspended six feet above ground
but one was dropped by an aircraft. The trials resulted
in extensive contamination and routine sampling and
analysis from 1948 to 1972 confirmed the persistence
of viable spores.

In 1979 extensive sampling was carried out to
establish the distribution of the spores prior to the
development of a decontamination strategy.'®!” The
northern end of the 211 ha island was marked out in
a 200m grid system with marker posts and the more
heavily contaminated southern half in a 100m grid.
The latter was further subdivided by the positioning
of marker posts in the centre of each square. Soil core
samples were taken at each marker by pushing a hollow
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tube (350 mm long and 25 mm internal diameter) into
the ground to a depth of 300 mm. In the laboratory
the cores were transferred to glass jars and shaken with
twice their weight of 0.1 M phosphate buffer (pH 7.0)
for 3 min on an orbital shaker. After heating to 60°C
for 1h to destroy vegetative cells, the large particles
were allowed to sediment before spreading 0.2 cm™> of
the supernatant fluid to nutrient agar plates. The large
numbers of aerobic spore-formers recovered required
dilution of the soil extract to enable colonies of B.
anthracis to be distinguished. These were sub-cultured
and purified before carrying out confirmatory tests
such as phage sensitivity and penicillin sensitivity. The
mouse LDsp test was used to confirm identity and
virulence of isolates.

Dilution of the extract before plating reduced
the chance of recovering spores ar low concen-
trations and subsequent testing used the selec-
tive medium (polymixin-lysozyme—-EDTA-thallous
acetate, [PLET]) agar developed by Knisley!' which
incorporates polymixin to inhibit growth of sapro-
phytic spore-formers. Recoveries were also improved
by mixing the soil with twice its weight of distlled
water, agitating for 5 min in a domestic blender, and
straining the soil slurry through a double layer of cot-
ton gauze. The spreading of 0.2 cm?® undiluted samples
to PLET agar plates enabled detection levels of three
spores per gram of soil.

The study indicated that nearly all the viable
spores recovered were found in the top 6 cm of soil,
considered in part due to the low accumulation of
humus on the surface delaying the rate at which they
were buried.'®

Sampling of buildings

Where the contamination of buildings has occurred
it is essental to consult with building engineers to
consider airflow patterns and the design and location
of heating, ventilation and air-conditioning systems
in the building. Since ventilation systems often re-
circulate air to other parts of the building these should
be closed down immediately to prevent any further
air-borne spread of spores. Access control to the
contaminated area is essential and the affected area
can be sealed using a dust barrier such as impervious
lightweight plastic sheeting sealed into place using a
suitable adhesive tape. Air vents and ducts should be
similarly sealed to prevent further dispersal. Where
particle size is less than 10um, spores will remain
suspended in the air for some time, enabling spread to
adjacent areas.*>** Personnel entering the area must
follow a safety and infection control regime which
may include vaccination and prophylactic antibiotic
therapy.**

A sufficient number of samples must be taken to
ensure the sampling is representative of the situation.
Bulk sampling of materials such as areas of carpet
and furniture can be made, however these will require
double-bagging and do present an increased hazard
to laboratory staff when being handled. Collection
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of samples by vacuuming can be carried out using
suitably-designed HEPA vacuum cleaners. Home or
industrial cleaners will result in further dispersal of
spores. The HEPA filter exhaust can be preferably
vented outside of the contaminated area via a long
hose to avoid re-aerosolisation of spores within
the contaminated area. Dust collected should be
transferred to suitable containers for transfer to the
laboratory. Alternatively, samples can be collected on
a suitable cellulose ester filter contained in a suitable
cassette unit. Filters can then be returned to the
laboratory within the housing for subsequent transfer
to selective media.

All material removed from the infected area must be
double-bagged and transported in appropriate safety
containers. The surface of the first bag must be
cleaned with an appropriate and approved disinfectant
prior to transfer to a second clean bag for transport.
All equipment used will need to be appropriately
decontaminated after use, >4

Surface sampling

Surface sampling methods for the recovery of spores
of B. anthracis had not been developed and validated
prior to the contamination of buildings in the US
during October 2001. Initial sampling protocols used
in postal facilities at The Southern Connecticut
Processing and Distribution Center indicated no
evidence of B. anthracis. Dry synthetic swab samples
were initially taken at random sites in the facility.
During a second sampling ten days later, surfaces
where letters, flats (large envelopes and flat packages)
and parcels were processed were swabbed, along with
three of the 13 digital bar-code sorting machines and
five air circulating units. Four days later wet synthetic
swabs were taken from letter-cancelling and sorting
machines, flat- and parcel-sorting machines and five
vacuum filter units. All of these samples showed no
evidence of B. anthracis.

A fourth sampling strategy in the facility was based
on epidemiological data which was derived following
the death of a 94-year-old woman in Connecticut
whose mail had been processed by the facility. The
sampling strategy was focused on the machines likely
to have processed mail delivered to the patient’s
address and wet synthetic wipes were used together
with HEPA vacuum collection as an alternative to
wet and dry swabs. Six samples of the 212 collected
yielded positive B. anthracis, two from the vacuum-
collected samples and four from wet wipe samples.
Further sampling using these methods indicated the
presence of spores in collecting bins for the carrier
route to the patient’s home.

This sampling regime required large numbers of
samples 1o determine the presence of spores and
its effectiveness was enhanced by the provision of
epidemiological data (the potential route and sorting
machinery associated with the contaminated mail).*?
The use of wet and dry swabs had provided no
evidence for the presence of B. anthracis although
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comparative data at the same positions were not
available.

An investigation of the Brentwood Mail Processing
facility in Washington was carried out in December
2001, shortly after the Connecticut study.*’” Com-
parative studies were made using dry and wert swabs,
wipes and HEPA vacuum sock sampling. Sample areas
at each site were divided into three and sampled with
swabs, wipes and HEPA vacuum sock sampling. Good
agreement was observed between results obtained with
HEPA vacuum and wipe samples but there was poor
correlation with swab samples. Wet and dry swabs
failed to detect spores in greater than 33% and 66%
of sites respectively, where spores were detected by
HEPA vacuum or wipes.*®

Wipe samples collected following HEPA vacuum
samples and HEPA vacuum-collected after wipe
samples indicated that neither method completely
removed all spores from the surface sampled.*® Swab
samples were collected using sterile rayon (non-
cotton) swabs. Wet swabs were moistened by dipping
into phosphate buffered saline (PBS) at pH 7.2 and
swabbing the surface by moving the swab back and
forth with several horizontal then several vertical
strokes. The swab was rotated during sampling to
ensure the whole surface was used. Wipe samples
were collected on 7.6cm x 7.6 cm rayon gauze pads
pre-moistened with 5cm™ of sterile distilled water.
The surface was thoroughly wiped back and forth
using several vertical strokes and then after folding the
exposed pad, making several horizontal strokes over
the same area with the other side of the pad.

B. anthracis was extracted from swabs and wipes
by adding 20-30cm™ of 0.3% (w/v) Tween 20 in
PBS in a tube and vortexing for 3 min. After allowing
3min to settle, the swab or wipe was removed and
the tube centrifuged to sediment the contents which
were then re-suspended in 2cm™> of 0.3% (w/v)
Tween 20 in PBS prior to microbiological analysis.
The HEPA vacuum socks were added to a vessel
containing 20-30cm™> of 0.3% (w/v) Tween 20 in
PBS and placed on a shaker for 30 min. After allowing
the contents to settle the extract was treated similarly
to the extract from swabs and wipes.*®

The use of rapid detection strategies
Alternative methods for rapid detection and identifi-
cation include both antisera- or PCR-based strategies
which can provide results within minutes and are used
for on-site detection of environmental contamination.
Samples collected from the Brentwood sorting office
were analysed using both on-site PCR and the culrture
technique.*’ Of 107 samples analysed, 95 (89%)
were negative by both methods. Of six identified as
positive by the culture method, two were positive by
PCR. Of eight identified as positive by PCR, two
were positive by culture. These were not part of a
formally validated sampling strategy, however there
was poor correlation between the two methods. Poor
agreement of the on-site PCR method may have been
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due to concentration of spores on the surfaces, or
sample collection and preparation procedures, sample
splitting and methods for removing the sample from
collection material. PCR- and immune-based methods
have the disadvantage of not distinguishing between
viable and non-viable spores. They can produce
positive results for samples which culture methods
define as negative and are therefore not appropriate
in evaluating the success of disinfection techniques
that do not remove non-viable spores. The Centers
for Disease Control and Prevention (CDC) consider
that PCR- or antisera-based results themselves should
be confirmed using standard culture methods before
making public health decisions.*?

Validation of sampling strategies

Concern over the lack of validation of many of the
procedures used was expressed by the US Government
Accountability Office (GAO).*® The GAO reviewed
the sampling activities undertaken by the US Postal
Service (USPS), the Environmental Protection Agency
(EPA), and the Centers for Disease Control and
Prevention to detect anthrax in 286 postal facilities.
They expressed concern that the strategies employed
could not reliably exclude the presence of anthrax
contamination in the facilities sampled. Of the 286
postal facilities tested, 23 tested positive, in two (West
Palm Beach, and Wallingford, Connecticut) the first
tests were initially negative but follow-up tests were
positive; the Wallingford facility did not indicate the
presence of anthrax until the fourth round of testing.
In a building in West Trenton no anthrax was found
in three rounds of tests, even though a postal worker
had conrracted cutaneous anthrax. The main points
arising from the report were:

e A rtargeted sampling strategy was mainly used, col-
lecting samples predominantly from areas consid-
ered the most likely to be contaminated. The GAO
considered that probability sampling to achieve
‘wide-area coverage’ would have provided greater
statistical confidence in the negative results.

e The report was critical of the methods used to collect
samples, indicating that none were tested in advance
and the agencies ‘had no information available for
reliably choosing one method over another and no
information on the limits of detection to use when
evaluating negative results’.

e Transportation of samples to the laboratory fol-
lowed the appropriate regulations designed to pro-
tect workers and the public, but did not take account
of factors which could compromise their biological
integrity and lead to false-negative test results.

e There was a lack of definitive scientific information
regarding the extraction efficiency of spores from
swabs, casting additional doubt on the reliability of
negative results.

e The agencies used any of four different preliminary
tests and three confirmatory tests to identify anthrax
in extracted samples. The GAO considered that
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the number of different tests used, combined with
differences at other stages of the sampling process,
increased the level of uncertainty about the results.

e The report said, ‘“The sampling strategy used by the
agencies could not provide any staristical confidence
with regard to the basic question: Is this building
contaminated?’

The GAO report concluded thar ‘because the agencies
did not use an empirical process to validate their
testing methods, the agencies had limited information
available for reliably choosing one method over
another and no information on the detection limit
to use when evaluating negative results’. ‘The lack
of validation of agencies’ activities, coupled with
limitations associated with their targeted sampling
strategy, means that negative results may not be
reliable’; they recommended that the secretary of
homeland security ensure that pathogen detection
methods are validated and environmental testing for
pathogens by different agencies is coordinated.*®

Aerosols

As a bioterrorist weapon inhalational anthrax is of
greatest concern due to the relative ease with which
spores can be dispersed in an aerosol. Spores dispersed
in the air, either as tiny droplets of liquid or as
dry particles, with a steady wind blowing, have the
potential to cause a large number of casualties.*?5°
The air-borne spread of anthrax is very much
determined by the particle size; spores will settle on
various surfaces and on the ground and may be re-
aerosolised by acuvity in the area, causing secondary
dangers of infection.’® Particles 1-2um in diameter
penetrate into the lungs and are difficult for the lungs
to eject.! 34

There is significant uncertainty relating to the
number of spores required to constitute an infectious
dose. Studies of the levels to which workers in goat-
hair processing mills in the US were exposed indicated
that approximately 1300 B. anthracis spores in particles
5um in diameter or less may be inhaled by workers
during an 8-h shift without inducing infection in non-
immunised workers.>> Carr and Ray®® examined the
carriage of spores of B. anthracis in the nose and throat
of 100 mill workers involved in the processing of goat
hair.3” No spores were recovered from throat swabs,
however 7% of nose swabs and 7% of pharyngeal
washes showed evidence of spores. No individual
yielded spores from both the nose and pharyngeal
washings.”

Inhalation studies using cynomolgus monkeys indi-
cated an LDs, for aerosolised anthrax spores of around
5000-8000 colony forming units. Fartality in such
experiments was typically 20-80%. The data derived
from earlier studies of occuparional exposure in pro-
cessing mills and from studies with monkeys indicate
the risk to humans of a low exposure to spores
would not appear to be significantly dangerous.’'>3
During the recent incidents in the US however the
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source of anthrax spores resulting in two of the faral-
ities from inhalational anthrax remained unidentified
after epidemiological investigation and environmental
sampling.’®>° Fennelly et al.>” modelled the exposure
of postal workers to spores and concluded that a
number of factors had an impact on the risk of air-
borne infection. These included the virulence of the
organism, the production and removal of the infec-
tious aerosol, pulmonary venrilation rate, duration of
exposure and host susceptibility factors. Ventilation of
the indoor environment to dilute the concentration of
air-borne spores was considered an important deter-
minant of the risk of infection.?” Peters and Hartley®®
reviewed the data carried out on cynomolgus mon-
keys and considered that while an LDs, was related
to 4000-8000 spores, an LD,y could be related to
50-98 spores and an LD, to 1-3 spores. While the
extrapolation used may not be valid it did indicate that
where a large population is given a low exposure to B.
anthracis spores a small percentage may be susceptible
through increased susceptibility to infection.

DECONTAMINATION STRATEGIES
Decontamination of Gruinard Island
Prior to the emergency in the US in October 2001 the
island of Gruinard was the main example of successful
decontamination of an area contaminated with anthrax
spores.'® As part of the development of a strategy
for the decontamination of the island a number
of different sporicidal disinfectants were evaluared
in the laboratory and formaldehyde, glutaraldehyde,
peracetic acid and dodecylamine used in trials on
the island for the treatment of contaminated soil. In
both closed and open plots dodecylamine had little
effect in reducing the number of spores, however
formaldehyde and gluteraldehyde and peracetic acid
were successful in eliminating or significantly reducing
spore numbers.'®

Full-scale decontamination was initiated by spraying
the vegetation with herbicide and then burning off
after seven days. The site was then covered with 50
parallel runs of lay-flat horticultural irrigation tubing
which delivered the biocide through pores on the
upper surface. The lines of rubing were pegged at
900 mm apart. Seawater was pumped from the sea
and mixed with formaldehyde to give a 5% (w/v)
concentration. The area was divided into 40 treatment
plots of about 1000m? and each was irrigated for
10 min at a time until all plots had received 50 dm’
of solution per m>. At sites of higher contamination
commercial grade formalin (38% formaldehyde) was
injected to the depth of the bedrock through perforated
brass tubes 700 mm apart; 1.75dm’ was inoculared
per 50 mm of soil depth. Two months after treatment,
soil cores were taken from 78 points, 58 of which
had previously indicated the highest levels before
decontamination and 20 selected at random. Only
three of the 58 points of high contamination and three
of the sites randomly sampled showed evidence of
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contamination. Positions that remained contaminated
in the vicinity of the detonarion point were found to
contain 109 viable spores per gram at a depth of 50 cm.
Further treatment involved spiking with stainless steel
rods to the bedrock and then irrigation with 10 dm?
of formalin. Further sampling six months after the
end of the decontamination indicated the absence of
spores even from areas which were originally heavily
contaminated. Two months after decontamination the
area was fertilised and re-seeded with grass. Forty
sheep were allowed to graze on the island for five
months and none showed any evidence of infection.

Decontamination at Sverdlovsk
The particle size is a key factor in determining the air-
borne spread of anthrax. Spores will settle on various
surfaces and on the ground and may be re-aerosolised
by activity in the area, causing secondary dangers of
infection. A major incident, resulting in the air-borne
release of B. anthracis spores, occurred in 1979 in
the Soviet Union.® In April and May of 1979, an
anthrax epidemic broke out among residents in the
city of Sverdlovsk (now Ekaterinberg) in the former
Soviet Union. When news of the epidemic reached
the west, Soviet officials claimed that the outbreak
stemmed from supplies of contaminated meat. It
was 13 years later that the Russians confirmed the
epidemic had been the result of an accident at a bio-
weapons manufacturing plant. The release was due to
a breakdown in maintenance schedules when a new
replacement exhaust filter was not fitted to drying and
milling equipment. When the equipment was brought
back into use after a weekend shut-down spores were
released into the atmosphere.®! %2

The wind-borne spread of anthrax caused a 6-
week epidemic that claimed approximately 66 lives.
Outbreaks in farm animals also occurred in villages
down wind of the plume® and 47000 of the
59 000 residents considered to be eligible (out of
a potentially exposed population of 1.2 million),
were given prophylactic immunisation.*” Initially only
minor efforts were made to clean the area and it was
surprising that such a small number fell ill. The dead
were placed in chloramine before burial. Eighteen
of the victims were employed at a ceramics factory
down-wind of the plume, this was decontaminated
by spraving inside and out with chloramine.®®> The
decontamination strategy involved spraying streets,
pavements and trees with disinfectant. Firemen
scrubbed roofs and walls of buildings with caustic
solutions. Topsoil in contaminated areas was removed
and buried, contaminated dirt roads were resurfaced
with asphalt and the police shot stray dogs.®?

Decontamination of buildings and facilities
associated with the handling of animal products
Whilst workers in occupations associated with the risk
of anthrax infection are vaccinated against possible
infection, the buildings associated with these occu-
pations may present potential risks. Demolition of
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buildings or those undergoing change of use, which
have previously been involved in the processing of
animal products, may present particular hazards. The
conversion or renovation of old buildings where horse-
hair has been previously used to bind plaster have been
associated with the presence of spores of B. anthracis.
Any renovation or demolition work associated with
older buildings where its use is suspected should
undergo a risk assessment and environmental sam-
pling. The use of appropriate personal protective
equipment is essential and consideration should be
given for the need to vaccinate workers.

Many of the early cases of occupationally-derived
anthrax in the UK were derived from imported
wool and animal hides. The work of Dr William
Frederick Eurich, Professor of Forensic Medicine
at the University of Leeds, during the early part
of the 20th century concentrated on reducing the
level of occupationally-derived anthrax. His research
led to the discovery of a method to sterilise wool
with formaldehvde with no detriment to the wool
or workers’ health. This led to the opening of
a Government disinfection station at the port in
Liverpool in 1921, where much of the contaminated
material was brought into the country.®*

In the late 1970s the redundant government
wool-disinfecting station in Liverpool was due for
demolition and presented particular problems of
safety to workers and the general public. Although
empty for some time, during the 1950s workers
had contracted anthrax through the handling of
contaminated, imported animal hides. After securing
the site, 1.5% formaldehyde solution was sprayed onto
the bricks and fittings of the part of the building that
was to be demolished. The material was then crushed
in a jaw-crusher before spraying again and loading
via a conveyer belt into skips. Once loaded onto
vehicles the skips were sheeted down and again sprayed
with formaldehyde before burial in landfill. Vehicles
were sprayed after unloading, before returning to the
site. All timber was removed from the building and
burned on site. All operatives were inoculated against
anthrax and wore protective overalls and facemasks.
All protective clothing was sterilised daily after use
then washed before burning.®

Decontamination of a textile mill in the USA
used vaporised formaldehyde (37% formaldehvde by
weight) delivered through some of the windows of
the building. The volume delivered was based on the
size of the room and aimed to give a level greater than
0.5-1cm? 0.028 m~—>. An approximately equal volume
of water was vaporised simultaneously to maintain a
relative humidity close to saturation. The building
was closed and all the heating systems and fans
turned on to maintain a temperature of above 26.6°C.
Biological indicators using an avirulent anthrax strain
were used to determine the efficiency of the process
and sampling using swabs was carried out prior to and
after deconramination.%®
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Laboratories

Fumigation with formaldehyde is a generally accepted
procedure for reducing microbial contamination in
laboratories where the handling of dangerous micro-
organisms has been carried out. Its effectiveness
however is highly dependent on the physical conditions
prevailing at the time; the area should not be
regarded as decontaminated until its effectiveness
has been confirmed through the use of appropriate
biological indicators (spore strips). Fumigation should
only be carried out by staff that are wearing
approved protective equipment and have undergone
an approved and appropriate training course. The
ventilation system should be turned off and the room
isolated from the ventilation system. The room should
be left to fumigate for 6h followed by a further 6h
for vaporisation of the fumigant to be completed. The
levels of formaldehyde vapour in surrounding areas
should be monitored and if greater than 1 ppm these
should be evacuated. After removal of the biological
indicator strips the room should be allowed to ventilate
using the normal room ventilation system (Health
Protection Agency standard operating procedures).

Decontamination of buildings in the USA
post-October 2001

During September and October 2001, envelopes
containing anthrax spores were mailed to news media
companies and government officials in the USA,
leading to 22 cases of anthrax infection (11 inhalational
and 11 cutaneous) and resulting in five deaths.®” Two
letters posted in or around Trenton, New Jersey and
post-marked September 18th were addressed to Tom
Brokaw at NBC news and the editor of the New York
Post. Two further letters addressed to Senator Tom
Daschle and Senator Patrick Leahy were posted in or
around Trenton and postmarked October 9th.

The letters posted on September 18th were initially
processed at the Trenton Mail Processing and
distribution centre in Hamilton, New Jersey and
sent to the Morgan Central Postal Facility in New
York City for sorting and delivery. Both of these
facilities and five others associated with the Hamilton
facility were later demonstrated to have environmental
samples positive for anthrax. Evidence of spores
was also found at two other media facilites, the
American Broadcasting Company and the Columbia
Broadcasting Company, although no evidence of other
B. anthracis-positive letters was recovered: neither
were any contaminated envelopes recovered from
other sites in New York.

The letters mailed on October 9th were again
processed at the Trenton facility in Hamilton before
transfer to the US Postal Service Brentwood Mail
Processing and Distribution Center in Washington,
DC. The envelopes were processed through high-
speed sorters at both facilities, probably resulting in
aerosolisation of the spores. These and other cross-
contaminated letters were then transported to various
government mail facilities including the Sterling Mail
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facility in Loudoun County, Virginia which is the
central mail receiving and distribution facility for the
Department of State and distribution centre for all
mail to US embassies throughout the world.%7-%%

The first cluster of nine cases of infection began
about four days after the posting of the first two letters
and were in five media company employees in New
York, two postal workers from New Jersey and two
media company employees from Florida.*

The second cluster began approximately five days
after the posting of second two letters and included five
postal workers from DC. Two cases from New York
City in the second cluster were found to have handled
the letter of September 18th posted to the New York
Post when it was moved in mid-October prior to
its identification. Three cases from New Jersey were
postal workers and one was a book-keeper in a nearby
commercial office building, environmental samples
positive for anthrax were recovered from the work-
sites of all four. The source of one case of inhalational
anthrax in a woman working in a hospital stock room
was not clearly identified and considered due to cross-
infected mail. A 94-year-old woman in Connecticut
who was not identified until November 14th also
appeared to have been exposed to cross-infected mail.
Environmental samples from the Wallingford sorting
office in Connecticut were positive for B. anthracis.®”

In addition to the immediate public health emer-
gency during 2001 there was a legacy of contaminated
buildings and facilities needing decontamination. The
US EPA, working with a number of private contrac-
tors, the US Postal Service and the CDC, provided
technical support for the monitoring and development
of on-site clean-up strategies and clean-up validation.
The costs for the environmental decontamination pro-
gramme have continued to escalate and are now esti-
mated to run into hundreds of millions of dollars. The
Hart Senate Office Building on Capitol Hill, where
the lerter addressed to Senator Tom Daschel was
opened,” was decontaminated in December 2001.7
Initial costs for the clean-up of Capitol Hill were esti-
mated at $5 million but the EPA eventually spent over
$27 million from its Superfund project.”

Chemical disinfection procedures

The decontamination of buildings of significant com-
plexity with regard to design and the equipment they
contained required the development and validation of
new procedures. Clean-up procedures required rigor-
ous validation to gain the confidence of staff that were
due to return to work in previously heavily contami-
nated buildings.

The EPA granted crisis exemptions for the use of a
number of unregistered disinfectants for emergency
use against anthrax in different decontamination
strategies and at different locations. State or federal
agencies were required to submit a written request
describing the antimicrobial product(s) to be used;
how, when and where they would be used; data
demonstrating efficacy of the product for the intended
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purpose; and how human health and safety would be
protected.” All decontamination strategies required
extensive post-treatment environmental sampling to
confirm that the treated areas were free from anthrax
spores. The chemicals granted exemption certificates
by EPA are discussed in the following paragraphs.

Paraformaldehyde

Paraformaldehyde was identified as being potentially
effective for use on the surfaces and crevices of
electronic and mechanical equipment. When heated,
paraformaldehyde releases formaldehyde gas, which
may be used as a decontaminant. Paraformaldehyde
was authorised for decontamination of spores from
a mail sorting and stamping device located at the
Department of Justice mailroom in Landover.

Ethylene oxide

Ethylene oxide was authorised for the fumigation of
items retrieved from congressional offices that were
potentially contaminated with anthrax. It was also
authorised for use by the US Department of Justice
(DOJ) in order to test the fumigation process for mail
received by the DOJ that was potentially contaminated
with anthrax.

Registered liquid bleach products

Registered liquid bleach products contain sodium
hypochlorite, used as a cleaner and to kill bacteria,
fungi, and viruses. The EPA confirmed the sporicidal
activity of bleach using the AOAC Sporicidal Activity
Test (modified)” and issued a crisis exemption for the
limited sale, distribution, and use of EPA registered
bleach products for use against anthrax. Under this
crisis exemption, only registered bleach products could
be sold or distributed to employees of EPA, other
federal, state, or local government agencies, and the
US Postal Service for use in anthrax decontamination.
Conditions of use were limited to application to hard
surfaces only, with the bleach solution close to, but
not above, pH 7 and 5000-6000 ppm with treated
surfaces remaining in contact with the bleach solution
for 60 min.

Methyl bromide

Methyl bromide, a broad spectrum pesticide used
to control insects, weeds, rodents, and pathogens, is
currently being phased out due to its contribution
to the destruction of the ozone layer. EPA issued
a crisis exemption to conduct limited testing to
determine whether methyl bromide could be used
for anthrax decontamination. Following review of the
laboratory efficacy data to support the crisis exemption
request, EPA determined that methyl bromide had the
potential to be effective for use in a decontamination
programme but an evaluation of the efficacy and
feasibility of applying methyl bromide in buildings
was required. A crisis exemption was issued for the
limited sale, distribution, and use of methyl bromide
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for use in a vacant mobile home by the University of
Florida for carrying out an evaluation study.

Vaporised hydrogen peroxide

Vaporised hydrogen peroxide (VHP) is an antimicro-
bial pesticide registered by EPA as a low-temperature
sterilant to kill bacterial spores on environmental sur-
faces in enclosed areas such as scientific workstations,
isolators, pass-through rooms, medical and diagnos-
tic devices, and for other biological safety applications.
The EPA indicated that available data using the AOAC
Sporicidal Activity Test’’ suggested that vaporised
hydrogen peroxide would significantly reduce bacte-
rial spore populations under specific conditions that
include pre-cleaning, concentration, and contact time.
A crisis exemption for the limited sale, distribution,
and use of registered VHP for use against anthrax
spores was issued for Vaprox” Hydrogen Peroxide
Sterilant for use by the General Services Administra-
tion and its contractors for anthrax decontamination
at Building 410 in the Anacostia Naval Yard, Wash-
ington, DC.

Peroxyacetic acid
Peroxyaceric acid, like hydrogen peroxide, is an
oxidising agent and when formulated as a liquid is used
as a disinfectant and sanitiser, and is usually applied
as a spray, or as a mop-on solution for eradication of
bacterial spores, fungi, fungal spores, and viruses.
Available data using the AOAC Sporicidal Activity
Test” suggested that hydrogen peroxide and peroxy-
acetic acid would reduce bacterial spore populations
under specific conditons including surface type, con-
centration and contact time. EPA issued crisis exemp-
tons for the limited sale, distribution, and use of four
registered products containing both hydrogen perox-
ide and peroxyacetic acid and also one for a product
containing only hydrogen peroxide. Applications of the
five pesticide products was limited to specific buildings
or treatment sites identified by EPA or other federal,
state, or local governmental authorities, or the United
States Postal Service.

Chiorine dioxide gas

Chlorine dioxide gas was first registered by the EPA
in the 1980s as an antmicrobial pesticide. It was
registered for the decontamination of manufacturing
and laboratory equipment environmental surfaces and
clean rooms. It is also registered for the washing of
fruit and vegetables, disinfecting meat and poultry
and decontamination of drinking water systems. It
was used by the EPA for the decontamination of
the Hart Building during November and December
2001. In March 2002 the crisis exemption for liquid
chlorine dioxide was amended to specify its use to
decontaminate hard surfaces only with a contact time
of at least 30 min at room temperature.
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Decontamination of the Hart Senate building

In the first major decontamination project, following
the releases of anthrax in the US, the EPA used chlo-
rine dioxide for the fumigation and decontamination
of the Hart Building. After extensive environmental
monitoring the building was prepared for fumigartion
by constructing isolation barriers in the 3000 sq. ft
office suite to contain the gas. The EPA used mobile
monitoring equipment to assess the concentration of
any escaping gas which was found to be well below the
25 parts per billion exposure level considered accept-
able. Prior to fumigation the humidity level was raised
and then fumigation with chlorine dioxide carried out
for a period of eight hours. Chlorine dioxide gas was
then removed using sodium bisulfite. Three thousand
test strips of surrogate spores considered to have a
higher tolerance to chlorine dioxide than B. anthracis
spores were exposed during the fumigarion process.
Initial problems involved maintaining the humidity at
the required level and the concentration of gas across
the building to ensure saturation point was reached to
ensure killing of the spores. Fumigation was repeated
to remove viable spores still detected in the heating and
ventilation systems. The EPA also cleaned other offices
and areas in the Hart building using different strategies
employing chlorine dioxide liquid, foams and HEPA
vacuum.” 7% The Hart building was opened again in
January 2002.7

Decontamination of Brentwood Sorting Office
The Brentwood sorting Office was the largest of the
US facilities to be contaminated, extending to some
700000 sq. ft. Decontamination of the site involved
sealing all doors and windows, including more than
100 dock-doors and 235 skylights. All movable
items including tubs, trays, and rolling equipment
in the building were removed and cleaned using a
bleach solution and all surfaces were decontaminated
with bleach. After many trials and building on the
experience from fumigation of the Hart building,
chlorine dioxide gas was pumped into the building
through the heating and air-conditioning system to kill
the remaining spores. Extra gas emitters were installed
in the building to increase the amount of gas in the
building and mechanical equipment was run to assist
in air flow and expose all parts to the gas.”’

The gas was made on-site and maintained in
the building from 12 to 48 hours. The temperature
was controlled at 24°C with 75% relative humidity.
Monitors were placed throughour the building to
ensure gas levels reached 750 parts per million and
over 8000 spore test strips were used to monitor
the effectiveness of the process. After fumigation
the gas was pumped out of the building and
shipped to a disposal company and the building
aired. Secondary decontamination was carried out
in areas suspected to be heavily contaminated by
vacuumingwith high efficiency particulate air vacuums
to remove any residual dust or residue left from
fumigation and followed by wiping surfaces with a
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bleach solution. The building was then re-sampled to
confirm decontamination before re-occupation.” 80
All personnel involved in the clean-up wore chemical
protective overalls, gloves and boots to protect the
skin and respirators to protect against inhalation of
spores. As a precaution all workers involved in clean-
up operations were given antibiotics and maintained
on them for 60days following their last day on the
site.®! The FDA commissioned a health-survey of all
1200 workers employed on the Brentwood site during
the decontamination process.®?

The Trenton processing and distribution centre was
decontaminated during the summer of 2003 using
the techniques initiated at the Hart building and
extended at Brentwood.®? The Sterling Mail Facility
which handles all mail for the State Department
was also due to be decontaminated during 2003 by
the USA Army Corps of Engineers rapid response
programme. The decontamination strategy involved
initially disposing of as much of the contents of the
building as possible to reduce the exposed surface
for fumigation, cleaning selected hot spots with a
chlorine solution and fumigating the whole building
with vaporised hydrogen peroxide.®*85

LESSONS LEARNED

Anthrax spores provided a significant challenge for the
development of reliable sampling and decontamina-
tion strategies; the experience gained however provides
a strong evidence base from which to handle any future
bio-threats. While different bio-threat agents present
their own range of specific issues and problems, pre-
paredness 1o deal with these types of emergency
depends upon good planning, regular exercises and
training.

Following the events of 2001 the US Government
Accountability Office (GAO) reviewed the public
health response to the anthrax incidents and the
lessons learned to improve public health preparedness
at the local, state and federal level.®®

The Centers for Disease Control and Prevention
(CDC) was placed under major pressure in supporting
the demands from local and state officials and in
coordinating the federal public health response in the
face of the rapidly unfolding incidents. Dealing with
the large amounts of information coming into the
centre and communicating with public health officials,
the media, and the public placed a significant strain
on resources.%°

Local and state public health officials indicated
that pre-existing planning, exercises, and previous
experience had helped promote a rapid and coor-
dinated response, problems arose through not fully
anticipating the extent of coordination needed among
responders and in not having all the necessary agree-
ments in place to put the plans into operation rapidly.
Public health officials had difficulty reaching clinicians
to provide them with guidance and sustaining the
capacity of the public health workforce and clinical
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laboratories over a longer period would have been
difficult to mainrain. Three general lessons for public
health preparedness were:

e The benefits of planning and experience.

e The importance of effective communication, both
among responders and with the general public.

e The importance of a strong public health infras-
tructure to serve as the foundation for responses to
bioterrorism or other public health emergencies.
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Abstract

Aim: To analyse the growth of Bacillus anthracis during simulations of the UK
anthrax vaccine manufacturing process.

Methods and Results: Simulated vaccine production runs were performed
using the toxigenic, acapsulate Sterne 34F, strain of B. anthracis in semi-
defined medium. After rising during the logarithmic growth phase, the pH of
the culture starts to fall at about 18 h from pH 87 to reach <76 at 26 h, coin-
cident with consumption of glucose and optimal production of protective anti-
gen (PA; 7-89 g ml™", SD 1-0) and lethal factor (LF; 1-85 g ml™", SD 0-29). No
increased breakdown of toxin antigens was seen over the 26-32 h period.
When glucose was exhausted, amino acids (principally serine) were utilized as
an alternative carbon source. Sporulation was not observed during the 32 h.
Conclusions: PA and LF, the principal constituents in the UK anthrax vaccine,
undergo little degradation during vaccine fermentation. The vaccine manufac-
turing process is robust and reproducible.

Significance and Impact of the Study: This is the first detailed analysis of the
manufacturing process used for the UK acellular anthrax vaccine; insight

gained into the process will support continued and safe vaccine manufacture.

Introduction

In the early 1950s, Wright and others succeeded in pro-
ducing an anthrax vaccine in a protein-free, chemically
defined medium which protected rabbits and guinea pigs
against virulent spore challenge. When precipitated with
potassium aluminium sulphate (alum), this antigen could
also induce a degree of protective immunity in mice
(Wright et al 1954). Further work by Belton and Strange
(1954) improved vields of antigen using a chemically
defined medium supplemented with casamino acids, yeast
extract and charcoal, which was thought to increase the
potency of the final product by adsorbing or removing
undefined toxin inhibitors. Concentrated antigen protec-
ted rabbits and monkeys when challenged with Bacllus
anthracis Vollum M.36 spores via an intramuscular or
aerosol route.

Anthrax vaccine has been manufactured at the Health
Protection Agency’s Centre for Emergency Preparedness
and Response (previously Microbiological Research Estab-
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lishment, later Centre for Applied Microbiology and
Research) for nearly 50 years, and since 1979 under a
Product Licence held by the UK Secretary of State for
Health. During that time, there has been little product
development or changes to the manufacturing process. In
brief, production of the UK-licensed anthrax vaccine pre-
cipitated (AVP) involves growth of cultures of the toxi-
genic, noncapsulated B. anthracis 34F, Sterne strain
(Sterne, 1939) in a chemically defined medium supple-
mented with casamino acids and activated charcoal.
Cultures are grown statically in 500 ml volumes in
Thompson bottles at 37°C until the pH of selected cul-
ture bottles falls below pH 7:6. At the end of the growth
period (approx. 24 h), the cultures are harvested and the
pooled supernatants filter-sterilized. Alum solution is
added and pH adjusted to 58-6-2. The precipitate is
allowed to settle under gravity at 5°C. A 15-fold concen-
tration (by volume) of the alum precipitate is effected by
aspiration and this precipitate is diluted 1: 3 with saline
to provide a ‘fivefold’ concentrate of AVP i.e. the antigen
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used for vaccine formulation. Although AVP is superfi-
cially similar to the US acellular vaccine (BioThrax, previ-
ously Anthrax Vaccine Absorbed, Emergent Biosolutions,
Lansing, MI, USA), the manufacturing process is very dif-
ferent, being a stirred-vessel anaerobic fermentation fol-
lowed by absorption of the culture supernatant proteins
onto Alhydrogel adjuvant; the Sterne-like seed stock
strain used (V770-NPI-R) is reported to produce negli-
gible amounts of lethal factor (LF) and oedema factor
(EF) (Winberry et al. 2001).

Only limited studies have been performed on the growth
of B. anthracis Sterne under conditions similar to those
used in vaccine manufacture. Puziss and Wright (1959)
performed an early study on carbohydrate metabolism and
protective antigen (PA) production in cultures of B. an-
thracis grown statically. Culture growth was estimated visu-
ally and PA in culture filtrates was determined by
immunization of guinea pigs and subsequent challenge
with spores of B. anmthracis Vollum. Individual antigens
were not quantified and the relative contribution of these
to protective efficacy could not be determined from the
data collected. Puziss and Wright claimed that levels of
‘PA’ peaked at around 38 h, a time corresponding to glu-
cose limitation. After this time levels of ‘PA’ declined.

There have been no reports detailing the physiology of
B. anthracis Sterne during the UK vaccine production
process, in particular on the kinetics of growth, substrate
utilization, production of antigens, the possible contribu-
tion of sporulation to toxin production, and the effect of
proteolytic enzymes on vaccine antigens. We have under-
taken an extensive study of the physiology of B. anthracis
Sterne under the conditions used during vaccine manu-
facture and are using this information to support contin-
ved production of the licensed UK acellular anthrax
vaccine. In addition, these data will inform the debate on
the relative immunoprotection afforded by the proposed
second-generation anthrax vaccines currently in human
clinical trials, all of which are based solely on adjuvanted
recombinant PA.

Materials and methods

Cultivation and sampling of Badillus anthracis 34F,
‘Sterne’

Baallus anthracis 34F; *Sterne strain’ was cultivated as des-
cribed in the current AVP Product Licence Application (PL
1511/0058). Briefly, a spore suspension seed stock was
diluted in sterile water (1: 10) and heated at 60°C for
60 min. The spore suspension was held at 4°C overnight
before being diluted to a concentration of 2 x 10* spores
per millilitre with ‘addition medium’ (60 g1™' NaHCOs;
0g It glucose; 10 mg 1" MnSO,4H,0). Thompson
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bottles containing 450 ml of basal medium (5956 g1~
casamino acids; 0518 g17' KOH; 695 mg I activated
charcoal; 52 mg I”' DL-sering; 25 mg1™' MgSO,7H,0;
245 mg 1" CaCly'6H,0; 20 mg =t L-cystine; 0167 mg =
thiamine hydrochloride) were sterilized by autoclaving at
121°C for 15 min and then warmed to 37°C prior to inocu-
lation with 50 ml of diluted spore suspension. Thompson
bottles were incubated statically at 37°C for up to 32 h; a
culture method which has historically been used to produce
anthrax vaccine in the United Kingdom. Samples were
taken throughout the time course. At each time point, three
bottles were killed for sampling and analysis and designated
A, B or C to aid analysis of data, effectively performing
three runs in parallel. Culture pH was measured immedi-
ately after sampling. From each bottle a number of replicate
samples was taken and assayed as described below. Viable
counts were performed immediately; culture supernatant
(02 pm filtrate) was stored frozen (-20°C) in aliquots
until analysed.

Viable cell and spore counts

Total viable counts were determined by plating serial
decimal dilutions (100 ul aliquots) onto tryptone soya
agar (TSA, Oxoid, Basingstoke, UK) plates in duplicate
and incubating at 37°C for 48 h. Spore counts were
determined by heating the dilutions from the total viable
counts at 60°C for 30 min to kill vegetative cells. The
dilutions (100 pl aliquots) were plated onto TSA plates in
duplicate and incubated at 37°C for 48 h. Plates with 30—
200 colonies were used to calculate the viable counts and
spore counts of the sample.

Glucose determination

The Amplex Red Glucose/Glucose oxidase kit (Molecular
Probes, Eugene, OR, USA) was used to determine glucose
levels in filter-sterilized culture supernatant.

SDS-PAGE gels and Western blot analysis for PA, LF,
EF, Sap and EA-1

Culture supemnatants were analysed by SDS-PAGE using
4-12% Bis-Tris precast gels (Invitrogen, Paisley, UK).
Staining was performed using SimplyBlue Safestain (Invi-
trogen) according to the manufacturer’s instructions. Gels
were scanned using a CCD image analyser (Image Master
VDS-CL, Amersham Pharmacia Biotech, now GE Health-
care, Little Chalfont, UK). Western blotting of gels was
performed by electro transfer of the proteins to nitro-
cellulose membrane. The immunoblotting conditions used
were as described by the manufacturer (Tobin transfer
reagent, Invitrogen). Blots were blocked using PBST
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[phosphate buffered saline (PBS) 0:1% (v/v) Tween 20]
with 2% (w/v) BSA (Sigma, Poole, UK) and probed with
rabbit polyclonal hyperimmune antisera (anti-LF and
anti-PA produced in-house by repeat immunization of
rabbits with recombinant PA or LF and Freund’s in-
complete adjuvant; anti-Sap (surface array protein) and
anti-EA-1 (extractable antigen-1) were kindly provided by
DSTL, Porton Down, Salisbury) or goat polyclonal anti-
sera (anti-EF, List Biological Laboratories Inc., Campbell,
CA, USA), and detected using goat anti-rabbit horserad-
ish peroxidase-conjugate (Sigma) or rabbit anti-goat
horseradish peroxidase-conjugate (Sigma).

Quantification of PA and LF

Quantification of immunoreactive PA and LF in samples
of filtered culture supernatants was undertaken using spe-
cific capture enzyme-linked immunosorbent assays (ELI-
SAs). These assays have been extensively characterized to
determine the optimum concentrations of antibodies and
conjugates, and incubation times (King ef al. 2006). Poly-
clonal antibodies [immunoglobulin G (IgG)] specific for
PA or LF were purified from hyperimmune rabbit sera
(generated in house by the immunization of rabbits with
highly purified recombinant PA or LF), diluted in PBS
to a final concentration of 2 ug mI™' and coated onto
microtitre plates (Immulon II, Thermo Fisher Scientific,
Basingstoke, UK) at 100 pul per well. The plates were incu-
bated for 18 + 2 h at 4°C and washed three times using
PBST before they were incubated with blanking buffer
(PBST and 5% foetal calf serum) for 60 + 10 min at
37°C with continuous shaking.

Samples containing PA and/or LF were serially diluted
in blanking buffer and 100 ul per well added to the plates.
After 60 £ 10 min at 37°C with continuous shaking, the
plates were washed as above. Antibody-enzyme conjugate
|anti-PA or anti-LF conjugated to horseradish peroxidase
(HRP)] was prepared by first activating the HRP with
sodium periodate and then using reductive amination to
conjugate the activated enzyme to IgG [essentially as des-
cribed by Hermanson (1996)]. Conjugate was diluted in
blanking buffer and added (100 pl per well) to the plates.
The anti-PA-HRP and anti-LF-HRP conjugates were used
at a final dilutions of 1 : 5000 and 1 : 30 000, respectively.
The plates were incubated for 1 h at 37°C with continuous
shaking and then washed three times with PBST. The sub-
strate solution (TMB Liquid Substrate System for ELISA,
Sigma) added and incubated at 37°C with continuous sha-
king (25-30 min for the PA ELISA and 20 + 2 min for the
LF ELISA). The reaction was then stopped with 2 mol I
sulphuric acid (50 ul per well) and the absorbance meas-
ured at 450 nm using a Multiskan MS plate reader
(Thermo Labsystems, Basingstoke, UK).

© 2007 Health Protection Agency

Journal compilation © 2007 The Society for Applied Micobiokgy, Joumal of Applied Microbology 103 (2007) 1453-1460

Anthrax vaccine manufacture

Macrophage cell lysis assay

The macrophage lysis assay was established essentially as
described by Quinn ef al. (1991). Optimal assav conditions
were determined experimentally. J774A.1 monocyte/macr-
ophage cells were obtained from ECACC (HPA, CEPR)
and maintained in Dulbecco’s modified Eagle's medium
(DMEM, Sigma) with 3% (v/v) r-glutamine, 10% (v/v)
foetal calf serum and penicillin/streptomycin solution (Sig-
ma) at 0:5 IU mI™" and 0:5 pg ml™", respectively. The cells
were routinely grown in 75 cm” flasks at 37°C in a humid-
ified 5% (v/v) carbon dioxide (CO,) atmosphere. Cells
were harvested by scraping growing cultures into pre-
warmed (37°C) DMEM buffered with 10 mmol I”" HE-
PES, pH 7-4 (DMEM/HEPES) and adjusting the cell
density to 4 x 10° cells per millilitre. The cell suspension
was plated at 200 ul per well in 96-well culture plates and
cultured at 37°C in 5% CO;; cells were allowed to settle
and attach for 18 £ 1 h. Before use in the assay, plates were
checked to ensure cells were greater then 80% confluent.

Samples and standards were prepared in dilution plates,
diluted in 5% foetal calf serum in DMEM/HEPES. Medium
and detached cells were removed from the assay plates by
gentle aspiration and replaced (100 gl per well) with sam-
ples/standards. After a 3 h £ 10 min incubation period
with toxin, cell viability was determined using the 3-[4,5-di-
methylthiazol-2-yl|-2,5-diphenyl-tetrazolium bromide (MTT)
tetrazolium dye assay (Mosmann, 1983). 45 mg ml~' MTT
(Sigma) in PBS was diluted in 1 : 5 in DMEM/HEPES and
50 pl per well added to assay plates to effect a final concen-
tration of 0-3 mg ml™". Incubation was continued at 37°C,
5% CO, for 60 £ 10 min to allow uptake and oxidation of
the dye by viable cells. The medium was aspirated and
replaced by 100 pul per well of 0-5% sodium dodecyl sul-
phate (w/v), 25 mmol I"" HCl in 90% isopropyl alcohol
and the plates shaken to dissolve the MTT (30 min). After
visual inspection to ensure dissolution of MTT crystals,
MTT absorption at 570 nm was determined using a Multis-
kan MS plate reader (Labsystems).

Amino acid analysis

Amino acid composition amalysis was performed using
high-pressure liquid chromatography (HPLC) analysis
(Alta Bioscience, University of Birmingham, Birmingham,
UK).

Results

Viable counts, spore counts and pH

Figure 1 shows the changes in culture pH, vizble cell and
spore counts throughout the bacterial growth phase of
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Figure 1 Viable counts, spore counts and pH determined for each
sample throughout the time course. Viable counts are represented by
solid black shapes; spore counts are represented by solid grey shapes;
pH values are represented by open shapes. Samples from bottles A, B
and C are represented by circles, squares and triangles, respectively.

the vaccine manufacturing process. Replicate Thompson
bottles harvested at the same time point gave comparable
results, indicating a greater degree of consistency than
might be expected given the sampling method used (sin-
gle bottle sacrifice). Following a gradual rise in pH over
the first 18 h, the culture pH shows a dramatic fall, con-
comitant with late exponential phase of vegetative cell
growth. After 25 h the pH again begins to rise, and con-
tinues to rise until the end of the experiment. The spore
counts remained constant throughout the 32 h studied
here and indicate that approx. 30% of the spores used to
inoculate each bottle do not go on to germinate. This
general pattern of growth was observed in two additional
studies of simulated manufacturing fermentations per-
formed over a 2-year period (data not shown) and
growth kinetics, pH and glucose data were essentially
super imposable.

Glucose utilization

Glucose in the culture was exhausted after approx. 26 h
as determined using the Amplex Red glucose assay, con-
comitant with the observed fall in pH. Data are shown in
Fig 2.

Amino acid utilization

As glucose levels in the culture medium start to decrease
at around 18-20 h, amino acids began to be utilized as
additional carbon sources, but not to the extent that they
are likely to become growth limiting. The principal amino
acid utilized was serine, the decline of which paralleled
that of glucose; arginine, glycine and tyrosine were util-
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Figure 2 Glucose concentration of filer-sterlized culture supernatant
from samples taken throughout the time course. Samples from bottles
A, B and C are represented by cirdes, squares and triangles, respect-
wely.
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Figure 3 Serine @ and arginine (A) utiization and omithine (%)
production by B. anthracs Sterne 34 F,. Levels of amino acids are
represented graphically as a percentage of their start concentrations
(serine 2560 nmoles mi~' and arginne 832 nmoles ml™").

ized to a lesser extent. Figure 3 shows serine and arginine
utilization, together with the increase in omithine after
20 h growth. Omnithine production is consistent with the
metabolism of amino acids, especially arginine. The fact
that B. anthracis produces a range of extracellular protea-
ses would seem to indicate that it will have the opportun-
ity to utilize amino acids as alternative carbon sources.
Other bacilli possess amino acid degradative enzymes
which are subject to glucose repression; the activity of
these enzymes is detected at the onset of stationary phase
(Deutscher and Kornberg, 1968), and it would seem rea-
sonable to assume that the same is true for B. anthracis
and that amino acids are utilized by the bacterium as it
adapts to nutrient-limited growth conditions.
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Figure 4 LF and PA levels in samples of fiter-sterized culture sup-
ematants from cultures of B. anthadis Sterne 34F.. LF data are repre-
sented by open shapes, PA data by filed shapes. Samples from
bottles A, B and C ame represented by circles, squares and triangles,
respectively.

Quantification of PA and LF

PA and LF present in the culture supernatants were deter-
mined using antigen-capture ELISA; results are shown in
Fig. 4. Mean PA and LF levels in the culture supernatant
were approx. 7-89 (SD 1:00) and 1-85 (SD 0:29) g ml™,
respectively, at 26 h. This corresponds to the approximate
point at which the cultures in the multiple Thompson
bottles of a manufacturing run would have been harves-
ted, and is marked by a fall in the pH below 7+6.

SDS-PAGE and Western blot analysis

Samples of filtered supernatant were analysed by SDS-
PAGE and the proteins visualized and recorded using
image analysis. Replicate gels were Western blotted and
probed with IgG purified from hyperimmune antisera
raised against PA, LF, EF, Sap and EA-1. HRP-conjugated
second antibodies were used to detect immunoreactive
proteins. As ELISA data were comparable for each of the
triplicate bottle sets, only the ‘Series A’ samples were ana-
lysed by SDS-PAGE and Western blotting. PA was first
detected in Western blots in the sample at 17 h, 1 h prior
to its detection by ELISA. The other antigens were detec-
ted slightly later: LF was first detected at 19 by EF Sap
and EA-1 were all detected at 21 h. Close examination of
Coomassie stained SDS-PAGE gels of 26 to 32 h samples
shows that no substantial degradation is evident. Western
blotting shows no increased breakdown of any of the
antigens examined over this time period (data for PA, LF
and EF are shown in Fig. 5). While a number of smaller
bands are present, the intensity of these relative to the
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123456788
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Figure 5 Antigen profiles of culture supernatants on a Coomassie-
stained protein gel (a) and Western blots (b) probed with anti-PA and
anti1F antser. Standards of PA and LF were loaded at a concentra-
tion of 1 ug per well Only the relevant PA or LF standard was indu-
ded on the blots. Markers on the gel were Mark 12 protein standards
(invitrogen) and on the blots were Magic Mark XP (Invitogen). 20 sl
of culture supematant was loaded for each sample (approx. 10 pug
protain). (a) Lanes 1: 26 h, 2: 27 h, 3: 28 h, 4: 29 h, 5: marker, 6:
30 h, 7: 31 h, 8 32 h, 9: LF standard, 10: PA standard. (b) Lanes 1:
26h,2:27h,3: 28Bh, & marker, 5:29h,6:30 h, 7: 31 h, 8:32 h,
9: standard.

major, full-length antigen band remains constant. This
indicates that proteolysis of these principal vaccine anti-
gens is not a significant problem under the growth condi-
tions used. Earlier samples in the time course show
predominantly full-length antigen on Western blotting,
but it is thought that this is more likely to reflect the
lower protein loadings at the earlier time points, rather
than increased degradation at later points. A commer-
cially available protease substrate was used and demon-
strated that proteases were present at extremely low levels
— activity was detected only after prolonged (overnight)
incubation at 37°C (data not shown). The detection limit
of this assay calculated using trypsin was 50 ng ml™".
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Macrophage cell lysis assay of lethal toxin activity

The lethal toxin activity in the culture supernatants from
cach of the ‘Series A’ samples from throughout the time
course was determined in a macrophage cell lysis assay.
LT activity was first detected at 19 h and showed a trend
towards increasing activity over the next few hours, con-
sistent with the increased PA and LF levels in the culture
supernatants detected by antigen ELISAs. No significant
decrease in activity was observed, even towards the end of
the time course (Fig 6). Although the 24 h sample
appeared to have a lower EDy, than expected, this reflects

1 10 100
Final dilution

3

1000

Figure 7 Macrophage cell lysis assay on time course Series A samples
prediluted 0 equivalent starting concentrations of PA (2 ug mi™").
Starting LF levels in the samples (calculated from the ELISA data) were
038, 056, 051, 045, 041 g mi™ for the (—x—) 22, (——) 24,
(——) 26, (——) 29 and (——) 32 h.
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the values obtained in the PA ELISA, which indicates that
the Series A sample at 24 h contained much less PA
than the Series B or C sample, indicative of the potential
variation introduced by the sampling method used.

Predilution of each sample to the same concentration
of PA (as determined from ELISA data) allowed direct
comparison of the specific activity of the samples which
remained essentially constant from 24 to 32 h (Fig. 7).
The ratio of PA : LF in the samples was approx. 4: 1
throughout. Taken together with the Western blot data,
these observations confirm that the LF and PA in the cul-
ture supernatants remain intact, even at later stages in the
fermentation, and retain functionality in being able to
combine on the macrophage cell surface to form lethal
toxin which can and then be internalized and kill the
macrophages.

Discussion

The main rationale for this study was to generate base-
line data profiling the kinetics of growth, substrate utiliza-
tion, production of PA and LF, and relationship between
pH and antigen production in the UK acellular anthrax
vaccine production process. To this end, three dedicated
simulation manufacture runs were carried out in the
manufacturing facility. These simulation runs were treated
in exactly the same manner as normal vaccine production
runs with the exception of the periodic sacrificing of bot-
tles for sampling. Individual bottle sacrificing was consid-
ered to be the best available method for sampling, as
repeated sampling from the same bottle was not possible
without disturbing the growing cultures, a phenomenon
believed to affect growth and antigen production; pelli-
cle/surface growth in the Thompson bottles is a notable
feature of the process, and disturbance of this pellicle
during the incubation period results in culture superna-
tant of reduced vaccine potential. This indicates a poten-
tial link between growth and the liquid/gas interface and
head-space gas composition. Importantly, the critical
requirement for pellicle growth may indicate the occur-
rence of density dependent signals linked to quorum
sensing, and we are currently investigating this possibility;
experiments have been performed where spent culture
supernatants added to growing cultures of B. anthracs
Sterne are shown to stimulate growth and antigen pro-
duction (T. Mukhopadhyay, unpublished data). Addition-
ally, B. anthracss Sterne is known to possess a functional
IuxS system and toxin synthesis is diminished after treat-
ment with furanone inhibitors of quorum sensing (Jones
and Blaser, 2003; Jones et al. 2005).

Analysis of the data obtained for culture pH, viable cell
and spore counts, glucose utilization, PA and LF levels
showed good conformity across all three simulation runs

© 2007 Health Protection
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despite the potential for variability inherent to the prac-
tice of single bottle killing Indeed, these profiles are
consistent with those obtained in similar experiments
performed in the same manufacturing facility over several
years, demonstrating the robust nature of the vaccine
production process despite its rather low-tech nature.

Growth kinetics showed a sigmoidal profile reaching
late exponential phase after about 18 h with a viable cell
count peaking with the onset of stationary phase at about
23 h growth, reaching approx. 107 viable cells per milli-
litre (Fig 1). Interestingly, viable spore counts remained
relatively constant between 10° and 10 counts per milli-
litre throughout the whole period of investigation, indica-
ting that a fixed proportion of the spores (around 30%)
present in the inoculum failled to germinate during the
production process, although they are clearly viable and
germinate on TSA; it seems likely that specific germina-
tion triggers are absent from the chemically defined pro-
duction medium. In addition, this observation suggests
that sporulation does not occur to any appreciable level
during the fermentation process. This may simply be
because of the fact that the necessary sporulation triggers,
such as severe medium nutrient depletion, have not
occurred at the 32h time point at which sampling
stopped. We know that sporulation is not initiated imme-
diately on the onset of nutrient limitation and indeed is
suppressed until alternative responses to starvation have
been exhausted. Additionally, readily utilizable nitrogen
sources strongly inhibit sporulation (Stephens, 1998) and
although in the vaccine fermentation B. anmthracis Sterne
has switched to amino acid metabolism, these nitrogen
sources have not been used up. Furthermore, the relat-
ively low cell densities achieved at the end of the vaccine
fermentation period will not favour sporulation (Gross-
man and Losick, 1988).

The pH of the medium shows an initial rise to approx.
87 coincident with the logarithmic phase of culture
growth; however, the pH then shows a dramatic fall to
below 76 as the culture reaches the end of logarithmic
growth (Fig. 1), coincident with depletion of glucose
(Fig. 2). The pH drop is believed to be caused by acid
produced as a result of glucose metabolism. After approx.
25 h, the culture switches to extensive amino acid utiliza-
tion (Fig. 3) and the resulting pH rise is consistent with
the release of ammonium ions resulting from the metabo-
lism of amino acids. Historically, the fall in pH to a value
below 76 has been used as the end-point indicator for
harvesting the production batch, when production of vac-
cine antigens in the process is presumed maximal. Glu-
cose depletion is used as the harvest indicator in the US
fermentor-based anthrax vaccine manufacture process
(Puziss et al. 1963); nonetheless, both the parameters are
coincident, reflecting their value as harvest indicators.

© 2007 Health Protection Agency
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Little or no degradation of antigens in the samples was
observed, even over the 26- to 32-h time period. This
observation is noteworthy as it has been reported that
high levels of protease activity are associated with an
asporogenic derivative of B. anthracis Sterne (ASterne-1)
if grown in a high yeast extract medium in the absence of
higher levels of protecting tryptone (Frachaus et al. 1998).
This adds credence to the use of a more defined type of
medium in the UK-licensed vaccine manufacture process
and the exact point of harvest.

Antigen levels during the manufacturing fermentation
process were determined for PA and LF using sensitive
and specific antigen-capture ELISA methods. These assays
showed that PA and LF levels were close to maximum at
the theoretical time of harvest. This study clearly demon-
strates the presence of significant amounts of LF in cul-
ture supernatants used in the manufacture of the UK
acellular anthrax vaccine, in contrast with the US vaccine
strain, B. anthracis V770-NPI-R, which is thought to pro-
duce only minimal levels of LF and EF (Puziss et al,
1963; Ivins et al 1998). This is of particular importance
to vaccine efficacy as several recent studies have implica-
ted roles for LF (and also EF) in protective immunity
studies using mice, in addition to the dominant role that
PA plays in humoral immunity (Pezard et al. 1995; Price
et al. 2001; Singh et al. 2002). As it is now becoming clear
that components other than PA in the UK anthrax vac-
cine may well be contributing to the overall immunopro-
tection afforded, it will be of interest to discover further
the identity and significance of components other than
PA and LF in the vaccine. It is intended to perform fur-
ther analysis on these samples to quantify the EF, oedema
toxin (ET; PA EF) and S-layer proteins which were
detected in these samples using Western blotting. The
functional and immunoassays required to perform this
analysis are currently being qualified in our laboratory.
This information could also be used in the rational design
of new recombinant anthrax vaccines.

In conclusion, this study has defined a baseline set of
key physical, biochemical and micmbiological parameters
during growth of B. anthracis 34F; Sterne strain in the
UK-licensed anthrax vaccine manufacture process. Fur-
thermore, it has been established that these parameters
show good conformity within batches over a significant
time period. This work has generated a basic understand-
ing of the production kinetics and biophysical parameters
within the culture system used for the production of
anthrax vaccine.
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Assessment of the Protective Effect of Imvamune and Acam2000
Vaccines against Aerosolized Monkeypox Virus in Cynomolgus
Macaques

Graham J. Hatch, Victoria A. Graham, Kevin R. Bewley, Julia A. Tree, Mike Dennis, Irene Taylor, Simon G. P. Funnell, Simon R. Bate,
Kimberley Steeds, Thomas Tipton, Thomas Bean, Laura Hudson, Deborah J. Atkinson, Gemma MclLuckie, Melanie Charlwood,
Allen D. G. Roberts, Julia Vipond

Microbiological Services, Public Health England, Salisbury, Wilishire, United Kingdom

To support the licensure of a new and safer vaccine to protect people against smallpox, a monkeypox model of infection in cyno-
molgus macaques, which simulates smallpox in humans, was used to evaluate two vaccines, Acam2000 and Imvamune, for pro-
tection against disease. Animals vaccinated with a single immunization of Imvamune were not protected completely from severe
and/or lethal infection, whereas those receiving either a prime and boost of Imvamune or a single immunization with Acam2000
were protected completely. Additional parameters, including clinical observations, radiographs, viral load in blood, throat
swabs, and selected tissues, vaccinia virus-specific antibody responses, immunophenotyping, extracellular cytokine levels, and
histopathology were assessed. There was no significant difference (P > 0.05) between the levels of neutralizing antibody in ani-
mals vaccinated with a single immunization of Acam2000 (132 U/ml) and the prime-boost Imvamune regime (69 U/ml) prior to
challenge with monkeypox virus. After challenge, there was evidence of viral excretion from the throats of 2 of 6 animals in the
prime-boost Imvamune group, whereas there was no confirmation of excreted live virus in the Acam2000 group. This evaluation
of different human smallpox vaccines in cynomolgus macaques helps to provide information about optimal vaccine strategies in

the absence of human challenge studies.

Variola virus, the etiological agent of smallpox, is highly conta-
gious and causes disease with a high mortality rate (1). En-
demic smallpox was eradicated through a successful global immu-
nization campaign by the World Health Organization more than
30 yearsago (2), with the final natural case of smallpox recorded in
Somalia in 1977 (3). Since the eradication, widespread vaccination
against this pathogen has been discontinued, and so the majority
of the world's population currently lacks protective immunity (4).
As a consequence, the use of variola virus as a biological weapon
poses a current major public health threat. Other orthopoxvi-
ruses, for example, human monkeypox, cowpox virus, and a vari-
ety of vaccinia virus-like viruses (5-8), also threaten public well-
being. These orthopoxviruses are naturally occurring and usually
spread to human beings by zoonotic infection. Since all of these
orthopoxviruses pose a risk to public health, there is a renewed
effort to develop and stockpile medical countermeasures such as
safe, effective orthopoxvirus vaccines and therapeutic agents.
The traditional calf-lymph derived, smallpox vaccines (e.g.,
Dryvax) used in the eradication of smallpox are based on replicat-
ing vaccinia virus. They are highly efficacious; however, their use is
associated with rare but severe side effects, particularly in immu-
nocompromised individuals (9, 10). Adverse events include
progressive vaccinia, eczema vaccinatum, myo/pericarditis, Ste-
vens-Johnson syndrome, fetal vaccinia, encephalitis, and occa-
sionally death (11). Second-generation smallpox vaccines, for
example, Acam2000, have subsequently been developed and
licensed. These vaccines are produced using the Lister-Elstree or
New York City Board of Health vaccinia virus strains in qualified
cell cultures according to Good Manufacturing Practice standards
(12, 13). Although these qualified vaccine preparations are cleaner
and appear to be as effective as earlier vaccines, there are still
adverse events following vaccination (11). Thus, if these vaccines

July 2013 Volume 87 Number 14

Journal of Virology  p. 7805-7815

were used today, in a public health emergency, it is estimated that
25% of the general population would be at risk of developing
complications (14).

Third-generation smallpox vaccines, such as Imvamune, man-
ufactured by Bavarian Nordic (Martinsried, Germany), are cur-
rently being developed as safe and effective vaccines without the
complications associated with traditional smallpox vaccines (15).
Imvamune is based on a strain of the modified vaccinia Ankara
(MVA) virus, which is a highly attenuated, replication-deficient
strain of vaccinia virus. It was generated by more than 500 pas-
sages of vaccinia virus in chicken embryo fibroblasts, during
which time it acquired multiple deletions and mutations and lost
the capacity to replicate efficiently in people and most mammalian
cells (16). In Germany, in the 1970s, MV A was tested in ~120,000
people. It was given as a preimmunization vaccine in combination
with the Lister vaccine (a second-generation vaccine). Several
high-risk groups were vaccinated, including young children with
skin conditions (15-18), and there were no reports of serious ad-
verse events using this two-step inoculation process (15).

It is not feasible to assess the protective efficacy of single or
multiple doses of Imvamune vaccine in phase 111 human clinical
trials because smallpox is no longer endemic in any part of the
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world. In order to progress licensing of effective medical counter-
measures for biodefense, such as Imvamune, the U.S. Food and
Drug Administration (FDA) has published the “Animal Rule”
(19). This rule permits the approval or licensing of drugs and
biological compounds based upon results obtained from an ani-
mal model that appropriately replicates the human condition. In
the past, macaques have been used in studies employing both va-
riola virus and monkeypox virus in order to model the ordinary
disease presentation of smallpox infection in people (1). Since
there are difficulties with working with variola virus, monkeypox
virus infection in macaques has now become an acceptable surro-
gate model for human smallpox disease (20, 21), provided an ap-
propriate dose and route of challenge such as aerosolization is
used (1). Thus, this animal model is supported by the FDA and
may provide valuable information on vaccine efficacy that could
be used to aid licensing.

The purpose of the present study was to evaluate the protective
effect of either a single dose of Imvamune, a prime and a boost of
Imvamune, or a single dose of the licensed vaccine Acam2000
against disease following an aerosolized severe or lethal dose of the
central African strain (Zaire 79) of monkeypox virus in cynomol-
gus macaques. Humoral and cell-mediated responses to vaccina-
tion were also examined.

MATERIALS AND METHODS

Experimental animals. Twenty-four captive bred, healthy, cynomolgus
macaques (Macaca fascicularis) of Mauritian origin (12 male and 12 fe-
male) were obtained from a United Kingdom breeding colony for use in
the present study. All of the animals weighed between 1.5 and 4.5 kg and
were between 2 and 4 years of age at challenge. The monkeys were negative
for neutralizing antibodies to orthopoxvirus prior to the start of the study.
Animals were housed according to the United Kingdom Home Office
Code of Practice for the Housing and Care of Animals Used in Scientific
Procedures (1989) and the National Committee for Refinement, Reduc-
tion, and Replacement (NC3Rs) Guidelines on Primate Accommodation,
Care and Use, August 2006. If a procedure required the removal of a pri-
mate from a cage it was sedated by intramuscular (i.m.) injection with
ketamine hydrochloride (10 mg/kg Ketaset, Fort Dodge Animal Health,
Lid., Southampton, United Kingdom). All procedures were conducted
under a Project License approved by the Ethical Review Process of the
Health Protection Agency, Salisbury, United Kingdom, and the United
Kingdom Home Office. None of the animals had been used previously for
experimental procedures.

Vaccines. Acam2000 Smallpox (vaccinia) vaccine was obtained from
Acambis, Inc., Cambridge, MA. The freeze-dried vaccine was reconsti-
tuted in 0.3 ml of diluent, according to the manufacturer’s instructions,
Imvamune, modified vaccine virus Ankara-BN (MVA-BN), was manu-
factured by IDT Biolugl“h Gth (Germany) and was supplied by Bavar-
ian Nordic A/S, D k,asah suspension. It was diluted in
the diluent provided (Tris-buffered sulme |TBS]) to give a final concen-
tration of 2 X 10® 50% tissue culture infective doses (TCID,;)/ml. The
negative control for the experiment was TBS, the diluent used for the
Imvamune vaccine.

Four t t groups of six cy lgus macaques were established.
The first group of animals ( TBS negative control) were inoculated with 0.5

the subcutaneous route with an Imvamune primer dose of 10° TCID, in
a 0.5-ml total volume, 56 days prior to challenge, and an Imvamune
booster dose (10* TCID., in a 0.5-ml total volume) 28 days prior to

challenge. The di ofmakmdfcmzkmaczqnﬂmthestudyw:s
e Fllnes s THC cctiann ccmted il s el = £ sk
as follows: the TBS negative control animals were male (7 = &), the

Acam2000-vaccinated animals were female (n = 6), the Imvamune x1-
vaccinated animals were male (n = 6), and the Imvamune X 2-treated
animals were female (n = 6). Each group of animals was kept separate to
avoid cross contamination and/or spreading of the vaccine.

x virus challenge strain. Monkeypox virus strain Zaire 79,
NR-2324, was obtained from the Biodefense and Emerging Infections

Research Resources R y (BEIR es, M VA). On the
day of challenge, sttxksof virus werelhawd and diluted appropriately in
minimum g Earl's salts (Sigma, Poole, United
Kingdom), 2 mM L-gluumme (Slp'nl). and 2% (vol/vol) fetal calf serum
(Sigma).

Aerosol and sampling. Monkeys were challenged with a

target dose of 10° PFU of monkeypox virus using the AeroMP-Henderson
apparatus; a flexible, highly configurable system in which the challenge
aerosol was generated using a six-jet Collison nebulizer (BGI, Waltham,
MA). The aerosol was mixed with conditioned air in the spray tube (22)
and delivered to the nose of each animal via a modified veterinary anes-
thesia mask. Samples of the aerosol were taken using an SKC BioSampler
(SKC, Ltd., Dorset, United Kingdom) and an aerodynamic particle sizer
(TSI Instruments, Ltd., Bucks, United Kingdom); these processes were
controlled and monitored using the AeroMP management platform (Bi-
aera Technologies, LLC, Frederick, MD). To enable delivery of consistent
doses to individuals each animal was sedated and placed within a “head-
out” plethysmograph (Buxco, Wilmington, NC). The acrosol was deliv-
ered simultaneously with a measurement of the respiration rate. A back
titration of the acrosol samples taken at the time of challenge was per-
formed to calculate the p d/inhaled dose. The challenge was per-
formed on 2 daysand Lhcmea:l presented dose on each day was 2.1 % 10°
and 3.1 X 10° PFU/animal (the overall mean presented dose was 2.6 X 10°
PFU).

Antibody conc cellular-i populations, and cyto-
kines were monitored in the blood pre- and postchallenge. After chal-
lenge, the viral loads were monitored in the blood and throat. For the
latter, a flocked swab (Copan Diagnostics, Murrieta, CA) was gently
stroked six times across the back of the throat in the tonsillar area.

Lung imaging. Thoracic, dorsoventral, and ventrodorsal radiographs
(SP VET 3.2; Xograph Imaging Systems, Ltd., Tetbury, United Kingdom)
were acquired at day 9 postchallenge using Xograph mammography film.
Lung pathology was evaluated by two consultant thoracic radiologists
blinded to the animals’ vaccination and clinical status, using a predeter-
mined scoring system.

ELISA. Samples of blood were taken at various time points through-
out the study. Serum was isolated and assayed for immunoglobulin G
{1gG) serum antibodies to vaccinia virus using an enzyme-linked immu-
nosorbent assay (ELISA). Maxisorp 96-well plates (Nunc, Roskilde, Den-
mark) were coated overnight at 4°C with a preparation of commercially
prepared psoralen/UV-inactivated, sucrose density gradient-purified vac-
cinia virus (Lister strain; Autogen Bioclear UK, Ltd., Wiltshire, United
Kingdom) in calcium carbonate buffer at 2.5 pg/ml. Unbound antigen
was removed by washing the plates three times. The plates were blocked
with blocking buffer (phosphate-buffered saline [PBS], 5% milk powder
{Stgmal 0.1% Tween 20 [Sigma]) for 1 hat mom lempmmmmlh shak-

ml of TBS 28 days prior to challenge. The second group of animal:

(Acam2000 x 1) were vaccinated with one dose of Acam2000 vaccine
(2.5 X 10° to 12.5 X 10° PFU) at the same time. Both the TBS and the
Acam2000 vaccines were delivered by scarification to the midscapular
area with the use of a bifurcated-end needle. In the third group (Imva-
mune X 1), animals were vaccinated once with Imvamune (10* TCID, in
a total volume of 0.5 ml) 28 days prior to challenge via the subcutaneous
route. In the fourth group (Imvamune *2), animals were vaccinated via

7806 jviasm.org

ing. Unbound blocking solution was r d by g three times.
Fourfold serially diluted serum samples (starting at 1:50) were added to
the plate for 2 h at room temperature with shaking. Unbound antibodies
were removed from the plate by mmmnc piaies\\m then incu-

bated for 2 h with shaking with b labeled anti-mon-
key-1gG (Kirkegaard & Perry Laboratories, Gaithersburg, MD). Unbound
detection antibody was removed by five washes and then developed using
an ABTS [2,2'azinobis(3-ethylbenzthiazolinesulfonic acid)] peroxidase
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substrate system (Kirkegaard & Perry). The development of the ELISA
was stopped using the ABTS stop solution (Kirkegaard & Perry). ELISA
titers were calculated and compared to a vaccinia virus immune globulin
standard (BEI Research Repository Resource, Manassas, VA), which was
used to convert ihe titer inio arbiirary internaiionai uniis { AiUj/mi.

Flow cytometry. Whole blood was collected at time points through-
out the study by using heparin as the anticoagulant. Antibodies to CD3e,
CD4, CD20, and CD16 (BD Biosciences, Oxford, United Kingdom) and
to CD8a (1 gen, United Kingdom) conj tanhymcrrﬂ'n'm
(PE)-cyanine dye (Cy7), allophycocyanin, PE, fl nisothiocyanat
and PE-Texas Red, respectively, were incubated with l]'le blood for 30 min
at room temperature. The red blood cells were removed from the whole
blood by lysing them with Uti-Lyse reagent (Dako, Cambridgeshire,
United Kingdom). Flow count beads (Beckman Coulter, High Wycombe,
United Kingdom) were added to provide a standard to enable cell counts
per pl of blood, before being acquired on the flow cytometer. The data
were collected on an FC500 flow cytometer (Beckman Coulter) and ana-
lyzed with CXP analysis version 2.1 software (Applied Cytometry Sys-
tems).

Luminex analysis of cytokines, The concentrations of interleukin-6
(IL-6) and gamma interferon (IFN-y) were determined in serum samples
using a NHP 23 Plex kit (Merck Millipore, Billerica, MA) according to the
manufacturer’s instructions. Samples were acquired using a Luminex 200
system (Luminex, Austin, TX), and the data were analyzed using the Xpo-
nent software (version 3.0). The concentration of each cytokine in the
serum was calculated based on a comparison with the corresponding stan-
dard curve generated using purified cytokines from the kit.

Monkeypox virus plaque assay. During the course of the study,
EDTA-treated blood and throat swabs were collected and frozen at —80°C
and, at necropsy, tissues were collected and snap-frozen in liquid nitro-
gen. Prior to testing, the tissue was th i and h 2 1 in PBS by
using a Precellys24 tissue homogenizer (Bertin Technologies, Villeur-
banne, France). The titers of live infectious virus in the tissues, blood, and
throat swabs were determined by plaque assay. Samples were incubated in
24-well plates (Nunc/Thermo Fisher Scientific, Loughborough, United
Kingdom) with Vero E6 (ATCC CRL-1586; American Type Culture Col-
lection, Manassas, VA) cell monolayers under MEM (Life Technologies,
Foster City, CA) containing 1.5% carboxymethyl cellulose (Sigma), 5%
(vol/vol) fetal calf serum (Life Technologies), and 25 mM HEPES buffer
(Sigma). After incubation at 37°C for 72 h, the samples were fixed over-
night with 20% (wt/vol) formalin-PBS, washed with tap water, and
stained with methyl crystal violet solution (0.2% [vol/vol]; Sigma).

PRNT assay. Samples of blood were collected at designated time
points prior to challenge and neutralizing, anti-vaccinia virus antibody
titers were measured by plaque reduction neutralization (PRNT) assay.
Heat-inactivated sera (56°C for 30 min) were serially diluted and incu-
bated with —50 PFU of wild-type Lister-Elstree vaccinia virus for 1 h at
37°C in 5% CO,. The samples were then incubated with Vero E6 mono-
layers using the method described above. The neutralizing antibody titers
were defined as the serum dilutions resulting in a 50% reduction relative
to the total number of plaques counted without antibody, according to the
Behrens-Karber formula (23). Titers were dardized to a standard
preparation of human Vaccinia Immune Globulin CNJ-016 (BEI Re-
scarch Repository Resource).

Virus detection by quantitative PCR. Tissue samples collected post-
challenge and snap-frozen in liquid nitrogen were defrosted and homog-
enized in PBS using a Precellys24 tissue homogenizer. Viral DNA was
isolated from homogi by using a tissue kit (Qiagen, Crawley, West
Sussex, United Kingdom) according to the manufacturer’s instructions.
Blood and throat swabs were processed using a Qiagen blood DNA mini-
kit according to the manufacturer’s instructions. Real-time PCR was per-
formed using an Applied Biosystems 7500 Fast instrument (Life Technol-
ogies) with an in-house TagMan assay targeted at the viral hemagglutinin
(HA) gene and residues in the Z79 genome (GenBank accession no.
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HQB857562.1 [V79-1-005]; keypox virus, resid
inclusive).

Clinical and euthanasia observations. The clinical observations were
scored, and routine in-house welfare assessments were made at reguhr
intervals pre- and posichallenge. These included measuremenis of the
rectal temperature and body weight. These parameters also fed into a
euthanasia scoring scheme. Both clinical and euthanasia scoring schemes
used a scale to indicate severity (0 = none, 1 = mild, 2 = substantial, and
i= |r|tcnse) Clinical observation score sheets were used to record an-
orexia, b ioral changes (depression/un [repetitive ac-
tivity), nasal discharge, cough, dyspnu. and ﬁ.shfskm swelling, whereas
euthanasia score sheets were used to record appearance and provoked and
natural behavior. The criteria for immediate euthanasia inchuded signs of
severe systemic infection, >20% loss in body weight, convulsions, hem-
orrhagic rash, and persistent prostration. Postchallenge detailed clinical
and euthanasia assessments were made on all animals every four to 6 h
until recovery, at which time the frequency was reduced to twice daily.

Euthanasia and necropsy procedures. Animals were sedated with
ketamine hydmch]ondc (10 mgfml. i.m.; Fort Dodge .\mrna! Health,
Ltd.). Anesthesia was deepened using intr me so-
dium at 30 mg/kg (Sagatal; Rhone Merieux), and cmngmnallon was
effected via the heart, before termination by injection of an anesthetic
overdose (Dolelethal, 140 mg/kg; Vetquinol UK, Ltd.). A full necropsy
was performed immediately to provide tissues.

Pathological studies. At necropsy, gross observations, including skin
lesions, were recorded, and samples were collected of all lung lobes, tra-
chea, heant, liver, kidneys, spleen, tongue, tonsil, esophagus, stomach,
ileum, descending colon, lymph nodes (tracheobronchial, axillary, mes-
enteric, mandibular, and inguinal), adrenal gland, ovary or testis, skin
(with or without lesion), and brain. The samples were placed in 10%
neutral buffered formalin; fixed tissues were then processed routinely to
paraffin wax, and sections cut at 5 pm and stained with hematoxylin and
eosin (H&E).

Statistical analysis. Flow cytometry data and antibody titers as mea-
sured by ELISA and PRNT assays were compared across tr using
one-way Mann-Whitney tests. A Pearson product-moment correlation
was performed on the transformed (log,,) real-time PCR data set and the
transformed (log,,) PFU/ml data set for the blood and throat samples. All
statistical analyses were performed using Minitab version 15.1. Differ-
ences were considered significant at P values of <0.05.

158734 to 158798,

RESULTS

Local effects at site of vaccination. Red patches were observed on
all animals at the vaccination site 4 days postvaccination by scar-
ification with Acam2000. These developed into raised scabbed
sites ~10 mm in diameter by day 6 postvaccination. Dry scabs
persisted for ~3 weeks postscarification. No reactive signs were
detected at the vaccination sites of any Imvamune-vaccinated an-
imals. Similarly no vaccination-specific marks were seen on the
TBS negative control animals.

Vaccine-induced humoral immune responses. Sera from MVA
vaccinated (Imvamune), vaccinia-virus vaccinated (Acam2000),
and TBS negative control animals were tested with a PRNT assay
against one antigen, wild-type Lister-Elstree vaccinia virus to de-
termine the levels of vaccinia virus-specific neutralizing antibod-
ies (Fig. 1a) prior to challenge. Antibodies were induced and con-
tinued to rise after vaccination with Acam2000 (Fig. 1a), with a
maximum median titer of 132 U/ml 6 days prior to challenge.
Significantly lower levels (P < 0.01) of neutralizing antibodies
were detected by PRNT assay in animals vaccinated with a single
dose of Imvamune (13 U/ml, 6 days prior to challenge). Animals
that received a second boost of Imvamune showed a rise in neu-
tralizing antibodies after the booster vaccination (Imvamune
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%2). This reached 69 U/ml 6 days prior to challenge and was
significantly higher (P < 0.05) than the titer in single-dose Imva-
mune group. Although higher concentrations of neutralizing an-
tibody were detected in the Acam2000 group, this was not signif-
icantly different from the amount of antibody detected in the two
dose Imvamune group (P > 0.05) (Imvamune *2) (Fig. 1a).
The levels of circulating IgG antibodies were detected by ELISA
pre- and postchallenge using only one antigen, vaccinia virus.
Prior to challenge, no rise in 1gG antibody was seen in the TBS
negative control or the single Imvamune dose group. In the
Acam2000 group after vaccination, IgG rose to 2.4 log,, AIU/ml, 9
days prior to challenge (Fig. 1b). A similar rise in antibody was
seen after the second dose of Imvamune in animals (Imvamune
%2) (2.3 log,, AIU/ml, 7 days prior to challenge) (Fig. 1b). After
infection, the kinetics of the antibody responses for the
Acam2000, Imvamune % 1, and Imvamune X2 groups were sim-
ilar; large increases in antibody titer from baseline levels were
found which peaked at day 9 postchallenge and then decreased
slowly to the end of the study. Vaccinia virus-specific IgG was not
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detected in the TBS negative control group until day 11 (2.0 log,,
AlIU/ml). Significantly (P < 0.05) higher levels of antibody were
detected in the two-dose Imvamune group (4.0 log,, AIU/ml) on
day 9 postchallenge than in the Acam2000 group, where a peak of
3.5 log,, ATU/ml was seen. Antibody concentrations in the single
and two dose Imvamune groups remained significantly (P < 0.05)
higher than the Acam2000 group on days 14 and 21 (Fig. 1b)
postchallenge.

Vaccine-induced cell-mediated immune responses. The cell-
mediated immune responses after vaccination and challenge were
monitored by flow cytometry. Lymphocyte numbers rose in the
TBS negative control, and Acam2000 groups after vaccination by
scarification (Fig. 2ato c). These small peaks were probably caused
by local irritation at the site of vaccination caused by scarification.
Small rises in CD3", CD4", and CD8" cells were seen initially,
following vaccination with one dose of Imvamune, but there was
no marked increase following the second vaccination (Fig. 2). Af-
ter challenge, however, there were noticeable rises in the different
cell populations in animals that succumbed to disease in the TBS
negative control group. For example, on day 9, there were signif-
icant differences (P < 0.05) between the TBS control and the
Imvamune %2 group. On closer inspection, these differences were
caused by the significant rise in circulating NK cells in the TBS
control (P < 0.05). By day 14, there were significantly higher (P <
0.05) numbers of B cellsand CD8* T cells in the surviving animals
(4/6) of the one dose Imvamune group compared to the
Acam2000 group. Also, by day 14 significantly higher (P < 0.05)
numbers of CD4* and CD8" cells were recorded in single Imva-
mune group than in the two-dose Imvamune group (Imva-
mune %2).

Elevated concentrations of IFN-v, as detected by Luminex as-
say, were seen in the TBS negative control group on day 6 after
challenge (4630%) (Fig. 3a). In contrast, no rise in serum gamma-
IFN was observed in animals in Acam2000 and two-dose Imva-
mune groups (Fig. 3a) as they were protected by vaccination. The
single Imvamune dose group also had raised concentrations of
serum gamma-[FN 6 days after challenge (Fig. 3a).

A significant rise in IL-6 cytokine was seen in the TBS negative
control group following aerosol challenge, which continued to
increase until the animals succumbed to infection on day 11
(4592% change from baseline) (Fig. 3b). Smaller increases in IL-6
were seen (day 6) in the single-dose Imvamune group (Fig. 3b).

Clinical signs of disease and mortality. Aerosolchallenge with
monkeypox virus at a mean presented dose of 2.6 x 10° PFU
resulted in a severe or lethal infection in susceptible individuals.
Most animals showed a decline in weight from their prechallenge
weights (Fig. 4). This was most severe in the TBS negative control
group, with a 10 to 18% loss in weight prior to euthanasia (Fig.
4a). All surviving animals in the vaccination groups—Acam2000,
Imvamune X 1,and Imvamune *2— had a consistent increase in
body weight from day 14 postexposure, indicating recovery from
the infection (Fig. 4b to d).

Signs of infection generally appeared from day 5 postchallenge.
Animalsin the TBS negative control displayed progressing depres-
sion, dyspnea, and nasal discharge. All six animals succumbed to
infection between days 7 to 11 postchallenge. In the single-dose
Imvamune group, two animals succumbed to infection on differ-
ent days. Both animals displayed mild depression and dyspnea
and were recumbent from day 6 postchallenge; animal MO64F was
found dead in cage on day 7 postchallenge, and animal 13201 had
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clinical signs that progressed to severe and met the criteria for
immediate euthanasia on day 9 postchallenge. The remaining four
animals in the one-dose Imvamune group were generally free of
clinical signs and survived to the end of the study (67% survival).
All of the animals vaccinated with Acam2000 or two doses of Im-
vamune survived the monkeypox virus challenge. The animals
appeared to be clinically normal, although there were differences
in the level of protection afforded by these vaccines, as demon-
strated in some of the test parameters, such as radiographs, lesion
counts, and viral load (Table 1).

Skin lesions, as a result of monkeypox virus infection, first
appeared at day 6 after challenge (Table 1), There was a peak in the
mean number of lesions, across all vaccination and control groups
at day 9. The greatest mean number of lesions was 51 per animal
(range, 5 to 169) in the TBS negative control group (Table 1).
Fewer lesions were detected in the vaccination groups. Vaccina-
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tion with one or two doses of Imvamune led to fewer lesions on
day 9, with means of 10 (range, 0 to 42) and 7 (range, 0 to 18)
lesions per animal, respectively. The lowest mean number of le-
sions was 3 (range, 0 to 7) per animal in the Acam2000 treatment
group.

Radiographs were taken postchallenge at the time when clini-
cal signs were most severe (9 days). They were scored indepen-
dently against acorresponding baseline image. Animals in the TBS
negative control group generally displayed the most severe clinical
signs (Table 1). Radiographs taken from animals in the Acam2000
vaccination group were normal. A wide spectrum of conditions
was observed in the Imvamune single- and two-dose groups rang-
ing from normal to severe edema (Table 1). One animal (Z385A)
in the two-dose Imvamune group had moderate to severe pulmo-
nary edema but recovered fully.

Whole blood, throat, and tissue viral loads of NHP exposed to
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aerosolized monkeypox virus: the monkeypox viral load of blood
and throat swabs were assessed by plaque assay (PFU/ml) (Fig. 5a
and b) and real-time quantitative PCR (genomes/ml) (Fig. 5¢c and
d) (there was a strong correlation [r = 0.746; df = 26, P < 0.001,
Pearson product-moment correlation | between plaque assay and
real-time PCR data). The peak in the mean load of viral DNA (4 %
10° genomes/ml) in the blood of animals from the TBS negative
control group (Fig. 5¢) occurred on day 7 postchallenge. In con-
trast, no viral DN A was also detected in the group that received the
Acam2000 vaccine on any day examined postchallenge. A peak in
the mean level of viral DNA in the blood was detected in animals
that had received one (6 % 107 genomes/ml; day 7 postchallenge)
and two (1 x 10" genomes/ml; day 6 postchallenge) doses of Im-
vamune (Fig. 5c). Low levels of live virus were detected in the
blood by day 3 postchallenge in all three vaccination groups and
the TBS negative control group, ranging from 25 to 200 PFU/ml
(Fig. 5a).

In the TBS negative control group, live virus (10° PFU/ml) and
viral DNA (107 genome copies/ml) were detected in the throats of
all animals challenged with monkeypox virus (Fig. 5band d). Live
virus (10* to 10° PFU/ml) was also detected in the throats of ani-
mals that had received a single dose of Imvamune (Fig. 5band d).
In the two-dose Imvamune group, four of six animals did not
excrete virus in the throat (within the sensitivity of the plaque
assay |<25 PFU/ml]). Live virus was detected at low levels (50
PFU/ml) in one of six animals, and one animal (Z385A) excreted
high levels of virus that peaked (4.6 * 10* PFU/ml) on day 9
postchallenge. In contrast, live virus was not detected in the
throats of animals (5/6 animals) vaccinated with Acam2000. Note
that no plaque assay data were obtained for one remaining animal
(MO016D) in the Acam2000 group due to contamination of the cell
monolayer.
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aerosolized monkeypox, over time, following vaccination, was determined. The results for individual animals are plotted. TBS negative, TBS negative control

group.
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TABLE 1 Clinical signs of monkeypox disease”

Efficacy of imvamune and Acam2000 Vaccines

Treatment group
Measurement TBS negative control Acam2000 x 1 Imvamune x 1 Imvamune x2
Temp Normal Normal Normal Normal
Clinical signs* 4 + + 4 *
Mean no. of lesions (day 9) 51 3 10 7
Onset of lesions Day 6 Day 9 Day9 Day 6
Resolution of lesions Not resolved Within 5 days Within 5 days Within 5 days
Thoracic radiography? et - ++ +
Survival (%) o 100 67 100

* Clinical signs were monitored every 4 to 6 h until disease recovery and th
* Clinical signs: -, none; +, mild; ++, substantiak + + +, intense signs.
* Two of the that animals succumbed to infection had intense dinical signs (++ +).

twice daily. T

groups are as described in Materials and Methods.

4 A thoracic radiograph was obtained 9 days postchallenge. Findings were scored as follows: -, normal; +, minor pulmonary edema: + +, mild pulmonary edema: + + +, moderate

pulmonary edema.

* All animals died between 7 and 11 days postchall and displayed high euth

ia scores.

/Two animals succumbed to infection on day 7 and day 9 postchallenge; the animal that died on day 7 had low euthanasia scores prior to death.

In addition to blood and throat swabs, tissues were collected
postmortem and assayed by real-time quantitative PCR for viral
load. The majority of tissues were positive for monkeypox virus in
the TBS negative control group (Fig. 6a). The greatest viral loads
were found in the tonsil and lung tissues, with between 10° and 10
genomes/mg. Two animals (M064F and 13201) vaccinated with a

single dose of Imvamune also succumbed to monkeypox infec-
tion. These two animals also showed similar patterns of viral load,
as seen in the TBS negative control group. Both tonsil and lung
tissue reflected the greatest values of between 10° and 10° cop-
ies/mg (Fig. 6¢). The remaining animals in the Imvamune X1
group that survived to the end of the study (>30 days postchal-
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FIG 5 Mean detectable levels (+ 1 SD) of live monkeypox virus in the blood (a) and throats (b} of macaques after a challenge with aerosolized virus (the limit
of plaque assay sensitivity was 25 PFU/ml). The numbers of viral genomes (HA gene), as determined from quantitative PCR analyses in the blood (¢) and throats
(d) in samples postchallenge, are shown. TBS negative, TBS negative control group; LLQ, the lower limit of quantification for quantitative PCR was 2,500
genomes/ml; LA, limit of plaque assay sensitivity. The plaque assay result for 1/4 animals in the Imvamune 2 was lost due to monolayer contamination on day 14,
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lenge) did not have any detectable viral loads by PCR in their tissue
postmortem. No detectable viral loads were seen in the tissue of
animals from the Acam2000 vaccination or the two doses of Im-
vamune (Fig. 6b and d). All of these animals also survived to the
end of the study (between 30 and 40 days).

Pathological and histopathological findings. Gross findings
on postmortem examination revealed that the main gross lesions
associated with monkeypox infection consisted of lung consolida-
tion in all animals in the TBS negative control and in two of the six
animals in Imvamune *1 group. An enlarged spleen was seen in
five of six animals in the TBS negative control and in one of six
animals in the Imvamune * 1 group.

On histological examination, changes consistent with acute
monkeypox infection were observed in the TBS negative control
group in the lungs, comprising (i) focal, acute necrotizing bron-
chitis and bronchopneumonia (Fig. 7a); (ii) focal, ibrinous, ne-
crotizing alveolitis (Fig. 7b), often accompanied by edema; and
(iii) focal acute vasculitis, sometimes together with thrombosis
and perivascular edema. In addition, focal necrosis with or with-
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| animalsin the TBS negative control (a), Acam2000 x | (b), Imvamune x 1 (c), and Imvamune x 2 (d) groups were evaluated. LLQ,
is given as the number of days postchallenge). TBS, TBS negative control group.

out neutrophil infiltration was observed in the trachea, larynx,
and tracheobronchial lymph node. In the skin (with lesion),
spleen, tonsils, the axillary, inguinal, and mandibular lymph
nodes, and the descending colon, focal necrosis—with or without
neutrophil infiltration—was observed.

In animals vaccinated with Acam2000, which were killed 33 to
38 days postchallenge, only mild, chronic lesions were observed.
These comprised focal alveolar epithelialization and/or infiltra-
tion of alveolar walls by lymphocytes and macrophages, which
were seen in two (M016D and M978E) of the six animals (Fig. 7¢).
Hyperplasia of bronchus-associated lymphoid tissue (BALT) was
recorded in five of six animals.

Animals vaccinated with a single dose of Imvamune that died
(MOG64F) or were killed for welfare reasons (13021) (days 7 and 9
postchallenge, respectively) had lesions of acute disease in all lung
lobes, similar to those described above in the TBS negative control
group (Fig. 7d). In the trachea of one animal and in the larynx of
another, focal necrosis, with or without neutrophil infiltration,
was also observed. Hyperplasia of BALT was observed in one of
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FIG 7 Histological lesions associated with monkeypox infection in the lung. (a) TBS negative control, animal M596AB (lung; focal, acute, and necrotising

bronchiolitis [arrowhead]; H&E

ing). (b) TBS negati

control, animal M595AB (lung; focal, fibrinous, and necrotising alveolitis; H&E staining). (c)

Acam2000 vaccination group, animal M016D (lung; patchy infiltration of alveolar walls by lymphocytes and macrophages [asterisks|; H&E staining). (d) Single
Imvamune dose, animal 13201 (lung; focal, acute, and necrotising bronchiolitis [arrowheads]; H&E staining).

four animals that were euthanized as scheduled 32 to 39 days after
challenge. In all animals in the single-dose Imvamune group, mild
changes of focal alveolar epithelialization and/or infiltration of
alveolar walls by lymphocytes and macrophages, a finding consis-
tent with chronic or resolving lesions, were recorded.

In animals that received two doses of Imvamune and were
euthanized as scheduled 35 to 40 days after challenge, only mild
lesions of chronic disease, comprising focal alveolar epithelializa-
tion and/or infiltration of alveolar walls by lymphocytes and mac-
rophages were seen in two of the six animals. Hyperplasia of BALT
was recorded in four of six animals.

Lesions attributable to monkeypox infection were not detected
in the liver, kidney, heart, tongue, esophagus, stomach, ileum,
mesenteric lymph node, adrenal gland, ovary, testis, or brain of
any animal.

DISCUSSION

Since smallpox has been eradicated, the future licensing of a new
generation of smallpox vaccines relies, in part, on the demonstra-
tion of efficacy in animal models of monkeypox (19). When mon-
keypox virus infects people as an epizootic pathogen, it presents a
clinical disease similar to smallpox in that the time course and
manifestation of disease is similar to that seen with human small-
pox, particularly the rash which progresses through the macular,
papular, vesicular, and pustular phases (24). Thus, a well-defined
animal model using monkeypox virus should mimic the natural
course of smallpox disease. Macaques have been used at various
stages of smallpox vaccine and antiviral research (16, 25-36), and
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in each case the route of infection, dose, and choice of challenge
strain have been key factors in determining whether the macaque
model of monkeypox resembles human clinical variola virus in-
fection.

Imvamune is a more recent smallpox vaccine and is being fast-
tracked by the FDA for use in humans (37). This vaccine is cur-
rently stockpiled in the United States for use duringan emergency,
such as an imminent bioterrorist attack, to protect individuals
who are at risk of developing side effects from older vaccines (37).
Studies have been published demonstrating the safety, immuno-
genicity (4), and protective efficacy against vaccinia virus scarifi-
cation in humans (38) of Imvamune delivered in a single- or two-
dose regime. Several studies have also shown its protective
potency in animals (33, 39, 40). In the present study, for the first
time, the efficacy of both one and two doses of Imvamune vaccine
was assessed in cynomolgus macaques following challenge with an
aerosolized dose of 2.6 ¥ 10° PFU of monkeypox Zaire Z9. Inha-
lation of aerosolized virus more closely resembles the natural
route of infection of smallpox in humans (41) and therefore ini-
tiates the onset of clinical signs that are similar to human clinical
disease (20, 42).

When aerosolized monkeypox virus was used at a dose (2.6 %
10° PFU) to produce severe or lethal disease in naive cynomolgus
macaques, animals in the TBS negative control group succumbed
to infection within 7 to 11 days. Pock lesions began to appear on
day 6 postchallenge, and there was a peak in the number of lesions
by day 9 (a mean of 51 lesions per animal). These data are in sharp
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alignment with other natural history and pathology studies con-
ducted at our laboratories, as well as with work performed by
Nalca et al. (36). In contrast, in other vaccine trials where control
animals have been challenged by a different route, such as the
intravenous route with a dose 5 % 107 PFU (16) or 2 % 107 PFU
(32), pock lesions ranging from 250 to =500 per animal appeared
from days 3 to 6. These differences highlight the importance of the
challenge route and the dose.

All of the animals that received the second-generation vaccine
(Acam2000) survived the monkeypox virus challenge, although
some signs of viral infection were observed, such as lesions (mean
number of three per animal) an dav 9 and low lovels of viremia,

o pe day @ and o eE 0 rem

The animals were generally well and lost very little weight. Both
humoral and cell-mediated immune responses were primed, and
high concentrations of neutralizing antibody and IgG antibody
were detected after vaccination.

The optimal and intended vaccination regime for Imvamune is
a prime-boost approach, and results from the present study high-
light the importance of this vaccination strategy. The use of a
prime-boost regime with Imvamune protected all of the animals
challenged (100% survival). Both antibody and cell-mediated im-
mune responses were stimulated, and high titers of neutralizing
and IgG antibody were detected following the second dose of Im-
vamune. There was still some evidence of monkeypox virus infec-
tion in the group, as indicated by the presence of pock lesions on
day 9 and minor pulmonary edema; nevertheless, this is compa-
rable to the results from the Acam2000-vaccinated animals. In
addition, however, there was evidence of virus excretion in the
throats of two of six animals. Viral excretion in the throat after
MVA vaccination has previously been shown when using the in-
tratracheal (33) and intravenous (32) challenge routes (a different
source of MVA and a different route of vaccination was used in the
intravenous challenge study).

In the present study, a single dose of Imvamune did not protect
all of the animals in the group, and two animals succumbed to
infection. Postmortem, the virus was isolated from the lungs and
tonsils of both animals. The titer of vaccinia virus-specific 1gG
antibody and neutralizing antibody prior to challenge was very
low, and this may have contributed to the poorer outcome in this
group. It should be noted that a single dose is not the optimal
regime for Imvamune vaccination; however, one dose does give
partial protection and thus may potentially be useful as a primer
vaccine, in certain groups of people, which are then subsequently
boosted during an emergency. Further work is clearly needed in
this area.

Our data not only provide supportive information for the use
of Imvamune as a vaccine against variola virus but also show that
it could be useful as a vaccine to protect against human infections
with monkeypox virus. Recent epidemiologic studies suggest that
human monkeypox is currently exhibiting a robust emergence in
the Democratic Republic of the Congo (7, 43, 44). Cessation of
smallpox vaccination worldwide has resulted in diminished vac-
cine-induced orthopoxvirus immunity, creating a new “immuno-
logic niche” for the emergence of human monkeypox (45). The
use of next-generation smallpox vaccines for the prevention of
human monkeypox is currently being discussed (45, 46).

Overall, we have demonstrated here that a prime-boost vacci-
nation regime with Imvamune provides complete protection, as
does the comparator vaccine Acam2000. Two doses of Imvamune
should be used rather a single dose which only offers partial pro-
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tection. This evaluation of different human smallpox vaccines in
cynomolgus macaques helps to address questions about optimal
vaccine strategies, in the absence of human challenge studies, dur-
ing a time when the efficacy of Imvamune is being established
under the “Animal Rule.”
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LYDRLASTVIYRGT TFAEGVWAF L ILPQAKKDF FSSHPLREPVNATEDPSSGYYSTTI
RYQATGFGTNETEYLFEVDNLTYVQLESRFTPQFLLQLNETIYASGKRSNTTGKLIWK
VNPEIDTTIGEWAFWETKKPH"

B8287..9739

/gene="vP3@"

B287..9739

/gene="vP3@"

Jproduct="vP3@ minor nucleoprotein”

B287..8298

[regulatory_class="other”

fgene="vP3@"

fnote="putative transcription start signal”

8294..8381

fregulatory_class="polyA_signal_sequence”

/gene="vP3@"

B588..9374

/gene="vP3@"

/note="polymerase complex protein”

fcodon_start=1

fproduct="VP3@ minor nucleoprotein”

Jprotein_id=" »
/translation="MEASYERGRPRAARQHSRDGHDHHVRARSSSRENYRGEYRQSRS
ASQVRVPTVFHKKRVEPLTVPPAPKDICPTLKKGFLCDSSFCKKDHQLESLTDRELLL
LIARKTCGSVEQOLNITAPKDSRLANPTADCFQQEEGPKITLLTLIKTAEHWARQDIR
TIEDSKLRALLTLCAVMTRKFSKSQLSLLCETHLRREGLGQDQAEPVLEVYQRLHSDK
GGSFEAALWQQWDRQSLIMFITAFLNIALQLPCESSAVVVSGLRTLVPQSONEEASTN
PGTCSWSDEGTP®

§9729..9739

/regulatory_class="polyA_signal_sequence”

/gene="vP3g"

/note="putative”

9849..11517

/gene="vP24"

/note="putative"

9849..11517

/gene="vP24"

/product="VP24 membrane-associated protein”

9849, .9860

fregulatory_class="other”

/gene="vp24"

/note="transcription start sigral”

18344..11099

/gene="vP24"

[note="membrane-associated protein”

fcodon_start=1

/product="VP14 membrane-associsted protein”
/protein_id="AIY29186.1"
Jtranslation="MAKATGRYNLISPKKDLEKGWLSDLCNFLVSQTIDGWKVYWAG
TEFDVTHKGMAL LHRLK TNDFAPAWSMTRNLFPHLFQNPNSTIESPLWALRVILAAGT
QDQLIDQSLIEPLAGALGLISDWLLTTNTN-FNMRTQRVKEQLSLKMLSLIRSNILKF
INKLDALHVVNYNGLLSSTEIGTQNHT ITITRTNMGF LVELQEPDKSAMRKKPGPAK
FSLLHESTLKAFTQGSSTRMQSLILEFNSSLAT"

11484..11455

fregulatory_class="polyA_signal_sequence”

/gene="vP24"

/note="putative”

115@8..18281

/gene="L"

1158@..18281

fgene="L"

Jproduct="polymerase"”

11580..11511

fregulatory_class="other”

/gene="vp24"

fnote="transcriptional start signal”

115@7..11517

/regulatory_class="polyA_signal_sequence”

/gene="VP24"

/note="putative”

11588..18218

/gene="L"

/note="polymerase; synthesis of viral RMAs;
transcriptional RNA editing”

fcodon_start=1

/product="polymerase”

fprotein_id="AIY29187.1"
Jtranslation="MATQHTQYPDARLSSPIVLDQCDLVTRACGLYSSYSLNPQLRNC
KLPKHIYRLKYDVTVTKFLSOVPVATLPIDFIVPILLKALSGNGF CPVEPRCQQF LDE
TIKYTMQDALFLEYYLKNVGAQEDCVDDHFQEKTLSS IQGNE FLHQMFFWYDLAILTR
RGRLNRGNSRSTWFVHDDL IDILGYGDYVFWKIPISLLPLNTQGI PHAAMDWYQTSVF
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ORIGIN

-

61
121
181
P51
31
361
a1
481
541
601
66
m”m
781
84
ge1
961

1821
1081
1141
1201
1261
1321
1381
1441
1501
1561
1621
1681
1741
1801
1861
1921
1981
2041
2101
2161
2221
2281
2341
2401
2461
2521
2581
2641
2701
2761
2821
2881
2941

4

-

ggacacacaa
gattaataat
aatcatacct
gagggggcaa
cacatcacaa
attgttaaag
tttgaacctg
ttagaaatag
cctcagaaag
ttgacagcag
caagtaaaca
gattttcaag
ggagattaca
cgttttgaag
tctagtggga
gctaatgecg
gaaaaggett
atacaatatc
Cgaacaaatt
catgatgcca
ttgattgtca
catcectettg
agetecctgy
gtaaataatc
acagcccacg
gaggcageca
catcttggac
gaaatcaget
ctgacagaag
Bacgacattc
Batccgactg
BEctacggcg
ctattcgatc
BEtggacaac
acgccaactc
acggacaatg
atcaacgaag
ttagagtcag
gooccaccgg
caacaagatc
gaacattctt
gttttgtatt
gagtacacgt
gccatgaatg
atgaatcaca
taatgggatg
agaatttttg
atttaaaget
aataagegtt
atctaaatta

Zaire ebolavirus isolate Ebola virus/H sapiens-tc/GBR/2014/Makona-UK1. - Clipboard - Nucleotide - NCBI

KEAVQGHTHIVSVSTADVL IMCKDLITCRFNTTLISKTAEVEDPVCSDYPNFKIVSHL
YQSGDYLLSILGSDGYKITKFLEPLCLAKIQLCSKYTERKGRFLTQMHLAVNHTLEET
TEIRALKPSQAHKIREFHRTLIRLEMTPQQLCELFSIQKHWGHPVLHSETATQKVEKH
ATVLEALRPIVIFETYCVFKYSTAKHYFDS)GSWYSVTSDRNLTPGLNSYIKRNQFPP
LPMIKELLWEFYHLDHPPLFSTKIISDLSIFIKDRATAVERTCWDAVFEPNVLGYNPP
HKFSTKRVPEQFLEQENFSIENVLSYAQKLEYLLPQYRNFSFSLKEKENVGRTFGKL
PYPTRNVQTLCEAL LADGLAKAF PSNMMVVT EREQKES L LHQASWHHT SDDFGEHATV
RGSSFVTDLEKYNLAFRYEFTAPF IEYCNRIYGVKNVFNWMHY TIPQCYMHVSDYYNP
PHNLTLENRNNPPEGPSSYRGHMGGT EGLQIKLWTSISCAQISLVE IKTGFKLRSAVM
GONQCITVLSVFPLETDAGEQEQSAEDNAARVAASLAKVTSACGIFLKPDETFVHSGF
IYFGKKQYLNGVQLPQSLKTATRMAPLSDAIFDDLQGTLASIGTAFERSISETRHIFP
CRITAAFHTFFSVRILQYHHLGFNKGFDLG)LTLGKPLDFGTISLALAVPQVLGGLSF
LNPEKCFYRNLGDPVTSGLFQLKTYLRMIEMDDLFLPLIAKNPGNCTAIDFVLNPSGL
NVPGSQDLTSFLRQIVRRT ITLSAKNKLINTLFHASADFEDEMVCKWLLSSTPVMSRF
AADIFSRTPSGKRLQILGYLEGTRTLLASKIINNNTETPVLDRLRKITLQRWS LWFSY
LDHCDNI LAEALTQITCTVDLAQILREYSWAHILEGRPLIGATLPCMIEQFKVWLKP
YEQCPQCSNAKQPGGKPFVSVAVEKKHIVSAWPNASRISWTIGDGIPYIGSRTEDKIGR
PATIKPKCPSAALREATELASRL TWVTQGSSNSDLLIKPFLEARVNLSVQEILQMTPSH
YSGNIVHRYNDQYSPHSFMANRMSNSATRLIVSTNT LGEFSGGGYSARDSNI IFQNVI
NYAVALFDIKFRNTEATDIQYNRAHLHLTKCCTREVPAQYLTYTSTLDLDLTRYRENE
LIYDNNPLKGGLNCNISFDNPFFQGKQLNIIEDDLIRLPHLSGWE LAKTIMQSIISDS
NNSSTDPISSGETRSFTTHFLTYPKIGLLYSFGAFVSYYLGNTILRTKKLTLDNFLYY
LTTQIHNLPHRSLRILKPTFKHASVMSRLMS IDPHFSTY IGGAAGDRGLSDAARLFLR
TSISSFLTFVKEWIINRGTIVPLWIVYPLEGQNPTPVNNFLHQIVEL LVHDSSRHQAF
KTTINDHVHPHDNLVYTCKSTASNFFHASLAYWRSRHRNSNRKDL TRNSSTGSSTNNS
DGHIKRSQEQTTRDPHDGTERSLVLQMSHEIKRTTIPQENTHQGPSFQSFLSDSACGT
ANPKLNFDRSRHNVK SQDHNSASKREGHQTISHRLVLPFFTLSQGTRQLTSSNESQTQ
DEISKYLRQLRSVIDTTVYCRF TGIVSSMHYKLDEVLWE IENFKSAVTLAEGEGAGAL
LLIQKYQVKTLFFNTLATESSIESEIVSGMI TPRMLLPVMSKFHNDQIEIILNNSASQ
ITDITNPTWFKDQRARLPRQVEVI TMDAE TTENINRSKLYEAVHKLILHHVDPSVLKA
WLKVFLSDTEGMLWLNDNLAPFFATGYLIKPITSSARSSEWYLCLTNFLSTTREMPH
QNHLSCKQVILTALQLQIQRSPYWLSHL TQYADCDLHLSYIRLGFPSLEKVLYHRYNL
VDSKRGPLVSVTQHLAHLRAE TRELTNDYNQQRQSRTQTYHF IRTAKGRITKLWNDYL
KFFLIVQALKHNGTWQAEFKKLPELTSVCNAFYHIRDCNCEERFLVQTLYLHRMQDSE
VKLIERLTGLLSLFPDGLYRFD"

18271..18281

/regulatory_class="polyA_signal_seguence”

/gene="L"

aaagaaagaa gaatttttag gatcttttgt gtgcgaataa ctatgaggaa
tttcctctca ttgaaattta tatcggaatt taasattgeaa ttgttactgt
gEtttgtttc agagccatat caccaagata gagaacaacc taggtcteocg
Eggcatcagt gtgctcagtt gaasatccct tgtcaacatec taggecttat
gttccgectt asactctgca gggtgatcca acaaccttaa tagcaacatt
gacagcatta gttcacagtc aaacaagcaa gattgagaat taactttgat
aacacccaga ggactggaga ctcaacaatc ctaaagoctg gggtaaaaca
tttaaagaca aattgctcgg aatcacaasa ttccgagtat ggattctegt
tctggatgac gocgagtctc actgaatctg acatggatta ccacaagatc
gtectgtccgt tcaacaggge attgttcgic aaagagtcat cocagtgtat
atcttgagga aatttgccaa cttatcatac aggcctttga agctggtgtt
agagtgcgga cagtttcctt cteatgettt gtettcatca tgegtaccaa
aacttttctt ggaaagtgge gcagtcaagt atttggaagg geacgggttc
tcaagaagtg tgatggagtg aagcgecttg aggaattget gecageagta
gaaacattaa gagaacactt gctgccatgc cggaagagga gacgactgaa
gtcagttcct ctectttgea agtctattoc ttccgasatt ggtagtagga
gecttgagaa gettcaaagg caaattcasg tacatgeaga geaaggactg
caacagcttg geaatcagta ggacacatga tggtgatttt ccgtitgatg
ttttgatcaa atttcttcta atacaccasg ggatgcacat ggttgecgga
acgatgctgt gatttcaaat tcagtggetc aagetcgttt ttcaggtcta
aaacagtact tgatcatatc ctacaaaaga cagaacgagg agttegtctc
caaggaccgc caaggtaaaa aatgaggtga actccttcaa ggctgeactc
ccaagcatgg agagtatget cctttcgece gacttttgaa cottictgga
ttgagcatgg tettttccct caactgtcgg caattgcact cggagtcgec
EBagcaccct cgcaggagta aatgttggag aacagtatca acagctcaga
ctgaggctga gaagcaactc caacaatatg cggagtctcg tgaacttgac
ttgatgatca ggaaaagaaa attcttatga acttccatca gaaasagaac
tccagcaaac asacgcgatg gtaactctaa gasaagagcg cctggecaag
ctatcactge tgcatcactg cccaaaacaa gtggacatta cgatgatgat
cctttccagg acccatcaat gatgacgaca atcctggoca tcaagatgat
actcacagga tacgaccatt cccgatgtgg tagttgacce cgatgatgga
aataccaaag ttactcggaa aacggcatga gtgcaccaga tgacttggtc
tagacgagga cgacgaggac accaagccag tgcctaacag atcgaccaag
agaaaaacag tcaaaagggc cagcatacag agEgcagaca gacacaatcc
aaaacgtcac aggccctcge agaacaatcc accatgocag tgctccacte
acagaagaaa cgaaccctoc gEctcaacta gocctcgeat gotgacccca
aggcagacce actggacgat gocgacgacg agacgtctag ccttocgece
atgatgaaga acaggacagg gacggaactt ctaaccgcac acccactgte
ctcccgtata cagagatcac tccgaaaaga aagaactccc geaagatgaa
aggaccacat tcaagaggec AggAaccalg acagtgacaa cacccagoca
ttgaggagat gtatcgccac attctaagat cacaggggcc atttgatgec
atcatatgat geaggatgag cctgtagttt tcagtaccag tgatggtaaa
atccggactc ccttgaagag gaatatccac catggetcac tgaalaagag
atgagaatag atttgttaca ctggatggtc aacaatttta ttggccagta
ggaataaatt catggcaatc ctgcaacatc atcagtgaat gagcatgtaa
atttaatcga caaatagcta acattaaata gtcaaggaac gcaaacagga
atgtctaagg tgtgaattat tatcacaata aaagtgattc ttagttttga
agcttattat tactagocgt ttttcaaagt tcaatttgag tcttaatgea
aagccacagt tatagccata atggtaactc aatatcttag ccagegattt
aattacatta tgcttttata acttacctac tagcctgece aacatttaca
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3@e1 cgatcgtttt ataattaaga aaaaactaat gatgaagatt aaaaccttca tcatccttac
3961 gtcaattgaa ttctctagea ctagaagett attgtcttca atgtaaaaga aaagetggec
3121 taacaagatg acaactagaa caaagggcag gggccatact grggccacga ctcagaacga
3181 cagaatgcca ggccctgage tttcgggctg gatctctgag cagctaatga ccggaaggat
3241 tcctgtasac gacatcttct gtgatattga gaacaatcca ggattatget acgeatccca
3301 aatgcaacaa acgaagccaa acccgaagat gegeaacagt caaacccaaa cggacccaat
3361 ttgcaatcat agttttgagg aggtagtaca aacattggst tcattggeta ctgtigtgea
3421 acaacaaacc atcgcatcag aatcattaga acaacgeatt acgagtcttg agaatggtet
3481 aaagccagtt tatgatatgg caaaaacaat ctoctcattg aacagggttt gtgctgagat
3541 ggttgcaaaa tatgatcttc tggtgatgac aaccggtcgg gCaacagcaa CCECtgcggc
3681 aactgaggct tattgggctg aacatggtca accaccacit ggaccatcac tttatgaaga
3661 aagtgcgatt cggggtaaga ttgaatctag agatgagact gtccctcaaa gtgttaggga
3721 ggeattcaac aatctagaca gtaccacttc actaactgag gasaattttg ggasacctga
3781 catttcggca aaggatttga gaaacattat gtatgatcac ttgcctggtt ttggaactge
3841 tttccaccaa ttagtacaag tgatttgtaa attgggaasa gatagcaatt cattggacat
3981 tattcatgct gagttccagg ccagoctgge tgaaggagac tcccctcaat gtgcocctaat
3961 tcaaattaca aasaagagttc caatcttcca agatgctgct ccacctgtca tocacatccg
4821 ctctcgaggt gacattcccc gagottgeca gaagagettg cgtccagtcc caccatcacc
4081 caagattgat cgaggttggg tatgtgtttt tcagcttcaa gatggtasaa cacttggact
4141 caaaatttga gccaatctct tttccctccg aaagaggeaa ctaatagcag aggcttcgac
4201 tgctgaacta tagggtatgt tacattaatg atacacttgt gagtatcage cctagataat
4261 ataagtcaat taaacaacca agataaaatt gttcatatoc cgetageage tttaaagata
4321 aatgtaatag gagctatacc tctgacagta ttataattaa ttgttattaa gtaacccaaa
4381 ccaaaaatga tgaagattaa gaaaaaccta cctcgactga gagagtgttt tttcattaac
4441 cttcatcttg taaacgttga geaaaattgt taasaaatatg aggcgggtta tattgectac
4581 tgctcctcct gaatatatgg aggccatata coctgecagg tcaaattcaa caattgetag
4561 gggtgecaac agcaatacag gettcctgac accggagtca gtcaatggag acactccate
4621 gaatccactc aggccaattg ctgatgacac catcgaccat gCCagecaca caccaggcag
4681 tgtgtcatca geattcatoc tcgaagetat ggtgaatgtc atatcgggoc ccaaagtget
4741 aatgaagcaa attccaattt ggcttcctet aggtgtcget gatcaaaaga cctacagett
4881 tgactcaact acggccgeca tcatgottge ttcatatact atcacccatt tcggeaagge
4861 aaccaatccg cttgtcagag tcaatcgget gggtcctgza atcccggate accccctcag
4921 getcctgega attggaaace aggetttcect ccaggagttc grtcttecac cagtccaact
4981 accccagtat tteacctttg atttgacage actcaaactg atcactcaac cactgectge
5841 tgcaacatgg accgatgaca ctccaactgg atcaaatgga gegttgegtc caggaatttc
5101 atttcatcca asacttcgec ccattctttt acccaacala agrgggaaga IgEgEsaacag
5161 tgccgatcta acatctccgg agaaaatcca agcaataatg acttcactcc aggactttaa
5221 gatcgttcca attgatccaa ccaaaaatat catgggtatc gaagtgccag aaactctggt
5281 ccacaagctg accggtaaga aggtgacttc caaaaatgga caaccaatca tccctgttect
5341 tttgccaaag tacattgggt tggacccggt gEctccagza gacctcacca tggtaatcac
5401 acaggattgt gacacgtgtc attctcctge aagtcttcca gotgtggttg agaagtaatt
5461 gcaataattg actcagatcc agttttacag aatcttctia gggatagtga taacatcttt
5521 ttaataatcc gtctactaga agagatactt ctaattgatc aatatactaa aggtgettta
5581 caccattgtc tcttttctct cctasatgta gagettaaca aaagactcat aatatacctg
5641 tttttaaaag attgattgat gasagatcat gactaataac attacaaaca atcctactat
5701 aatcaatacg gtgattcaaa tgtcaatctt tctcattgoa catactcttt gtecttatee
5761 tcaaattgce tacatgctta catctgagga cagocagtzt gacttggatt ggagatgtgs
5821 aggaaasaatc ggggcccatt tctasgttgt tcacaatcta agtacagaca ttgctcttct
5881 aattaagaaa aaatcggcga tgaagattaa gocgacagtg agcgtaatct tcatctctet
5941 tagattattt gtcttccaga gtaggggtca tcaggtoctt ttcaattgga taaccaaaat
6081 aagcttcact agaaggatat tgtgaggcga caacacaatg ggtgttacag gaatattgea
6861 gttacctcgt gatcgattca agaggacatc attctttctt tgggtaatta toctittcca
6121 aagaacattt tccatcccge ttggagttat ccacaatagt acattacagg ttagtgatgt
6181 cgacaaacta gtttgtcgtg acasactgtc atccacaaat caattgagat cagttggact
6241 gaatctcgag gegaatggag tggcaactga cgtgccatct gtgactaaaa gatggggctt
6381 caggtccggt gtcccaccaa aggtggtcaa ttatgaagct ggtgaatggg ctgasaactg
6361 ctacaatctt gaaatcaaaa aacctgacgg gagtgagtgt ctaccagcag cgccagacgg
6421 gattcggggc ttcccccggt gocggtatgt goacaaagta tcaggaacgg gaccatgtge
6481 cggagacttt gocttccaca aagagggtge tttcttoctg tatgatcgac ttgettccac
6541 agttatctac cgaggaacga ctttcgctga aggtgtcgtt geatttctga tactgoccca
6681 agctaagaag gacttcttca getcacacce cttgagagag ccggtcaatg caacggagga
6661 cccgtcgagt ggctattatt ctaccacaat tagatatcag getaccggtt ttggaactaa
6721 tgagacagag tacttgttcg aggttgacaa tttgacctac gtccaacttg aatcaagatt
6781 cacaccacag tttctgetcc agctgaatga gacaatatat geaagtggga agaggagcaa
6841 caccacggga aaactaattt ggaaggtcaa ccccgaaatt gatacaacaa tcggggagtsg
6981 ggccttctgg gaaactaaaa aaacctcact agaaaaattc geagtgaaga gttgtctttc
6961 acagctgtat caaacggacc caaaaacatc agtggtcaga gtccggcgcg aacttcttec
7021 gacccagaga ccaacacaac aaatgaagac cacaaaat:a tggcttcaga aaattcctet
7881 gcaatggttc aagtgcacag tcaaggaagg aaagetgeag tgtcgeatct gacaaccett
7141 gccacaatct ccacgagtec tcaacctece acaaccaala cagEtccgga caacageace
7201 cataatacac ccgtgtataa acttgacatc tctgaggeaa ctcaagttgg acaacatcac
7261 cgtagagcag acaacgacag cacagectec gacactecic CCgecacgac cgcagccgga
7321 cccttaaaag cagagaacac caacacgagt aagagcgetg actccctgga cotegecace
7381 acgacaagcc cccaaaacta cagcgagact getggcaata acaacactca tcaccaagat
7441 accggagaag agagtgccag cagcgggasag ctaggettaa ttaccaatac tattgetgga
7501 gtagcaggac tgatcacagg CEEgagaage actcgaagag aagtaattgt caatgctcaa
7561 cccaaatgca accccaattt acattactgg actactcagg atgaaggtge tgcastcgga
7621 ttggcctgga taccatattt cgggccagca gocgaaggaa tttacacaga ggggctaatg
7681 cacaaccaag atggtttaat ctgtgggttg aggcagctgg ccaacgaaac gactcaaget
7741 ctccaactgt tcctgagage cacaactgag ctgcgaacct tttcaatcct caaccgtaag
7881 gcaattgact tcctgctgca gogatggggt ggcacatgoc acattttggg accggactge
7861 tgtatcgaac cacatgattg gaccaagaac ataacagaia aaattgatca gattattcat
7921 gattttgttg atasaaccct tccggaccag ggEgacaatg acaattggtg gacaggatgg
7981 agacaatgga taccggcagg tattggagtt acaggtgtta taattgcagt tatcpgettta
B84l ttctgtatat geaaatttgt cttttagtct ttcttcagat tgtttcacgg caaaactcaa
B81e1 cctcaaatca atgaaactag gatttaatta tatgaatcac ttgaatctaa gattacttga
8161 caaatgataa cataatacac tggagcttca aacatagcca atgtgattct aactccttta
8221 aactcacagt taatcataaa caaggtttga catcaatcta gectatatctt taagaatgat
8281 aaacttgatg aagattaaga asaaggtaat ctttcgatta tctttagtct tcatccttga
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8341
8401
8461
8521
8581
8641
8701
8761
8821
8881
8941
9001
9061
9121
9181
9241
9301
9361
9421
9481
9541
9601
9661
9721
9781
9841
9981
9961
18021
10081
18141
18201
18261
18321
10381
18441
18501
18561
18621
10681
10741
10801
10861
10921
10981
11841
11101
11161
11221
11281
11341
11401
11461
11521
11581
11641
11701
11761
11821
11881
11941
12001
12061
12121
12181
12241
12301
12361
12421
12481
12541
12601
12661
12721
12781
12841
12901
12961
13821
13081
13141
13201
13261
13321
13381
13441
13501
13561
13621

ttctacaatc
aataatcaga
taaaaaagtc
atgagagage
ttegageacg
cctcacaagt
ctocageace
tttgcaaaaa
ccegtaagac
gettageaaa
tgacactgat
ccaaattaag
agetgagtct
aacccgttect
cactatggca
tegetcteca
ttecctcaate
agggtaccce
tccgtatace
tataatcact
tatgatataa
cctgccaage
aggagetage
cttaaaatat
ggtctatggt
cttgtttcag
aggtctgatg
cttttagcaa
cagttgccce
catacattgt
taaatctggg
gaacattact
gcaaggttac
caagcaagac
ccaaaaagga
aaactattca
gaatggccct
ggaacctatt
cactgagagt
aacccttage
atttcaacat
ttegatccaa
atggattatt
ctaacatggg
agoctgggcc
getcctegac
taagatggaa
atctetgect
atttgtttaa
aaaaccagga
tattatatta
tasacccgea
cgtaactaac
cttattgggt
tggctacaca
aatgtgacct
tacgcaactg
agttcttaag
tcaaggcact
atgaaattat
tgggtectca
agggcaatga
Bgggtagatt
acatcttagg
acacacaagg
cggttcaagg
aagatttaat
acccagtttg
attacttact
tgtgcttgee
cacaaatgca
ageccttcaca
cgccacaaca
atagtgaaac
ctatcgtgat
atagtcaagg
cttatatcaa
tttaccacct
ttataaaaga
atgttcteggg
tagagcaaga
tactaccaca
gaactttcgg
tagctgatgg
aaaaagaaag
atgccacagt
ggtatgagtt
tttttaattg
atccaccgea
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atgacagttg
tctgcaaace
aatagaaatt
acgeccccga
atcatcatcc
gegcgttect
taaagacata
agaccaccag
ttgtggatca
tccaacgget
caagacggea
ggcattgtta
tttgtgtgag
cgaagtatat
acaatgggac
gttaccgtgt
agataatgag
ttaataagge
tatcatcata
ctcatttcaa
cccaaacatt
atacctettg
aacgatccat
taagaaaaac
attcgetatt
gaggtatatt
agaataaacc
aatactattt
tgagatacge
attaggggea
ctaactccac
ttgageacce
aaggttgaac
ctgagaaaaa
cctggagaaa
agggtggaaa
attgcataga
tccecattta
catccttgea
aggageectt
gcgaacacaa
tattctcaag
gagcagtatt
ttttctggte
gEcgaaattt
acgaatgcaa
tacttcatat
tcataatcag
ccacagataa
ctcagaatcc
ataageattt
getcatgtgt
attagataag
ctttccgtgt
acatacccaa
tgtcactaga
taaactcccg
tgatgtacca
atcaggcaat
taagtacaca
agaagactgt
atttttacat
aaatcgagga
ctatggggac
aatcccccat
gcatacacac
tacatgtcga
ctctgattat
ctccatatta
taaaattcaa
tttagctgta
BEctcacaag
actttgtgag
agcaatccaa
tttcgagaca
atcttggtac
aagaaatcaa
tgaccatcct
cagagctact
atataatcca
aaacttttct
atatcggaat
aaaattgcct
tcttgctaaa
cttattgcat
tagagggagt
tacagcacct
gatgcattat
taacctcaca

tctttaatga
gitagaattt
taaacagtga
gotgecagac
agagagaatt
actgtatttc
tgtccgacct
ttagaaagtt
gtagaacaac
gatgatttce
gaacactgge
actctatgtg
acacacctaa
caacgattac
cgacaatccc
gaaagttctg
gaagcttcaa
tgactaaaac
tatttaatca
attgataaga
gaccaaagaa
cacaaagtga
ctcatcaaaa
tgacggaaca
Bttatattac
Btgaccggaa
ttattattca
caggatagte
cacaaaagtg
ataatatcta
caggtcaact
tcacaattaa
tgagagtgte
accatggeca
ggggttgtet
gtttattggg
ctgaaaacta
tttcaaaate
gcagggatac
gatctgatct
cgtgtcaagg
tttattaaca
gaaattggaa
gagctccaag
tooctectte
agtttaattc
tgggctaact
atatataage
atcctcactg
ctcaaataag
tatcactaga
gttaggttte
taggttaaga
tttagatgaa
tacccagacg
gcttgegget
alacatatat
BtEgcgacat
Bagttctgtc
atgcaagatg
gttgatgacc
caaatgtttt
aactctagat
tatgtttttt
Botgctatgg
attgtttctg
ttcaacacaa
cocaatttta
gagtctgatg
ttgtgetcaa
aatcacaccc
atccgtgaat
ctattttcca
aaagttaaaa
tattgtgttt
agtgttacct
ttoccctoegt
coacttttct
Bcagtagaaa
cctcacaaat
attgagaatg
ttttctttct
tatccgactc
Boatttccta
caagcatcat
agctttgtaa
tttatagaat
acaatcccac
ctggaaaate
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aaaaggaaaa
agttgtaacc
gtgcagacaa
agcattcaag
atcgaggtga
ataagaagag
tgaaaaaagg
taactgatag
aattaaatat
agcaagagga
cgagacaaga
ctgtgatgac
BECBCEa3RE
acagtgataa
taattatgtt
ctgtcgttgt
CCAACCCRER
actatataac
agacgatatc
tatgcataat
aatcataatc
ttettgtaca
aataagtatt
taaattcttt
aatcaataac
aagctaaact
gattaggeee
cagctagtga
tctctgaget
attgaactta
ccattggctg
aaaataagag
tagacaacaa
aagetacggg
taagcgacet
ctggtattga
atgactttge
cgaattecac
aggaccagtt
ctgattgget
aacaattgag
aattggatge
ctcaaaatea
aacccgacaa
atgagtecac
ttgaattcaa
catatatget
ataataaata
taagccaget
agattccaag
aatccaatat
acaaattata
a3aaagettg
gcagttgaca
ccaggttatc
tgtattcate
accgtttaaa
tgcccataga
ctgttgagee
ctetetteoct
actttcaaga
tctggtatga
caacgtggtt
BBaagatcoc
attggtatca
tttctactge
ctctaatcte
agattgtgtc
EEtataaaat
agtacaccga
tggaagaaat
tccatagaac
tacaaaaaca
aacatgctac
ttaaatatag
cagatagaaa
tgccaatgat
caaccaaaat
BEacatgctg
tcagtaccaa
ttctttecta
cattgaaaga
gcaatgttca
Bcaatatgat
BECaccacac
ctgatttaga
attgcaaceg
agtgttatat
gaaacaacec

aagccttttt
taacacacac
ctcttaaatg
ggatggacac
gtaccgtcaa
agttgaacca
atttttgtgt
ggaattacte
aactgcacce
aggtcccaaa
catccgaacc
gaggaaattc
gettgggeaa
aggaggcagt
tatcactgca
ttcagggtta
gacatgctca
cttctacttg
ctttaaaact
tgccttaata
tegtateget
caaataatgt
ttatgattta
ctgetteaag
aagcttgtaa
aatgatgaag
caagaggeat
cacgtetttt
aaagtggtct
gecatttaaa
aaaagaagec
cgtegtteca
aatatcgata
acgatacaat
ctgtaactte
gtttgatgtg
ccctgeatgg
tattgaatca
aattgaccag
gctaacaacc
cctaaaaatg
tctacatgte
tacaatcate
atcggcaatg
actgaaagca
tagctetett
gactcaatag
aatactcata
tccaagttga
acaacatcat
acgaaatggt
tatattacta
aggaagatta
ttcttoctet
atcaccaatt
atactccctt
atatgatgta
tttcatagtc
Bcggtgecaa
gaaatattat
aaaaatctta
cctggetatt
tgttcatgat
aatttcactg
gacatcagta
cgatgtcttg
aaaaatagca
tatgotttac
cattaagttt
E3EEa2EEEC
tacagaaata
attgataagg
ctgggggcat
Egtgctaaaa
cattgcaaaa
tctcacacca
taaagaactg
tattagtgac
Egatgcagta
acgtgtaccg
cgcgeaaaaa
Eaaagagttg
aacacttigt
Egtagttacg
aagtgatgat
gaaatacaat
ttgetatggt
gcatgtcagt
ccctgaaggg

attasgttgt
aaageattgg
gaagetteat
gaccaccatg
tcaaggageg
ttaacagttc
gacagtagtt
ctactaatcg
aaggactcge
attaccttgt
atagaggatt
tcaaaatccc
gatcaggeag
tttgaagetg
ttcttgaata
agaacattgg
tggtetgatg
atcacaatac
tattcagtac
tatazagagg
cgcastataa
ttgactctac
ctaatgatet
ttgtggagga
aaatattgtt
attaatgegg
tctteatcte
agctgtatac
gtacacatct
atttagtgea
cacctacaac
acaatcgage
ctecagacac
ctaatatcge
ttagttagtc
actcacaaag
tcaatgacaa
ccgetgtgge
tectttgattg
aacactaacc
ctgtegttga
gtgaactaca
ataactcgaa
aaccgcaaga
tttacacaag
gctatctaac
ttaacttgac
tttcttgata
caccettaca
agaattgctt
taattgtaac
actccatact
agaazaactg
tgatattaaa
gtattggacc
aatccgcaac
actgttacca
ccaattcttc
cagttcttag
ctcasaaatg
tcttaaattc
ttaactcgaa
gatttaatag
ttaccactga
ttcasagaag
ataatgtgea
gaggttgage
Cagagcggag
ctcgaaccat
cgattcttaa
cgtgcactaa
ctggagatga
cctgtgetac
Bcattacgec
cattattttg
BEtcttaatt
ctatgggaat
ttaagtattt
ttcgagecta
Baacaatttt
ctecgagtate
aatgtaggta
gaagctctgt
Baacgtgaac
tteggtgage
cttgeattta
gttazgaatg
gattattata
cctagttcat
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13681
13741
13881
13861
13921
13981
14841
14181
14161
14221
14281
14341
14481
14461
14521
14581
14641
14781
14761
14821
14881
14941
15881
15861
15121
15181
15241
153e1
15361
15421
15481
15541
15681
15661
15721
15781
15841
15981
15961
16821
160881
16141
16281
16261
16321
16381
16441
16581
16561
16621
16681
16741
16881
16861
16921
16981
17841
17181
17181
17221
17281
17341
17481
17481
17521
17581
17641
17781
17761
17821
17881
17941
1888l
18861
18121
18181
18241
18381
18361
18421
18481
18541
18681
18661
18721
18781
18841
18981
1

acaggggtea
gtgctcaaat
gtgacaatca
Aggaacagag
gtgcctgteg
ttggaaaaaa
gaatggeacc
gtactgettt
cagctttcca
aaggttttga
tggcactage
tctaccggaa
gaatgattga
ctgccattga
cttcatttct
ttaatacctt
tatcatcaac
Egaagcgatt
tcatcaacaa
ggtggagtet
cccaaataac
ttttagagge
tggtttgget
ggaaaccatt
cccgaataag
agatagggea
aattggegte
aaccattitt
cacattactc
tggccaatcg
agtttteagg
attatgeagt
ataatcgtge
taacatacac
atgacaataa
tccaaggeaa
gatgggaget
cagacccaat
aaataggact
tteggactaa
atctaccaca
cacgattaat
gaggactcte
ttgtaaagga
tagagggteca
tgcatgatte
acgacaatct
cgtactggag
ctggatcaag
gagatccaca
gaacgacaat
actctgettg
aatctcagga
tagtcctace
cacaaaccca
cagtttattg
tttgggaaat
ccttactatt
agtccagtat
ttatgtcaaa
taacagacat
tcgaggttat
aagctgtaca
ttaaagtctt
tttttgecac
atctttgtct
gttgtaagea
taagtcattt
ttccatcatt
cactagtctc
atgattataa
aaggacgaat
taaaacataa
geaataggtt
tatatttaca
tgagtttatt
tacttgtaaa
catcatcttg
atacactata
gtgacatatt
ttaagcttta
atcttgecag
tttaagatta
agccttaate
taagctacta
aaataccttc
geattgacca
aaaatggwer
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tatgggageg attgaaggac
ttctttagtt gaaattaaga
gtgcattacc gttttatcag
cgccgaggac antgcagcga
aatcttttta anacctgatg
acaatatttg aatggggtec
attgtctgat geaatttttg
tgagcgatco atctctgaga
tacgttcttt tcggtgagaa
ccttggacag ttaacactcg
getaccgcag grgcttggag
tctaggagat ccagttacct
gatggatgat ttattcttac
ctttgtgcta aatcctageg
gcgccagatt gracgtagga
atttcatgca tcagctgact
tcctgttatg agtegttteg
gcaaattcta ggatacttgg
taatacagag acgccggttt
atggtttagt tatcttgatc
ttgcacagtt gatttageac
gagacctctt attggagcca
gaaaccctac gaacaatgtc
cgtgtcagta gragtcaaga
ctggactatc ggggatggaa
acctgetatt apaccaaaat
ccgtttaaca tgggtaacte
EBaagcacga gtaaatttaa
Egegaaatatt gttcataggt
tatgagtaac tcagcaacge
aggtggccaa tcggeacgeg
tgcactgttc gatattaaat
tcaccttcat ctaactaagt
atctacattg gatttagatt
tcctctaaaa ggaggactea
acagctgaac attatagaag
agctaagacc atcatgcaat
tagcagtgga gaaacaagat
tctgtacagt tttggggect
gaaattaaca cttgacaatt
tcgeteattg cgaatactta
gagtattgat ccccattttt
agatgcggee aggtrattet
atggataatt aatcgeggaa
aaatccaaca cctgttaata
atcaagacac caggetttta
tgtttacaca tgtaagagta
gagcaggcac agaaacagea
cacaaacaac agtgatggte
tgatggcact gaacggagte
tccacaagag aacacgcacc
cggtacagca aacccaaaac
tcataactca gratccaaga
tttctttaca ttatctcaag
agatgagata tcaaagtact
taggtttacc ggtatagtct
agagaatttt aagtcggctg
gattcagaaa taccaagtta
agagtcagaa atagtatcag
attccataat gaccaaattg
aacaaatcct acttggttta
aaccatggat gragagacga
taaattgatc ttacaccatg
tctaagtgat accgagggta
tgggtattta attaagccaa
gacgaacttc ttatcaacta
gEtaatactt acggcattge
aactcagtat grtgactgcg
agagaaagta ctataccaca
tgtcactcag cacttagcac
tcaacagcga caaagtcgga
cacaaaacta gtcaatgatt
tgggacatgg caagctgagt
ctatcatatt agagattgta
tagaatgcag gattctgaag
tccagatggt ctctacaggt
gEttggttat caacatacag
atctgatttc aataaataac
tttggectet ctcoctgegt
actgctgeaa tgagtctaac
acgataggtc tgggctcata
atggaatagt gotttggttg
agttttttat aattgtcatt
tttgtgtaaa ataagagatt
ttccattcag astgataaaa
tttacaatat agcagactag
cgctcatcag aaggetcact
cacacaaaaa tttaaaaata
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tgcaacaaaa
ctggttttaa
tetteccett
geetggeege
aaacatttgt
aattgectea
atgatcttea
cacgacatat
tcttgeaata
geaaacctet
ggttatectt
caggtttatt
ctttaattge
gattaaatgt
ctatcaccet
tcgaagacga
cagccgatat
aaggaacacg
tggacagact
attgtgataa
agatcctgag
cactcceatg
cgeagtgtic
aacatattgt
tcccatacat
gtecttecge
aaggcagtic
gtgttcaaga
acaacgatca
gattgattgt
acagcaatat
ttagaaacac
gttgcacccg
taacaagata
attgcaatat
atgaccttat
caattattic
cattcactac
ttgtaagtta
ttttatatta
agccaacart
ctatttacat
tgagaacgic
caattgtecoe
atttccteca
aaactaccat
cagccageaa
accgaaaaga
atattaagag
tagtcctgea
agggtcegic
taaatttega
gEgaaggtea
ggacacgeea
tacggcaatt
cgtccatgea
tgacgetgge
agaccttatt
gaatgactac
agattattct
aagaccaaag
cagagaatat
ttgatcccag
tgttatgget
taacgtcaag
cacgtaagat
aactgcaaat
atttacattt
gEtataacct
atcttaggge
ctcaaacata
atttaaaatt
ttaagaaatt
attgtgaaga
ttaagcttat
tcgattgaat
attataaaaa
tatttagata
gataatcaaa
gcaacataat
ttgttattga
ataacacgac
getttaatst
aggtgtaata
ttaaaagaaa
ataataatct
agaataaacg
aatctattic

actctggaca agtatttcat
gttgcgctca getgtgatgg
agagactgat gcaggcgage
cagcctagea aaagttacaa
acattcaggt tttatctatt
gtcccttaaa acggctacaa
agggaccctg gotagtatag
ctttccttge agaataaccg
tcatcacctc ggatttaata
ggatttcgga acaatatcat
cttgaatcct gagaaatgtt
ccagttaaaa acttatctee
gaagaaccct gggaactgca
tcctgggtcg caagacttaa
aagtgcgaaa aacaaactta
aatggtttgt aagtggctct
attttcacgc acgccgageg
cacattatta gectctaaga
Baggaagata acattgcaaa
tatcctggeg gaggctttaa
ggaatattca tgggcacata
tatgattgag caattcaaag
aaatgccaag caacctggtg
tagtgcatgg ccaaatgcat
tggatcaagg acagaagata
agecttaaga gaggccattg
gaacagtgac ttgctaataa
aatacttcaa atgacccctt
atacagtcct cattctttca
ttctacaaac actttaggtg
tattttccag aatgttataa
tgaggctaca gatatccagt
geaggtacca getcagtact
ccgagaaaat gaattgattt
ctcatttgat aacccatttt
tcgactgect cacttatctg
agatagcaat aattegtcta
ccatttctta acttatccca
ttatcttgge aatacaattc
cttaactacc caaattcata
caaacatgca agcgttatgt
AgECcEEtEct geaggtgaca
catttcatct tttcttacat
tttatggata gtatatccat
tcagatcgta gaactgctgg
aaatgatcat gtacatcctc
tttcttecat gegteattgg
cttgacaaga aactcttcaa
aagtcaagaa caaaccacca
aatgagccat gaaataaaaa
gttccagtca tttctaagtg
tagatcgaga cacaatgtga
tcaaataatc tcacatcgtc
attaacgtca tccaatgagt
gagatccgte attgatacca
ttacaaactt gatgaggtcc
2gABEEEA2 BRTBCTEETE
cttcaacacg ctagetactg
tcctaggatg cttctacctg
taacaactca gcaagocaaa
agcaaggeta cctaggeaag
aaacagatcg aaattgtacg
cgtattgaaa geagtggtec
aaatgataat ctagecccgt
tgccaggtct agtgagtggt
Bccacaccaa aaccatctca
tcaacggage ccatactgge
aagctatatc cgecttggtt
tgtcgattca aaaagaggtc
agagattcga gaattgacca
tcactttatt cgtactgcaa
ctttcttatt gtacaageat
accagagttg attagtgtgt
acgtttctta gttcasacct
cgaaaggcty acagggcttc
aaccgtgcat agtattttga
actcataaat tgctctcata
acgaaaggag tccttacatt
aaattcacaa tacagcatgt
aaactccgea ctctttataa
tatagtaatg ttgtatcaat
ttcttaaaac aaaactgatc
gtcgatttaa aaatggtgat
actttaacat ttttgtctag
agacatgact gtaaaatcag
tcgtgttaat gataattaag
ttgcaaaaag gatccetgga
ttcttttttg tgrgtec
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Sequence of Pathogenic Events in Cynomolgus Macaques Infected

with Aerosolized Monkeypox Virus

J. A. Tree, G. Hall, G. Pearson, E. Rayner, V. A, Grah
S. G. P. Funnell, J. Vipond

, K. Steed

K.R. B

ley, G. J. Hatch, M. Dennis, I. Taylor, A. D. Roberts,

Microbiological Services, Public Health England, Porton Down, Salisbury, Wiltshire, United Kingdom

ABSTRACT

To evaluate new vaccines when human efficacy studies are not possible, the FDA's “Animal Rule” requires well-characterized
models of infection. Thus, in the present study, the early pathogenic events of monkeypox infection in nonhuman primates, a
surrogate for variola virus infection, were characterized. Cynomolgus macaques were exposed to aerosolized monkeypox virus

(10° PFU). Clinical observations, viral loads, immune responses, and pathological ch

d on days 2, 4,6, 8, 10,

were ex

and 12 postchallenge. Viral DNA (vDNA) was detected in the lungs on day 2 postchaller:ge. and viral antigen was detected, by
immunostaining, in the epithelium of bronchi, bronchioles, and alveolar walls. Lesions comprised rare foci of dysplastic and

sloughed cells in respiratory bronchioles. By day 4, vDNA was detected in the throat, tonsil, and spl

and keypox antigen

was detected in the lung, hilar and submandibular lymph nodes, spleen, and colon. Lung lesions comprised focal epithelial ne-
crosis and inflammation. Body temperature peaked on day 6, poxlesions appeared on the skin, and lesions, with positive immu-
nostaining, were present in the lung, tonsil, spleen, lymph nodes, and colon. By day 8, vDNA was present in 9/13 tissues. Blood
concentrations of interleukin Ira (IL-1ra), IL-6, and gamma interferon (IFN-vy) increased markedly. By day 10, circulating I1gG
antibody concentrations increased, and on day 12, animals showed early signs of recovery. These results define early events oc-

curring in an inhalational macaque monkeypox infection model, supporting its use as a surrogate

IMPORTANCE

del for h |I' X.

Bioterrorism poses a major threat to public health, as the deliberate release of infectious agents, such smallpox or a related virus,
monkeypox, would have catastrophic consequences. The development and testing of new medical countermeasures, e.g., vac-
cines, are thus priorities; however, tests for efficacy in humans cannot be performed because it would be unethical and field trials
are not feasible. To overcome this, the FDA may grant marketing approval of a new product based upon the “Animal Rule,” in
which interventions are tested for efficacy in well-characterized animal models. Monkeypox virus infection of nonhuman pri-
mates (NHPs) presents a potential surrogate disease model for smallpox. Previously, the later stages of monkeypox infection
were defined, but the early course of infection remains unstudied. Here, the early pathogenic events of inhalational monkeypox
infection in NHPs were characterized, and the results support the use of this surrogate model for testing human smallpox inter-

ventions.

Since smallpox was declared as being eradicated by the World
Health Organization in 1980 (1), laboratory investigations of
variola virus have been restricted, leaving a significant gap in the
understanding of the immune responses and pathogenesis of this
infection (2). Recently, the majority of the human population has
not been vaccinated; consequently, a proportion of the population
lacks protective immunity (3). Concerns over the use of variola
virus or monkeypox virus (a closely related orthopoxvirus) as a
biological weapon remain high, as a deliberate release would have
catastrophic consequences on global health (4).

The efficacy of therapeutics and vaccines against smallpox can-
not be tested in phase 111 clinical trials in humans, as this is neither
ethical nor feasible. Therefore, testing new medical countermea-
sures requires FDA marketing approval according to the “Animal
Rule” (5). Monkeypox virus infection of nonhuman primates
(NHPs) presents a p ial surrogate di model for testing
intervention strategies for smallpox. Monkeypox virus is related
to variola virus and causes a lethal systemic infection in primates.
It can also infect humans and presents clinical symptoms similar
to those of classic smallpox (6, 7).

Several studies have reported the development of an NHP
model of monkeypox virus infection. A variety of challenge routes

April 2015 Volume 89 Number 8

Journal of Virology

have been used, including intrabronchial (8), intravenous (8-14),
intratracheal (15, 16), intratracheal with MicroSprayer (17), and
subcutaneous (18, 19). Natural infection of smallpox usually oc-
curs as a result of close contact with an infected person, via the
oropharynx or nasopharynx (20). A deliberate release of variola or
monkeypox virus, however, would probably be in aerosol form for
rapid dispersion over large areas (21). A limited number of studies
have used the aerosol route, characterizing the pathogenic events
following aerosol monkeypox virusinfection (22-24), Zaucha and
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colleagues described the systemic dissemination of the monkey-
pox virus in cynomolgus macaques through a monocytic-cell-as-
sociated viremia, similar to that of variola in human beings (23).
More recently, two studies described the clinical progression of
disease in NHPs following exposure to different doses of aerosol-
ized monkeypox virus (22, 24). These three studies described dis-
ease progression from 8 to 17 days after exposure. Pathogenic
events earlier than 8 days postinfection have not been reported.

The purpose of this study was to gain a better understanding of
the early pathogenic events of monkeypox virus infection follow-
ing aerosol challenge with a target dose of 10° PFU. This study also
further characterizes the use of this challenge dose, as used previ-
ously, for testing smallpox vaccines (25). In this work, clinical
signs of disease, immune cell and antibody responses, viral spread
through the body, and pathological changes were examined from
days 2 to 12 postchallenge.

MATERIALS AND METHODS

Experimental animals. Twenty-one captive-bred, healthy, male cyno-
molgus macaques ( Macaca fascicularis) of Mauritian origin were obtained
from a United Kingdom breeding colony. They weighed >2.5 kg and were
=2 years of age. All animals were negative for neutralizing antibodies to
orthopoxvirus prior to the start of the study. The macaques were housed
as required by the United Kingdom Home Office Code of Practice for the
Housing and Care of Animals Used in Scientific Procedures (26) and the
National C ittee for Refi t, Reduction, and Replacement
(NC3Rs) Guidelines on Primate Accommodation, Care, and Use (27).
When a procedure required the removal of a primate from a cage, it was
sedated by intramuscular (i.m.) injection with ketamine hydrochloride
(10 mg/kg of body weight) (Ketaset; Fort Dodge Animal Health Ltd.,
Southampton, United Kingdom). All procedures were conducted under a
project license approved by the local Ethical Review Process of Public
Health England, Salisbury, United Kingdom, and the United Kingdom
Home Office.

Pathogenesis study. The animals were divided into seven groups of 3
animals and were exposed to aerosolized monkeypox virus on one of two
separate occasions with a target dose of 1 X 10° PFU. The mean presented
dose was 7.3 % 10" PFU. Animals were scheduled to be euthanized on days
2,4, 6, 8, 10, and 12 postchallenge. Three animals were designated the
reserve group and were used to replace animals that met humane end-
points earlier than their planned necropsy, thus ensuring that 3 animals
were available for necropsy at each scheduled time point.

On the day of necropsy, animals were sedated and whole blood and
throat swabs collected. For the latter, a flocked swab (Copan Diagnostics,
California, USA) was gently stroked 6 times across the back of the throat in
the tonsillar area. Viral loads were determined in the blood and throat
samples by real-time PCR and plaque assay (see below). The concentra-
tion of IgG circulating in the blood was determined by enzyme-linked
immunosorbent assay (ELISA; see below). The concentrations of cyto-
kines and the phenotypes of cellular immune populations were deter-
mined by Luminex and flow cytometry, respectively (see below). At nec-
ropsy, tissues were sampled for histological examination and the
determination of viral load by real-time PCR (see below).

Monkeypox virus challenge strain. Monkeypox virus, strain Zaire 79,
NR-2324, was obtained from the Biodefense and Emerging Infections
Research Resources Repository (BEI Resources, Virginia, USA). On the
day of challenge, stocks of virus were thawed and diluted appropriately in
minimum essential medium (MEM) containing Earl’s salts (Sigma, Poole,
United Kingdom), 2 mM v-glutamine (Sigma), and 2% (vol/vol) fetal calf
serum (FCS) (Sigma).

Aerosol exposure. Animals were challenged with monkeypox virus
using the AeroMP-Henderson apparatus, in which the challenge aerosol
was generated using a six-jet Collison nebulizer (BGI, Waltham, MA,
USA). This apparatus was designed to deliver a particle size with a mass
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median diameter of 2.5 pm and a geometric standard deviation of ap-
proximately 1.8 (28, 29). The aerosol was mixed with conditioned air in
the spray tube (30) and delivered to the nose of each animal via a modified
veterinary anesthesia mask. Samples of the aerosol were taken using an
SKC BioSampier (SKC Ltd., Dorset, United Kingdom) and an aerody-
namic particle sizer (TSI Instruments Ltd., Bucks, United Kingdom);
these processes were controlled and monitored using the AeroMP man-
agement platform (Biaera Technologies LLC, Maryland, USA). To enable
delivery of consistent doses to individuals, each animal was sedated and
placed in a “head-out” plethysmograph (Buxco, North Carolina, USA).
The aerosol was delivered simultaneously with measurement of the re-
spired volume. A back titration of the aerosol samples taken at the time of
challenge was performed to calculate the presented/inhaled dose.

ELISA. Samples of blood were collected at time points throughout the
study; serum was separated and assayed for IgG antibodies to vaccinia
virus using an ELISA. MaxiSorp 96-well plates (Nunc, Roskilde, Den-
mark) were coated overnight at 4°C with a preparation of commercially
prepared psoralen/UV-inactivated, sucrose density gradient-purified vac-
cinia virus (Lister strain) (Autogen Bioclear United Kingdom Ltd., Wilt-
shire, United Kingdom) in calcium carbonate buffer at 2.5 pg ml~'. Un-
bound antigen was removed by washing the plates 3 times. The plates were
treated with blocking buffer (phosphate-buffered saline |PBS], 5% milk
powder [Sigma], 0.1% Tween 20 [Sigma|) for 1 h at room temperature
with shaking. Unbound blocking solution was removed by washing 3
times with Tris-buffered saline (TBS). Fourfold serially diluted serum
samples (starting at 1:50) were added to the plate for 2 hat room temper-
ature, with shaking. Unbound antibodies were removed from the plate by
washing 3 times with TBS. The plates were incubated for 2 h, with shaking,
with horseradish peroxidase-labeled anti key IgG (Kirkegaard and
Perry Laboratories, Maryland, USA). Unbound detection antibody was
removed by washing 5 times with TBS and developed using the 2,2'-
azino-di-| 3-ethylbenzthiazoline sulfonate (6)] (ABTS) peroxidase sub-
strate system (Kirkegaard and Perry Laboratories). The development of
the ELISA was stopped by using ABTS stop solution (Kirkegaard and
Perry Laboratorizs). ELISA titers were calculated and compared with a
vaccinia i globulin standard (BEI Research Repository Resource,
USA), which was used to convert the titer into arbitrary international
units (ATU) per milliliter.

Flow cytometry. Whole blood was collected on days 2, 4,6, 8, 10, and
12 by using heparin as the anticoagulant. Antibodies to CD3e, CD4,
CD20, CD16 (BD Biosciences, Oxford, United Kingdom), and CD8a (In-
vitrogen, United Kingdom) conjugated to R-phycoerythrin (R-PE)-cya-
nine dye (Cy7), allophycocyanin (APC), PE, fluorescein isothiocyanate
(FITC), and PE-Texas red (TR), respectively, were incubated with the
blood for 30 min at room temperature. The red blood cells were removed
from the whole blood by lysis with Uti-Lyse reagent (Dako, Cam-
bridgeshire, United Kingdom) and decontaminated overnight with a 4%
formaldehyde final concentration solution. Flow count beads (Beckman
Coulter, High Wycombe, United Kingdom) were added to provide a stan-
dard to enable cell counts per microliter of blood, before being acquired
on the flow cytometer. Data were collected on an FC500 flow cytometer
(Beckman Coulter) and analyzed with CXP Analysis software version 2.1.

Luminex analysis of cytokines. The concentrations of cytokines were
determined in serum samples using an NHP 23-plex kit (Merck Millipore,
Massachusetts, USA) according to the manufacturer’s instructions. Sam-
ples were acquired using a Luminex 200 system (Luminex, Austin, TX,
USA), and the data were analyzed using the Xponent software, version 3.0.
The concentration of each cytokine in the serum was calculated based on
a comparison with the corresponding standard curve generated using
purified cytokines from the kit.

Monkeypox virus plaque assay. During the course of the study,
EDTA-treated blood and throat swabs were collected and frozen at
—80°C. At necropsy, tissues were collected and snap-frozen in liquid ni-
trogen. Before being tested, tissue was thawed and homogenized in PBS
with 1.8-mm ceramic beads in a Precellys24 tissue homogenizer (Ber-
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tin Technologies, Villeurbanne, France). The titers of the infectious
virus in the tissues, blood, and throat swabs were determined by plaque
assay. Samples were incubated in 24-well plates (Nunc; Thermo Fisher
Scientific, Loughborough, United Kingdom) with Vero E6 (ATCC
CRL-1586; American Type Culture Collection, USA] cell monolayers
under MEM (Life Technologies, California, USA) containing 1.5%
carboxymethylcellulose (Sigma), 5% (vol/vol) fetal calf serum (Life
Technologies), and 25 mM HEPES buffer (Sigma). After incubation at
37°C for 72 h, they were fixed overnight with 20% (wt/vol) formalin-
PBS, washed with tap water, and stained with methyl crystal violet
solution (0.2% [vol/vol]) (Sigma).

Virus detection by quantitative PCR (qPCR). Tissue samples col-
lected and snap-frozen in liquid nitrogen were defrosted and homoge-
nized in PBS using a Precellys24 tissue homogenizer. Viral DNA was iso-
lated from homogenates using a Qiagen tissue kit (Qiagen, Crawley, West
Sussex, United Kingdom) by following the manufacturer’s instructions.
Blood and throat swabs were processed using a Qiagen blood DNA mini-
kit (Qiagen) by following the manufacturer’s instructions. Real-time PCR
was performed using an Applied Biosystems 7500 Fast instrument (Life
Technologies) with an in-house TagMan assay targeted at the viral hem-
agglutinin (HA) gene, residues 158734 to 158798, inclusive, in the Z79
genome (GenBank accession no. HQ857562.1, strain V79-1-005).

Clinical and euthanasia observations. Clinical observations were
made and scored every 4 to 6 h postchallenge. A scale was used to define
disease severity (0 = none, 1 = mild, 2 = substantial, 3 = intense), based
on observations that mduded recta! temperature, body weight, behavioral
changes (d i pe /repetitive activity), nasal dis-
charge, cough dyspnea and rash/skin swelling. In order to meet the re-
quirement of the project license to limit suffering of animals and identify
an endpoint for euthanasia, the clinical well-being of each subject was
assessed using a euthanasia scoring scheme which included observations
of >20% loss in body weight, convulsions, hemorrhagic rash, and persis-
tent prostration.

Necropsy procedures. Animals were anesthetized with ketamine hy-
drochloride (20 mg ml~", i.m.) (Fort Dodge Animal Health Ltd.), and
exsanguination was effected via cardiac puncture, followed by injection of
an anesthetic overdose (Dolelethal, 140 mg/kg: Vetquinol United King-
dom Ltd.) to ensure euthanasia. A necropsy was performed immediately
after confirmation of death.

Pathological studies. At necropsy, abnormalities were recorded and
samples were collected from lung lobes, trachea, heart, liver, kidneys,
spleen, tongue, tonsil, esophagus, stomach, ileum, descending colon,
lymph nodes (tracheobronchial, axillary, mesenteric, mandibular, and
inguinal), adrenal gland, ovary or testis, skin (with and without lesion),
and brain and placed in 10% neutral buffered formalin. Fixed tissues were
processed to paraffin wax, and 5-pm sections were cut and stained with
hematoxylin and eosin (H&E). For immunohistochemistry, formalin-
fixed, paraffin-embedded tissue sections were mounted on positively
charged X-tra adhesive slides (Leica Biosystems, United Kingdom),

April 2015 Volume 89 Number 8

Journal of Virology

b

deparaffinized, and rehydrated. 1 histochemical was
achieved using a BOND-MAX immunostainer (Leica Mkmsyslems,
United Kingdom) and a Leica Bond Polymer Refine detection kit (Leica
Biosystems, United Kingdom). A heat-induced epitope retrieval cycle
with buffer ER2 (Leica Biosystems, United Kingdom) was applied for 20
min, followed by a peroxide block for 5 min (Leica Biosystems). Incuba-
tion was then performed with a mouse monoclonal antivaccinia antibody
(ViroStat, USA) at a dilution of 1:1,800, followed by the post-primary
antibody for 8 min (Leica Biosystems). Hematoxylin was used as the
counterstain. Positive- and negative-control slides were included. Immu-
nolabeled slides were evaluated using light microscopy.

RESULTS
Clinical signs. Clinical observations from the animals necropsied
on days 2 (n = 3) and 4 (n = 3) scored 0, similar to preexposure
levels. Euthanasia scores and body weights (Fig. 1a) remained sim-
ilar to preexposure levels. On day 4, three animals (from other
groups) began to cough. On day 6, signs of acute disease were
noted that included increased weight loss, dyspnea, anorexia, and
a peak in body temperature (mean, 39.2°C; n = 3 animals) (Fig.
1b). On day 8, animals showed signs of severe illness; additionally,
two animals from the “reserve group” met the euthanasia criteria
on day 8, thus the group size for necropsy on day 8 was n = 5
animals. Day 8 was the peak time for clinical signs; coughing was
reported for 10 out of 12 animals, and the mean loss in body
weight was —9.7% (Fig. 1a). By day 12, surviving animals were
showing signs of recovery, with only one animal still coughing.
The remaining animal from the “reserve group” was euthanized
on day 12; hence, the sample size was n = 4 animals.
Enlargement of the lymph nodes (lymphadenopathy) was ob-
served at necropsy in all animals from day 2 onward (see the de-
tailed description in the “Pathology” section below).
The skin of the animals on days 2 and 4 were normal. Pox
lesions appeared on day 6 (mean lesion count = 5, range = 0to 16,
= 3 animals). The peak number of lesions occurred on day 8
(mean lesion count = 52, range = 0 to 189, n = 5 animals). The
mean number of lesions decreased by day 10 (mean lesion

count = 45, range = 17 to 70, n = 3 animals) and remained
similar on day 12 (mean lesion count = 47, range = 4t0 92, n = 4
animals).

Immunophenotyping. The changes in absolute counts of dif-
ferent populations of immune cells, in the whole blood, are shown
in Table 1. Compared to baseline levels, by day 2 postinfection,
there were reductions in lymphocytes (—2 X 10°ml™ "), CD4* T
cells (—4 x 10°ml™"), CD8" T cells (-2 % 10°ml™"), CD3* T
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TABLE 1 Changes in immune populations

Cellular population change (cells x 10" ml™')*

Day Lymphocytes CD4™ T cells CD8™ T cells CD3" T cells NK cells B cells Monocytes
postchallenge  Mean *1SE Mean #1SE Mean +1SE Mean #1SE  Mean *1S5E Mean *1SE  Mean *15E
2 —1,607 606 —398 184 —-160 63 —626 267 —-132 40 —508 315 —141 7

4 —794 169 —64 75 —60 15 —-197 84 -13 17 -278 78 75 83

6 —4,782 3,210 —851 240 —370 156 —1,397 444 -254 121 —-625 170 =25 76

8 427 471 —-136 142 46 131 —417 279 —60 65 —186 152 262 121
10 2,329 842 186 589 796 181 =77 1348 —66 67 —448 316 556 364

12 1,298 1,225 201 354 645 293 1,636 864 —34 84 —450 293 102 105

* Mean absolute cell counts (cells % 10" ml ") in different populations (+ 1 SE;n =310 § ques)

days, prior to challenge) in whole blood, foll

haseli

levels (average from two bleeds, taken on different

P ©

chall
'

ge with Firend L

cells (—6 % 10°ml "), NK cells (—1 % 10°ml "), B cells (=5 %
10°ml '), and monocytes (—1 X 10°ml"). By day 4, cell counts
started to rise but remained below baseline levels, except for
monocytes, which rose above prechallenge counts (+7.5 % 10°*
ml ") (Table 1). A second reduction in most immune cells was
noted on day 6, followed by a steady rise until day 10 (Table 1). A
positive increase was seen in lymphocytes (notably CD8" T cells)
and monocytes on days 8, 10, and 12 (CD4" T cells rose above
baseline from day 10 onward).

Cytokine responses. On day 2, a rise in interleukin 8 (IL-8)
(increase of 567 pg ml ') was seen compared to prechallenge lev-
els, and other biomarkers either decreased (e.g., monocyte che-
moattractant protein 1 [MCP-1],1L-12/23, and IL-2) or remained
unchanged (Table 2). On day 4, there were increases in the con-
centrations of gamma interferon (IFN-y), IL-Ira, IL-6, IL-8,
MCP-1, vascular endothelial growth factor (VEGF), I1L-18, and
IL-2. The concentrations of some cytokines, e.g., [FN-y (1,322 pg
ml '), IL-1ra (3,335 pg ml~ ", IL-6 (570 pgml” ), IL-8 (2,546 pg
ml "), and MCP-1 (726 pg ml '), peaked on day 8. Small peaks in

YPOX virus.

the concentrations of other biomarkers, e.g., tumor necrosis fac-
tor alpha (TNF-a), IL-1B, macrophage inflammatory protein 1p
(MIP-1B), and IL-12/23, occurred on day 10. In contrast, small
rises in granulocyte-macrophage colony-stimulating factor (GM-
CSF) and IL-10 occurred later, by day 12 (Table 2).

Humoral immune responses. The levels of IgG serum anti-
bodies in the blood to vaccinia virus, determined by ELISA, were
increased from day 10 onward (Fig. 2).

Viral load. Viral DNA was first detected in the throat (3.4 x
10* copies ml ') on day 4. The concentration increased to 9.5 X
10° copies ml~' on day 8 and remained high until the last study
day (day 12) (Fig. 3). In contrast, viral DNA (vDNA) was first
detected in the blood (8.3 % 10’ copies ml™') on day 8, and its
concentration rose to 4.5 X 10° copies ml~! on day 10 and re-
turned to 1.1 X 10" copies ml~' by day 12 (Fig. 3). Viral PFU were
detected in throat swabs (above the limit of detection = 25 PFU
ml ') from day 4 to day 12, and a peak in the infectious virus
concentration was detected on day 8 (1.4 % 10° PFU ml™'). No

TABLE 2 Serum cytokine profiles of cynomolgus macaques taken during the pathogenesis study

Change in concn of biomarker (pg ml™') by day postchallenge®

Day 2 Day 4 Day 6 Day 8 Day 10 Day 12
Biomarker Mean *1SE Mean *1SE Mean +1SE Mean +]1SE Mean +1SE Mean *1SE
IFN-y =2 1 212 55 842 250 1,322 210 380 168 3 13
IL-lra =2 4 52 8 313 173 3,335 3,200 18 15 21 7
1L-6 =1 0.3 43 22 213 88 570 339 70 29 17 3
TNF-a o ] 0 o 2 2 1 1 15 11 1 1
1L-8 567 754 1,186 1,067 193 499 2,546 1,112 1,458 1,511 671 373
1L-1g 0 0 o o o 0 1 7 6 1 1
MCP-1 -131 64 383 78 651 413 726 93 201 105 132 103
MIP-la o ] o o o 0 0 0 1 1 0 0
VEGF -6 3 6 3 27 11 59 12 20 8 15 9
GM-CSF 0 (1] 0 (1] (1] 0 1 0.4 1 1 7 7
MIP-1B -2 1 -1 1] 0.3 1 y J 1 13 8 3 3
-5 -2 1 1 1 -03 0.3 1 1 6 3 1 0.5
1L-13 0 0 0 0 1] 0 0.2 0.2 2 2 03 0.3
1L-10 -1 (1] -03 0.3 -1 0 0 0.8 3 3 4 4
1L-12/23 -2 11 -5 10 -37 8 —68 13 69 B0 46 44
IL-15 -2 1 -1 0.3 3 1 0 | 2 3 -1 1
1L-17 o (1] 0 0 0 0 0.2 0.2 0 ] 0 0
1L-18 —4 1 4 1 2 3 6 2 3 2 2 04
1L-2 —18 2 16 4 17 7 26 5 6 9 9 6

* Mean concentration (pg ml ') (41 SE; n = 3 to 5 macaques) change in cytokine levels compared to baseline levels (average from two bleeds, taken on different days, prior to

challenge) on various days foll with virus.

mao
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infectious virus (PFU) above the limit of detection was detected in
the blood on any of the days tested (Table 3).

Body tissues were assayed by real-time PCR, and on day 2,
positive PCR results were restricted to the lungs (2.5 x 10" to
2.7 X 10* copies mg ™ '); by day 4, this increased to 5.1 X 10° to
2.9 X 10° copies mg ' (Fig. 4). On day 4, vDNA was also detected
in the spleen and tonsils. By day 6, at least seven of the 13 tissues
contained vDNA. The level of vDNA in the lungs remained high
(3.7 X 10°t0 5.7 X 10° copies mg '), while at least approximately
1 X 10° copies mg ' of vDNA were detected in the spleen, tonsil,
and tongue. By day 8, 9/13 tissues were positive for vDNA, includ-
ing the kidney, heart, tongue, cerebrospinal fluid, spleen, and me-
diastinal lymph nodes. The concentration of virus in the tonsils
(6 X 10° copies mg ') exceeded that in the lungs (3 X 10° copies
mg '). Two animals in the “reserve group” were euthanized on
humane grounds on day 8, and there was no difference in virolog-
ical data between these two animals and the scheduled three ani-
mals. By day 10, the PCR values detected in the lungs decreased to
6.8 X 10°to 1.3 X 10° copies mg ' (Fig. 4), although the concen-
tration of vDNA in the tonsil was still high at 1.8 X 107 copies
mg . A decrease in viral load was apparent in all the animals on
day 12, with values down to 1.1 X 10* to 3.8 X 10° copies mg ' in
the lungs (Fig. 4). This was consistent with clinical observations
indicating that these animals were recovering.

Pathology. Histopathological changes and results of immuno-
staining are summarized in Table 4. On day 2 postchallenge, his-
tological changes were restricted to respiratory bronchioles (Fig.
5a) in the lungs of two of three animals. They comprised occa-
sional, small foci of dysplastic and sloughed cells. In immuno-

Wl Whole Blood

2 4 6 8B1012 2 4 6 81012

Days postchallenge

FIG 3 Mean number (+1 5D} of viral genomes (HA gene) as determined
from gPCR in the blood and throat in samples taken following challenge with
acrosolized monkeypox virus. The lower limit of quantification for qPCR
(LLQ) was 2,500 genomes ml "
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TABLE 3 Mean number of PFU of monkeypox virus in whole blood
and throat swabs taken on different days postchallenge

Live virus PFU ml ™' (+SE)

Day

postchallenge Whole blood Throat swab

2 <LOD* 25+0

4 <LOD 45X 10° = 43 x 10°
6 <LOD 1.9 % 10° = 85

% <LOD 14X10° 1.2 x10°
10 <LOD 22X 1070 £ 1.9 x 10°
12 <LOD 6.4 % 10" £ 62 x 10°

* <LOD, less than the limit of detection (250 PFU ml "),

stained sections, monkeypox antigen was present focally in all
three animals, most frequently in the bronchioles and alveoli but
occasionally in the epithelium of bronchi. Positiveimmunostain-
ing was not observed in any other tissue on day 2.

On day 4 postchallenge, histological abnormalities were ob-
served in the lungs of 3 animals. They were more numerous and
developed than on day 2 postchallenge, comprising foci of epithe-
lial necrosis and inflammation. In bronchioles, focal epithelial
dysplasia, epithelial necrosis, and sloughing (Fig. 5b), with infil-
tration by neutrophils and occasionally eosinophils, were ob-
served. Thickening of alveolar walls was seen diffusely in one an-
imal and focally in another; a small number of alveoli were dilated.
In the tracheobronchial lymph node of 1/3 animals, scattered foci
of inflammatory cells, primarily histiocytes, were detected (Fig.
5¢). Pathological changes were not observed in any other organ.
Monkeypox antigen was detected by immunostaining in all lung
lobes in all animals, more prominently than on day 2, located in
the epithelium of bronchi (Fig. 5b inset), bronchioles, and alveolar
walls. In the hilar (tracheobronchial) lymph node, positive stain-
ing was located in the outer cortex adjacent to the subcapsular
sinus (Fig. 5¢, inset). In addition, in the absence of histological
changes, a few scattered positive cells were detected in the spleen
(Fig. 5d) and submandibular lymph nodes of one animal and the
lamina propria of the colon of another animal.

On day 6 postchallenge, severe lesions were noted in the lungs,
comprising focal necrosis of airway epithelium and neutrophil
infiltration, with lower airways affected more severely than upper
airways (Fig. Se). Diffuse and focal thickening of alveolar walls by
macrophages and neutrophils was common, and some alveolar
dilation was present. Peribronchial edema and periarterial edema,
sometimes with infiltration by macrophages and neutrophils,
were seen less frequently. Vascular lesions, comprising endothelial
margination of macrophages and neutrophils, were seen occa-
sionally. Focal necrosis with neutrophil infiltration was noted in
the tracheobronchial lymph node, occurring in the outer cortex
and subcapsular sinuses and infrequently in the medulla. In addi-
tion, lesions were detected in all animals in the tonsil and spleen
and in the trachea/larynx of one of three animals. Lesions in the
tonsil comprised focal necrosis of the crypt epithelium and/or
lymphoid follicles, with neutrophil infiltration. In the spleen, focal
necrosis with neutrophil infiltration was noted, most frequently in
periarteriolar lymphoid sheaths. Immunostaining was positive,
with a distribution similar to that for the lesions described above,
including the spleen (Fig. 5f). In addition, scattered, positive
staining was found in the colon and axillary lymph node in 1/3
animals, in the absence of histological changes.
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TABLE 4 Summary of the occurrence of monkeypox-related lesions and positive immunohistochemistry results in cynomolgus macaques following

challenge with monkeypox virus”
No. of samples with positive H&E or IHC results/total no. of samples
Day 2 Day 4 Day 6 iDay 8 Day i0 Day i2

Organ H&E IHC H&E HC H&E IHC H&E IHC H&E IHC H&E IHC
Trachea/larynx 0/3 0/3 0/3 03 13 1/3 15 1/5 073 0/3 1/4 1/4
Lung RU o/3 £ in ETE 33 E'E 515 5/5 in n 4/4 2/4
Lung RM 0/3 33 ETE] 33 33 33 515 5/5 n 33 4/4 2/4
Lung RL 173 3 33 33 33 33 515 5/5 n EIE] 4/4 2/4
Lung LU 1/3 33 2/3 313 i n 5/5 5/5 n 33 414 34
Lung LL 23 313 33 33 313 313 515 515 n 33 4/4 34
Hilar LN 0/2 02 13 23 33 3/3 4/5 415 13 23 213 1/4
Spleen 0/3 0f3 0/3 13 33 3/3 315 4/5 23 13 24 0/4
Tongue 0/3 0/3 0/3 03 /3 0/3 U5 205 073 0/3 0/3 0/3
Tonsil 0/3 0/3 0/3 (VK] 33 33 313 33 n r1r ] 072 0/2
Mandibular LN 0/3 0/3 072 12 212 22 215 315 13 13 0/3 0/3
Stomach 0/3 0/3 0/3 03 /3 0/3 0/5 15 0/3 073 0/3 o3
lleum 0/3 0/3 0/3 03 0f3 0/3 013 /3 0/3 073 0/3 0/3
Colon 0/3 0/3 0/3 13 0/3 13 115 2/5 13 173 0/3 0/3
Mesenteric LN 0/3 0/3 0/3 0/3 0/3 0/3 15 1/5 03 0/3 0/3 0/3
Skin 0/3 0/3 0/3 03 0/3 0/3 1/5 1/4 073 072 174 13
Inguinal LN 0/3 0/3 0/3 03 0/3 0/3 055 35 03 073 0/3 0
Axillary LN 0/3 0/3 0/3 03 /3 173 o3 0/2 073 0/3 0/3 0/2

“ Lung RU, right upp:r Iubr lnng RM, right middle lobe; lung RL, nﬂn lower lobe; lung LU, left upper lobe; lung LL, left lower lobe; LN, lymph node; H&E, hematoxylin and

eosin; THC, i nistry (to identify keypox virus ]

From days 8 to 10 postchallenge, lesions in the lung and other
tissues attributed to monkeypox infection were severe and exten-
sive. Distribution of positive immunostaining was widespread
(Table 4).

In all three animals remaining on day 12 after challenge, occa-
sional acute lesions were observed, but there was some evidence of
early resolution that comprised cuboidal, nonciliated epithelial
cells. Immunostained monkeypox antigen was still present in the
respiratory tract, including in the hilar lymph node, but was not
observed in the remaining tissues examined (Table 4).

DISCUSSION

When human efficacy studies are neither ethical nor feasible, the
FDA may grant marketing approval of a new product, such as a
vaccine, based upon the Animal Rule, Well-characterized animal
models, however, are a requirement of this rule. This study char-
acterized the early stages of monkeypox infection in cynomolgus
macaques, using a dose of 10° PFU, delivered by the aerosol route.
These early events have not been previously investigated in detail.
Here, special emphasis was placed on examining the virological,
immunological, and patho]ogwal changes in earlv infection.
Previous experi ypox di progres-
sion have monitored the clinical stgns of disease until animals have
reached a humane endpoint or have died in the study. This invari-
ably happened 6 to 9 days after challenge, depending on the dose
and route of challenge. In this work, a different approach was
taken; animals were divided into groups and euthanized on des-
ignated days unless individuals were observed to have reached a
humane endpoint. Thus, a mix of animals was studied; some had
developed severe disease at the time of euthanasia, while some
developed only mild disease. This approach has allowed the de-
tailed study of the early events following challenge that were miss-
ing from studies based on animals with severe disease (22, 23).
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Few studies have examined the immune response of cynomol-
gus macaques following exposure to aerosolized monkeypox vi-
rus. In this work, trends in the data showed a decrease in different
immune cell populations early on in the course of the infection.
Larger animal group sizes, however, are needed in order to con-
firm this statistically. Nevertheless, this could be indicative of im-
munosuppression, as the inmunomodulatory effect of monkey-
pox virus has been previously observed by others (2, 31, 32). The
rises in lymphocytes, in particular CD8" T cells, observed later in
monkeypox infection, are likely to be the result of the host raising
an adaptive immune response to the viral infection. Monocytes
also increased above baseline levels on day 4 postinfection and
again on days 8, 10, and 12. In this work, individual, circulating
monocytes were not examined for infection with monkeypox vi-
rus; however, Zaucha and colleagues showed in their NHP studies
that monocytic cells were immunopositive for poxviral antigen in
a variety of organs and proposed that monkeypox virus spread
initially via the lymph nodes and the mononuclear phagocytic/
dendritic cell system (23).

Changes in the concentrations of circulating cytokines in the
blood have been recorded in NHPs following challenge with dif-
ferent doses of monkeypox virus (5 X 10'to 5 % 107 PFU), via the
intravenous and intrabronchial routes (8). Maximum mean peak
fold changes in IFN-y (8,028), IL-1ra (4,854), and IL-6 (3,207)
were recorded on a variety of days (8). In this study, the mean peak
changes in the biomarkers IFN-vy (1,322 pg ml ™), IL-1ra (3,335
pg ml™"), and [L-6 (570 pg ml™') occurred on day 8 postchal-
lenge. The results of different studies are difficult to compare,
because of the different ways data sets are presented and because
different challenge doses and inoculation routes are used. How-
ever, it is clear IFN-y, IL-1ra, and IL-6 play a role in the host
response to monkeypox infection.

In this study, day 8 was the time when vDNA was detected in
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FIG 5 Histopathological changes associated with infection with monkeypox virus. (a) Lung, animal M965A, cuthanized on da'_r 2 postchallenge. Sloughing of
respiratory bronchiolar epithelial cells (arrow) close to the junction with a bronchus. H&E. (b) Lung, animal M029F, euthanized on day 4 postchallenge. Focal

epithelial cell necrosis (arrow), with sloughed cells and
hanized on day 4 postchallenge. Focal, positive i

node, animal M029F, d on day 4 posic

for monkeypox viral antigen. IHC. (d) Spleen, animal M293E,

hall

phil infiltration at the junction of a bronchus and bronchiole. H&E. Inset, lung, animal 1089K,
ing of bronchial epithelium for monkeypox viral antigen. IHC. (c) Tracheobronchial lymph
ge. Infiltration ofsuperﬁm] cortex by macrophages (arrow). HE. Inset, scattered, positively stained cells
ized on day 4 post

hall

Scattered, positively stained cells for monkeypox viral antigen

d 6 days postchalleng

Focal, bronchial epithelial necrosis (arrow). HE. (f) Spleen, animal 1430G,

in ﬂm white pulp. IHC. (e) Lung, animal M865B, euthani
ized on day 6 postchallenge. Positive i i

most tissues (9/13) and for death to most likely occur. It was also
apparent that there was considerable animal-to-animal variation,
and while the majority of the animals reached humane endpoints
at approximately days 8 to 10, some survived the acute disease, as
evidenced by the decline in the viral load in the blood and lung and
tonsil tissues on day 12. The results of this experiment are similar
to those reported by Nalca et al., in which, following an inhaled
dose of 1.4 X 10° PFU, the mean time to death in cynomolgus
macaques was 9 days (22). They also reported the peak viral load in
blood (10° to 107 genomes ml™") was seen on day 10 !mstexpo-
sure; this was also noted on day 10 in this study (5 X 10° genomes
ml ™). Barnewall et al. also exposed two macaques to an aerosol-
ized target dose of 1 X 10” PFU monkeypox virus; one died on day
8 and the other on day 9,and 2.7 X 10°t0 3.6 % 10° genomes ml™!
were recorded in the blood on day 8 (24).
The histopathological and immunohistochemical findings in
this study from animals examined on days 2, 4, and 6 postchal-

4342 jviasmorg
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g for monkeypox viral antigen in a periarteriolar lymphoid sheath (PALS) within the white pulp. THC.

lenge confirm earlier findings (23) and have identified features of
pathogenesis not reported previously, to the authors’ knowledge.
Zaucha and colleagues studied cynomolgus macaques exposed to
an aerosol of monkeypox virus that died or were euthanized 9 to
17 days after exposure (23). They concluded that the lower airway
epithelium was the principal target, and the present study sup-
ports their proposition and additionally illustrates infection and
lesions in these epithelia as early as 2 days after challenge. They
proposed that tonsil, mandibular nodes, and mediastinal nodes
were infected early. The findings of this study support their prop-
osition; on day 4, 2/3 hilar nodes immunostained positively and
3/3 on day 6. On day 4, one of the two mandibular lymph nodes
immunostained positively, and 2/2 were positive on day 6 when
3/3 tonsils were positive. Zaucha and colleagues (23) concluded
that the spleen and gastrointestinal tract became infected later, but
this was not supported by the findings of this study, which re-
corded immunostaining in 1/3 spleens on day 4 and 3/3 on day 6.
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Positive immunostaining was present in the colon of 1/3 animals
on day 4. The findings from animals euthanized on days 8, 10, and
12 after challenge were consistent with those of a previous study
(23).

This work describes, for the first time, the sequence of early
pathological events that occur following inhalation of 10° PFU
monkeypox virus in cynomolgus macaques. Monkeypox virus
vDNA was detected in the lungs 2 days postinfection, and by day 4
the virus was detected in the throat, tonsil, and spleen. Viral anti-
gen was also detected by immunohistochemistry in the lungs,
spleen, colon, and mandibular and hilar lymph nodes on day 4.
From day 6, signs of acute disease were obvious and pox lesions
appeared. In 1988, Fenner and colleagues inferred, from limited
available information, that the clinical manifestations of naturally
acquired smallpox in humans began after an incubation period of
7 to 17 days following exposure (33). The first febrile phase lasted
for 3 to 4 days, followed by the appearance of a rash. Our model
partially resembles some of the features of the human condition,
which helps to bridge the gap in our understanding of variola virus
infection and improves our understanding of monkeypox viral

Pathogenesis of Monkeypox Virus

intr hial inocul
http://dx.doi.org/10.1128/JV1.01931-10.

or intral

route. | Virol 85:2112-2125.

. Earl PL, Americo JL, Wyatt LS, Eller LA, Whitbeck JC, Cohen GH,

Eisenberg R], Hartmann CJ, Jackson DL, Kulesh DA, Martinez MJ,
Miller DM, Mucker EM, Shamblin JD, Zwiers SH, Huggins JW, Jah-
rling PB, Moss B. 2004. Immunogenicity of a highly attenuated MVA
smallpox vaccine and protection against monkeypox. Nature 428:182—
185, hitp://dx.doi.org/10.1038/nature02331.

. Earl PL, Americo JL, Wyatt LS, Espenshade O, Bassler ], Gong K, Lin

S, Peters E, Rhodes L, Jr, Spano YE, Silvera PM, Moss B. 2008. Rapid
protection in a monkeypox model by a single injection of a replication-
deficient vaccinia virus. Proc Natl Acad Sci U § A 105:10889-10894. http:
f{dx.doi.org/10.1073/pnas 0804985105,

. Buchman GW, Cohen ME, Xiao Y, Richardson-Harman N, Silvera P,

DeTolla L], Davis HL, Eisenberg RJ, Cohen GH, Isaacs SN. 2010. A
protein-based smallpox vaccine protects non-human primates from a le-
thal monkeypox virus challenge. Vaccine 28:6627—6636. http://dx.doi.org
110.1016/j.vaccine.2010.07.030.
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disease while at the same time further characterizing this impor-  13. I‘tl:il‘ssins 18 G(if A, Hensley L, Mu:kmn]E;.IrSllnmblin J, Wlazlowski C,
: : J : Johnson W, Chapman J, Larsen T, Twe fel N, Karem K, Damon IK,
:::;e smallpox animal model, as required by the FDA’s Animal Byrd CM, Bolken TC, Jordan R, Firuby D. 2009. Nonhuman primates
% are protected from smallpox virus or monkeypox virus challenges by the
antiviral drug ST-246. Antimicrob nts Chemother 53:2620-2625.
ACKNOWLEDGMENTS hltp‘dex.dniErryll].l 128/AAC.0002 &?{
This work was funded by the National Institute of Allergy and Infectious  14. Jordan R, Goff A, Frimm A, Corrado ML, Hensley LE, Byrd CM,
Diseases (contact NO1-AI-30062, task orders 03 and 04). Mucker E, Shamblin J, Bolken TC, Wiazlowski C, Johnson W, Chap-
The views in the paper are of the authors and not necessarily those of man J, T N, Ty 5 A AC n J,
the funding body. Hruby DE, Huggins ]. 2009 Fl' 2-!6 a‘ntmral efﬁﬂqr in a nnnhuman
We thank Robert Johnson, Thames Pickett, and Helen Schiltz for re- ~ Primatc monkeypox model: determination of the minimal effective dose
o p R faiecs e , and human dose justification. Antimicrob Agents Chemother 53:1817-
viewing the manuscript. We thank Victoria Cox (DSTL) for advice about 1822. http://dx.doi.org/10.1128/AAC.01596-08.
statistical analysis. We are grateful to Susan Gray for preparing the histol- |5 gyinelaar KJ, van Amerongen G, Kondova 1, Kuiken T, van Lavieren
ogy samples. We appreciate the technical assistance provided by Debbie RF, Pistoor FH, Niesters HG, van Doornum G, van der Zeijst BA,
Atkinson, Gemma McLuckie, Mel Davison, and Thomas Tipton. We are Mateo L, Chaplin PJ, Osterhaus AD. 2005, Modified vaccinia virus
also very grateful to the Biological Investigations Group at the PHE, in Ankara protects macaques against respi challenge with monk
particular Paul Yeates and Janice Pickersgill, for conducting the animal virus. | Virol 79:7845-7851. hutp://dx.doi.org/10. 1128/JVL79.12. ?&45
procedures. -7851.2005.
16. Stittelaar KJ, Neyts J, N L, van A gen G, van 1 RF,
REFERENCES Holy A, De Clercq E, Niesters HG, Fries E, Maas C, Mulder PG, van der

1. Breman ]G, Arita 1. 1980. The confirmation and maintenance of small- Zeljst BA, Osterhaus AD. 2006. Antiviral treatment is more effective than
pox eradication. New Engl | Med 303:1263-1273. hitp//dx.doi.org/io ~ Smallpox vaccination upon lethal monkeypox virus infection. Naturc 439:
-1056/NEJM198011273032204. 745-748. htp://dx.doi.org/10.1038/nature04295.

2. Stanford MM, McFadden G, Karupiah G, Chaudhri G. 2007. 1 17. Goff AJ, Chapman ], Foster C, Wlazlowski C, Shamblin ], Lin K,
pathogenesis of poxvirus infections: forecasting the impending storm. Kreiselmeier N, Mucker E, Paragas ], Lawler J, Hcmlc‘y L. 201 l.I A novel
Immunol Cell Biol 85:93-102. http://dx.doi.org/10.1038/sj.ich. 7100033, respiratory model of infection with X virus in oy ma-

3. von Krempelhuber A, Vollmar J, Pokorny R, Rapp P, Wulff N, Petzold caques. | Virol B5:4898 —4909. hutp://dx.doi.org/10.1128/]V1 02525 10.
B, Handley A, Mateo L, Siersbol H, Kollaritsch H, Chaplin P. 2010, A !8. Saijo M, Ami Y, Suzaki Y, Nagata N, Iwata N, Hasegawa H, lizuka 1,
randomized, double-blind, dose-finding phase I study to evaluate immu- Shiota T, Sakai K, Ogata M, Fukushi S, Mizutani T, Sata T, Kurata T,
nogenicity and safety of the third generation smallpox vaccine candidate Kurane I, Morikawa S. 2009. Virulence and pathophysiology of the
IMVAMUNE. Vaccine 28:1209-1216. httpz//dx.doi.org/10.1016/j.vaccine thngo Basin and Wc_si Alfrican strains of monkeypox virus in nm-hun}nn
.2009.11.030. primates. ] Gen Virol 90:2266-2271. hitp://dx.doi.org/10.1099/vir.0

4. Chapman JL, Nichols DK, Martinez MJ, Raymond JW. 2010. Animal -010207-0.
models of orthopoxvirus infection. Vet Pathol 47:852-870. http://dx.doi  19. Nagata N, Safjo M, Kataoka M, Ami Y, Suzaki Y, Sato Y, Iwata-
.org/10.1177/03009858 10378649, Yoshikawa N, Ogata M, Kurane I, Morikawa S, Sata T, Hasegawa H.

5. FDA. 2002. New drug and biologics and drug products; evidence needed 2014. Pathog of ful pox with bacterial sepsis after
to demonstrate effectiveness of new drugs when human efficacy studies experimental infection with West African mnukcypox virus in a cynomol-
are not ethical or feasible. Fed Regist 67:37988 -37998. gus monkey. Int ] Clin Exp Pathal 7:4359-4370.

6. Damon IK. 2011. Status of human keypox: clinical di i 20. Fenner F, Henderson DA, Arita I, Jezek Z, Ladnyi 1D. 1988. The
ology and research. Vaccine 29(Suppl 4):D54-D59. http://dx. doi orglll) epidemiology of smallpox, p 169-208. In Smallpox and its eradication.

.1016/j.vaccine.2011.04.014. WHO, Geneva, Switzerland.

7. Parker S, Buller RM. 2013. A review of experimental and natural infec-  21. Henderson DA, Inglesby TV, Bartlett ]G, Ascher MS, Eitzen E, Jahrling
tions of animals with monkeypox virus between 1958 and 2012. Future PB, Hauer ], Layton M, McDade ], Osterholm MT, O'Toole T. Parker
Virol 8:129-157. http://dx.doi.org/10.2217/fvl.12.130. G, Perl T, Russell PK, Tonat K. 1939. Smallpox as a biological

8. Johnson RF, Dyall ], Ragland DR, Huzella L, Byrum R, Jett C, St Claire medical and public health management. Working Group on \ Civilian Bio-
M, Smith AL, Paragas J, Blaney JE, Jahrling PB. 2011. Comparati lefense. JAMA 281:2127-2137.
analysis of monkeypox virus infection of cynomolgus macaques by the  22. Nalca A, Livingston VA, Garza NL, Zumbrun EE, Frick OM, Chapman

April 2015 Volume 89 Number 8 Joumal of Virology Masmorg 4343

97



Tree et al.

23.

24,

25.

26.

4344 jviasm.org

JL, Hartings JM. 20]0 Experunentai infection of cynomolgus macaques
(Macaca fascicularis) with keypox virus. PLoS One 5(9):
e12880. hitp://dx.doi.org/10.137 lfjournal.pone.001 2850,

Zaucha GM, Jahrling PB, Gdskrt ™, Swemnglu IR, H:n.s.ley B
2001. The pathology of experi keypox virus infec-
tion in cynomolgus moukry! (Macaca fascicularis). Lab Invest 81:1581—
1600. http://dx.doi.org/10.1038/labinvest. 3780373,

Barnewall RE, Fisher DA, Robertson AB, Vales PA, Knostman KA,
Bigger JE. 2012. Inhalational monkeypox virus infection in cynomolgus
macaques. Front Cell Infect Microbiol 2:117. http://dx.doi.org/10.3389
/fcimb.2012.00117.

Hatch GJ, Graham VA, Bewley KR, Tree JA, Dennis M, Taylor 1,
Funnell SG, Bate SR, Steeds K, Tipton T, Bean T, Hudson L, Atki

27.

28.

29.

3l

Wati e Refi

1 C
(NC3Rs). 2006. G
NC3Rs, London, United Klngdom‘

Gussman R. 1984. Note on the particle size output of Collison nebulizers.
Am Ind Hyg Assoc | 45:B8-B12.

May K. 1973. The Collison nebulizer. Description, performance and ap-
plication. ] Aerosol Sci 4:235.

for Reduction, ard Replacement

ideli i acc dation, care, and use.

. Druett HA. 1969. A mobile form of the Henderson apparatus. | Hyg

67:437-448. hitp://dx.doi.org/10.1017/S002217240004 1851.

Rubins KH, Hensley LE, Relman DA, Brown PO. 2011. Stunned silence:
gene expression programs in human cells infected with monkeypox or
vaccinia virus. PLoS One 6:15615. hitp://dx.doi.org/10.1371/journal
pone.0015615.

D], McLuckie G, Charlwood M, Roberts AD, Vipond J. 2013. Assess-
ment of the protective effect of Imvamune and Acam2000 vaccines against
aerosolized monkeypox virus in cynomolgus macaques. | Virol 87:7805—
7815. hutp://dx.doi.org/10.1128/]V1.03481-12.

United Kingdom Home Office. 1989. Code of practice for the housing
and care of animals used in scientific procedures. United Kingdom Home
Oﬂice. Lnndon, Umlcd Kingdom. https://www.gov.uk/government
/ hment_data/file/228831/0107.pdf.

fupl 7 r

32,

3.

Journal of Virology

Alzl D, Hammarlund E, Reed ], Meermeier E, Rawlings S, Ray
CA, Edwards DM, Bimber B, Legasse A, Planer S, Sprague J, Axthelm
ME, Pickup DJ, Lewinsohn DM, Gold MC, Wong SW, Sacha B, Slifka
MEK, Fruh K. 2014. T cell inactivation by poxviral B22 family proteins
increases viral virulence. PLoS Pathog 10:e1004123. http://dx.doi.org/10
1371/journal.ppat. 1004123,

Fenner F, Henderson DA, Arista I, Jezek Z, Ladnyi ID. 1988. The clinical
features of smallpox, p 1-68. In Smallpox and its eradication. WHO, Ge-
neva, Switzerland.

April 2015 Volume 89 Number 8

98



Original article

Tree, J. A., Hall, G., Rees, P., Vipond, J., Funnell, S. G., and Roberts, A. D.
(2016).

Repeated high-dose (5 x 10(8) TCID50) toxicity study of a third generation
smallpox vaccine (IMVAMUNE) in New Zealand white rabbits.

Hum Vaccin Immunother, 127), 1795-1801.

Impact factor: 2.229

Contributions by ROBERTS, A.D.G.
Application for funding

Study design

Project management

Test facility manager

Report review and editing

Manuscript review and editing

Citation metrics

Google Scholar: 4 citations

99



HUMAN VACCINES & IMMUNOTHERAPEUTICS
2016, VOL 12, NO. 7, 1795-1801
http://dx.doi.org/10.1080/21645515.2015.1134070

o Taylor & Francis
Taybor & Francih Group

RESEARCH PAPER

8 OPEN ACCESS

Repeated high-dose (5 x 10° TCIDs,) toxicity study of a third generation smallpox
vaccine (IMVAMUNE) in New Zealand white rabbits

Julia A. Tree®, Graham Hall®, Peter Rees®, Julia Vipond?, Simon G. P. Funnell?, and Allen D. Roberts?

*National Infection Service, Public Health England, Portor Down, Salisbury, Wiltshire, UK; ®Envigo CRS Limited, Occold, Eye, Suffolk, UK

ABSTRACT

Concem over the release of variola virus as an agent of bioterrorism remains high and a rapid vaccination
regimen is desirable for use in the event of a confirmed release of virus. A single, high-dose (5x10° TCID) of
Bavarian Nordic’s IMVAMUNE was tested in a Phase-ll clinical trial, in humans, as a substitute for the standard
(1x10° TQDsy), using a 2-dose, 28-days apart regimen. Prior to this dlinical trial taking place a Good Laboratory
Practice, repeated high-dose, toxicology study was performed using IMVAMUNE, in New Zealand white rabbits
and the results are reported here. Male and female rabbits were dosed twice, subcutaneously, with 5x 10° TCIDs,
of IMVAMUNE (test) or saline (control), 7-days apan. The clinical condition, body-weight, food consumption,
haematology, blood chemistry, immunogenicity, organ-weight, and macroscopic and microscopic pathology
were investigated. Haematological investigations indicated changes within the white blod cell profile that
were attributed to treatment with IMVAMUNE; these comprised slight increases in neutrophil and monocyte
numbers, on study days 1-3 and a marginal increase in lymphocyte numbers on day 10. Macroscopic
pathology revealed reddening at the sites of administration and thickened skin in IMVAMUNE, treated
animals. After the second dose of IMVAMUNE 9/10 rabbits seroconverted, as detected by antibody ELISA on
day 10, by day 21, 10/10 rabbits seroconverted. Treatment-related changes were not detected in other
parameters. In conclusion, the subcutaneous injection of 2 high-doses of IMVAMUNE, to rabbits, was well
tolerated producing only minor changes at the site of administration. Vaccinia-specific antibodies were
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raised in IMVAMUNE-vaccinated rabbits only.

Introduction

Routine smallpox vaccination declined throughout the world after
the causative agent, variola virus, was declared eradicated by the
WHO in 1980." Only 20% of the global population has some immu-
nity to smallpox, due to previous vaccination,™ hence a deliberate
release of this virus would have catastrophic consequences. Stock-
piles of first and second generation vaccines based on replicating-
vaccinia virus (eg. Dryvax and ACAM2000) are maintained in some
countries, for instance, the United States, to help counter the threat
of re-emerging smallpox following a bioterrorist attack.** First and
second generation (conventional) smallpox vaccines have been
shown to be highly efficacious, however, they have also been associ-
ated with rare but severe adverse events, especially in populations
with compromised immune systems.*” These adverse events include
progressive vaccinia eczema vaccinatum, myo/pericarditis, Stevens-
Johnson syndrome, fetal vaccinia encephalititis and occasionally
death.” In 2002, Kemper et al estimated that 25% of the US popula-
tion would be excluded from vaccination with conventional small-
pox vaccines because they are, or have close contact with, individuals
who have eczema or are immunocompromised.” Safer alternative
smallpox vaccines are thus desrable and interest in attenuated
viruses, such as modified-vaccinia Ankara virus (MVA), has led to
the development of new third generation smallpox vaccines.

MVA was generated by passaging vaccinia virus more than
500 times through chicken embryo fibroblasts. During this time
the virus acquired multiple deletions and mutations and lost its
capacity to replicate efficiently in people and most mammalian cell
lines.” MV A was used during the smallpox eradication campaign
during the 1970s, in Germany, as a priming vaccine prior to the
administration of conventional smallpox vaccine, to mitigate
potential reactogenicity.'”'" More than 120,000 people took part in
this program. Several high-risk groups were vaccinated, including
voung children with skin conditions." '* There were no reports of
serious adverse events using this 2-step inoculation process."”

IMVAMUNE, a vaccine based on a strain of the modi-
fied-vaccinia Ankara (MVA) virus, is currently being devel-
oped as a safe and effective vaccine, by Bavarian-Nordic
(BN), Denmark." Early studies determined whether IMVA-
MUNE was safe, prior to the initiation of human trials.
These studies included repeat administrations (subcutaneous
and intramuscular) in animal models and the results
showed reversible non-dosing-limiting injection site reac-
tions and lymphoid changes.'” Tetraology studies in rats
and rabbits did not demonstrate teratogenic or intrauterine
toxicity, and peri- and postnatal studies did not reveal
toxicity to embryos or developing offspring at doses up to
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1 x 10° TCIDs,* IMVAMUNE was tested in humans for
safety and immunogenicity using subcutaneous and intra-
muscular, administration of a range of doses (10°-10°
TCID;,) and different vaccination regimes; 1 or 2 doses at
various intervals sometimes followed by a conventional
smallpox vaccine."'*'" The protective efficacy of IMVA-
MUNE was also demonstrated in animal models'®*" with
promising results against rabbitpox and monkeypox viruses
(surrogates for variola virus).

Overall, the safety and efficacy data generated for IMVA-
MUNE, so far, have been very promising. Currently, the opti-
mal vaccination schedule is a prime-boost regimen with 2
doses (1 x 10" TCIDs,) administered with a 28-day interval."
If, however, this vaccine were to be used to protect the popula-
tion following a bioterrorist attack or response scenario, the use
of a single dose would be highly advantageous as this could
potentially help to limit casualties quickly."* An investigation
into the suitability of a single high-dose of IMVAMUNE (5 x
10* TCIDs) was thus initiated. Since early safety studies uti-
lised different doses up to and including 1 x 10 TCIDs4 it was
necessary to perform a repeat-dose toxicology experiment using
the higher proposed dose of 5 x 10° TCIDs, to ensure this vac-
cine dose was safe prior to it being given to humans. Vaccina-
tion doses were given to rabbits on day 0 and day 7, this
allowed sufficient time for recovery from local reactogenicity to
the first vaccination before the second vaccination was given.
This work was conducted according to Good Laboratory Prac-
tice (GLP). After this toxicology study was performed this
high-dose of virus was used in the randomized Phase 11 clinical
trial (http//clinicaltrials.gov/show/NCT00879762) reported by
Frey et al.”!

Results

Clinical signs: Neither abnormal systemic nor local clinical
signs were observed, and no deaths were recorded prior to the
pre-determined necropsy times. There were changes in the skin
at the vaccination sites, observed at necropsy on days 10 and 21
(Table 2). Changes were not cbserved at day 35. On day 10,
when compared with controls, an increased number of dark
red areas were noted after injection of IMVAMUNE at site 1
and site 2. Thickened areas were seen in one male and one
female animal 3 d after the second treatment with IMVA-
MUNE. On day 21, when compared with controls, an increased
incidence of dark red areas at the vaccination sites with IMVA-
MUNE (site 1) were seen; a similar response was seen (14 d
after the second vaccination) at site 2. Thickened areas were
seen in one male and one female animal after treatment with
IMVAMUNE at site 2. At the end of the study (day 35) macro-
scopic, treatment related findings were not apparent.

Body weight and food consumption: Body weights and food
consumption were unaffected by treatment (data not shown).

Clinical chemistry and haematology: The biochemistry of
the plasma was unaffected by treatment. Minimal changes in
the white blood cell profile were noted following treatment
with IMVAMUNE (Table 3). A slight increase in neutrophil
numbers was apparent in males on days 1 (P<0.05) and 10
(P<0.05) and a slight increase in monocyte numbers was evi-
dent in females on days 1 and 2 (P<0.05) and in males on day

Table 1. Vaccination sites examined on rabbits vaccinated with IMVAMUNE or
Saline Control. No macroscopic change related to treatment was zpparent at nec-
ropsy on day 35 (n = 3).

Treatment Group and Sex

Mals Female

Saline
Control
n=>5

Saline
Control

n=5

IMVAMUNE
n=5

IMVAMUNE

Parameters n=5

Animals euthanised on
Day 10
Treated site 1
Dark areals) 3 5 1 2
Treated Site 2
Dark areals)
Thickened /
Oedematous
Animals euthanised on
Day 21
Treated Site 1
Dark areals) 0
Treated Site 2
Dark areals)
Thickened / 0 1 0 1
Oedematous

oM

¥
w

2 (P<0.01). A marginal increase in lymphocyte numbers was
evident 3 d after the last dose (day 10) in females but this was
not statistically significant.

Immunogenicity (BN Nordic ELISA): Animals treated with
saline (control) were negative for vaccinia-specific IgG at all
time-points. Animals treated with IMVAMUNE were negative
for vaccinia-specific IgG before the first administration (day 0)
(Fig. 1) and on day 7 prior to the second administration of
IMVAMUNE. Vaccinia-specific IgG could be detected in the
majority of IMVAMUNE immunized rabbits 10 d after the first
and 3 d after the second administration in both males and
females. Out of 5 males, 3 had high titres and 2 were close to
the limit of detection. Qut of 5 females, one did not have anti-
bodies and 4 were at the limit of detection. Titres increased
until day 21, the first day when all animals had seroconverted,
and were maintained on day 35. Males tended to have slightly
higher titres than females although this was not significantly
different (P>0.05) on days 21 and 35.

Organ weights: Mean adrenal weights that were higher than
control values were apparent among IMVAMUNE treated
males on day 35 (P<0.05) (Table 4). No difference in mean
adrenal weights in IMVAMUNE treated females were observed
(P=0.05) compared with controls. In males, on day 10 and 21,
mean prostate weight was lower than controls, however, on day
35, mean prostate weight was higher than controls (none of
these observations were significant (P=>0.05)). Pathological
change was not observed in the adrenal glands and prostate,
therefore, the relationship between treatments and organ
weight was uncertain and they were considered not to be
adverse.

Microscopic findings: Changes were observed at the vacci-
nation sites and are summarised in Supplementary Data
Tables 1-3. On day 10, the dermis and subcutaneous tissues
were infiltrated by mixed inflammatory cells. Dermal and sub-
cutaneous hemorrhage, subcutaneous fibrosis and myofibre
necrosis of the panniculus muscle, were noted at both sites.
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Table 2. § y of related ch in the average number of Leucocytes.
Treatment group and sex
Male Female
Cell Types (mean) Saline Control IMVAMUNE Saline Control IMVAMUNE
Total white Pretreatment an 794 .77 837
blood cells (x107/L) Day1 895 849 9.05 9.03
Day 2 822 856 818 892
Day 3 856 8.60 8.08 858
Day 10 7.96 8.89 .M 9.25
Day 21 869 814 mn 8.02
Day 35 6.95 649 6.30 845"
Mean Neutrophils Pretreatment 1.62 181 1.72 162
(x10°/L) Day 1 1.83 237 1.86 174
Day 2 1.54 203 1.46 1.56
Day 3 1.78 187 1.64 161
Day 10 1.44 187" 1.51 191
Day 21 1.62 1.74 132 133
Day 35 0.79 085 1.13 122
Monocytes Pretreatment 0.12 017° 0.10 008
(x10°/L) Day 1 0,08 009 0.08 0.13"
Day 2 0.07 0.16"" on 026"
Day 3 0.08 012 0.13 017
Day 10 017 017 0.06 0.08"
Day 21 0.10 0.10 on 0.09
Day 35 0.10 017 0.04 009
Lymphocytes Pretreatment 6.30 5317 542 593
(x10°/1) Day1 634 542" 6.61 646
Day2 5.98 578 6.07 641
Day3 6.04 6.02 5.76 6.10
Day 10 575 6.27 5.56 6.83
Day 21 6.31 575 522 6.08
Day 35 5.62 512 4.67 6.55

Statistically significant when compared with the Control (Group 1) "-p<0.05; *"-p<001.

On day 21, at sites 1 and 2, dermal and/or subcutaneous
inflammatory cell infiltrates, subcutaneous fibrosis and subcu-
taneous hemorrhage were evident. On day 35, dermal and/or
subcutaneous mixed inflammatory cell infiltrates and/or sub-
cutaneous hemorrhage were apparent.

In the axillary lymph nodes, on days 10, 21 and 35, germinal
centers appeared to be increased (minimal or slight) (Table 5)
in IMVAMUNE treated animals. Changes were not observed
in the controls.

Discussion

The optimal dosing regimen for IMVAMUNE, a third genera-
tion smallpox vaccine, is 2 doses of 1 x 10° TCIDs, of virus,
28-days apart. However, should a deliberate release of Variola
major virus occur, a post-exposure vaccination program with a
single dosing schedule would be desirable to limit casualties. To
address this issue, a single high-dose (5 x 10° TCIDs,) of MVA
was tested in vaccinia-naive individuals in a phase II

Table 3. 5 y of related ch in adrenal and prostate weights (g). Absolute values and difference from control (xn).
Treatment group and sex
Male Female
Organ No.of Saline
Day euthanised animals Control IMVAMUNE Saline Control IMVAMUNE
Adrenals
Day 10 n=5 0.2n 0.170 (x0.81) 0.249 0.256 (x1.03)
Day 21 n=S5 0234 0.233 (x1.00) 0.237 0.282 (x1.19)
Day 35 =3 0.167 0.285" (x1.71) 0.287 0.370 (x1.29)
Prostate
Day 10 n=>5 0.797 0.603 (x0.76) = -
Day 21 n=5 0683 0.503 (x0.74) - -
Day 35 n=3 0.597 1.115 (x1.87) = -

Statistically significant when compared with the Saline Control (Group 1): *-p<005
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Figure 1. Mean vaccinia-specific IgG titer (Log,, == 1 SE) of New Zealand white
rabbits vacdnated with MVA-BN (IMVAMUNE) vaccine (Group 2). Animals were
bled on various days (Prebleed Day 0, Day 7 after the first immunization, 3 d (Day
10), 14 d (Day 21) and 28 d (Day 35) after the second immunisation. Mean values
are from 13 (Day 0 and Day 7), 5 (Day 10 and Day 21) or 3 (Day 35) animals each.
LOD = Limit of Detection (1.7 log,q). First immunization (A ), Second immunisa-
tion (). For graphical purposes values below the limit of detection (LOD) were
assigned a value of 1Logia

randomized clinical trial*' [21] and, prior to this being carried
out, this GLP, repeated-dose, toxicology study was perforrmed,
to assess the safety profile of this new dose, before it was given
to humans. This is the first time a toxicology study has been
reported using a high-dose (5 x 10* TCIDsg) of IMVAMUNE
in rabbits, this contributes information toward the safety
assessment for the clinical use of this vaccine in humans.
Differences were not observed between rabbits treated with
IMVAMUNE or saline in respect of clinical observations, blood
clinical chemistry, food consumption or body weight. However,
a local skin reaction to treatment with IMVAMUNE was evi-
dent post mortem comprising dark red areas and thickened vac-
cination sites. Microscopically, inflammatory cell infiltrates,
both mononuclear and polymorphonuclear, and hemorrhage
were evident in the dermis and subcutis of the administration
sites. Subcutaneous fibrosis and inflammation with myofibre
necrosis of the panniculus muscle were also apparent at the
inoculation sites. A higher incidence and longer persistence of
these changes were apparent in animals receiving IMVAMUNE

Table 4. Summary of treatment-related changes in the axillary lymph nodes on
days 10, 21 and 35. Number of animals with treatment related changes/Total num-
ber of animals.

Prominent Treatment group and sex
germinal
centers
Male Female
Saline Saline
Control IMVAMUNE Control IMVAMUNE
Day 10
Minimal s [ 0/4 35
Slight s 25 0/5 1/5
Day 21
Minimal o5 45 /5 45
Day 35
Minimal 3 33 03 33

compared with the controls, indicating that IMVAMUNE
exerted a local response. Overall, the incidence was low and the
severity minimal or slight. This low severity was confirmed by
the absence of an overt behavioral change. The incidence was
highest at the dose sites 3 d after the second administration
(day 10) and diminished subsequently. However, recovery was
not complete at the sites 21 and 35 d after treatment. Local skin
reactions in humans following the administration of IMVA-
MUNE have also been reported and this was, therefore, not an
unexpected finding,"*'**' Collectively the data from this study
and others suggest that skin reactions at the site of injection
should be monitored during clinical trials with IMVAMUNE.

Marginal increases in peripheral neutrophil and monocyte
numbers after the first dose were seen and may be related to
the role of these cells in the immunological response to IMVA-
MUNE virus particles following immunisation on day 0. The
marginal increase in lymphocyte numbers in females after the
second dose may represent an immune response to the second
insult of the vaccine. These effects were not considered adverse.

The prominent germinal centers of the axillary lymph
nodes, seen following vaccination with IMVAMUNE, were
considered to be part of an immune response to the virus. This
change decreased in severity on days 21 or 35, when compared
to those at day 10, indicating germinal center involution had
occurred following the initial immune response. These observa-
tions are consistent with reports of lymphoid changes and
reversible non-dose-limiting injection site reactions reported in
early safety tests on IMVAMUNE in animal models, as
reviewed by Kennedy and Greenberg (2009)."

In this study, both male and female test rabbits raised vac-
cinia-specific antibodies when vaccinated with IMVAMUNE.
Initially, titres were higher in males than females although by
days 21 and 35 there was no significant difference between
groups. Interestingly, Troy et al (2015) report on gender differ-
ences in the immune response to vaccination with IMVA-
MUNE in humans, males tended to have higher levels of
antibody than females.” In this work, none of the rabbits that
received saline mounted a detectable vaccinia-specific antibody
response, on any of the days tested. Other immune parameters
for example, plaque reduction neutralisation assay [PRNT], cell
mediated responses and vaccine efficacy (challenge against rab-
bitpox) could have been analyzed in this study, however, they
were excluded because detailed studies addressing these issues
had already been performed elsewhere.'*"”

Repeated-dose and embryofetal toxicity studies in animals
for the standard dose (1 x 10° TCID.,) of IMVAMUNE have
already been performed and severe adverse events were not
reported.'* Similarly, in the present study in rabbits, a
repeated-dose of IMVAMUNE at a high concentration (5 x
10® TCIDs,), was tolerated, producing only minor changes at
the site of administration. This good safety profile, in rabbits
supported the use of a high-dose of this vaccine in humans
and, as a result, a phase-II clinical trial was conducted.”

Materials and methods

Animals: Male (n = 26) and female (n = 26) New Zealand
White rabbits were acclimatised for at least 12 d before treat-
ment. At the start of treatment, animals were 12-17 weeks old

103



HUMAN VACCINES & IMMUNOTHERAPEUTICS (&) 1799

Table 5. Study Plan: Animals were vacdnated subcutaneously twice (7-days apart) with either MVA-BN (IMVAMUNE) (Group 2), or with saline control (Group 1). Animals
were monitored for 27 d (upto day 35) after the last vacdnation. Animals were euthanised at days 10, 21 and 35.

Number of animals
Euthanised Day 10 Euthanised Day 21 Euthanised Day 35
Dose volume
Group No. Treatment (ml) Male Female Male Female Male Female
1 Saline Control 2x1ml 5 5 5 5 3 3
2 IMVAMUNE 2x1ml* 5 5 5 5 3 3

*One dose of IMVAMUNE consisted of 2 x 0.5ml equivalent to 4.9 10® TCID,,

and males weighed between 2.9-3.3 kg (inclusive) and females
between 2.9-3.4 kg (inclusive). Rabbits were housed individu-
ally in stainless steel cages and environmental controls were set
to maintain the following conditions: temperature range 16-
20°C, relative humidity 40-70%, 12-hr light/12-hr dark cycle.
The animals were offered 150 g of a standard laboratory diet
each day throughout the study. This diet contained no added
antibiotic or other chemotherapeutic or prophylactic agent;
water (from the public water supply) was given via water bottle,
ad libitum.

Experimental studies were conducted at Envigo CRS Lim-
ited (Cambridge, UK). The general procedures were in compli-
ance with the “Code of practice for the housing and care of
animals used in scientific procedures,” published by the UK
Home Office which forms part of the Animal (Scientific Proce-
dures) Act (1986). This study was also performed in compli-
ance with GLP.

Vaccine formulation and study design: The duration of this
study was 35 d. The test vaccine, IMVAMUNE, supplied by
Bavarian Nordic (Batch No 0061205), had a viral concentration
of 49 x 10° TCIDso/ml. Animals were weighed and assigned
randomly to groups; group 1, (control) (n=26), group 2 (test)
(n=26) (Table 1). The dorsum was shorn using electric clip-
pers; 2 injection sites (site 1 and site 2) were identified, on the
back of the neck. The animals received 2 doses (2 x 0.5 ml
each) of the vaccine (test) or physiological saline (control) by
subcutaneous injection on day 0 at site 1 (dose 1) and on day 7
at site 2 (dose 2). Thus, the animals received 4.9 x 10° TCIDx,
of virus on each day of administration.

Necropsy procedures were undertaken on days 10, 21 and 35
(Table 1).

Observations and clinical signs: During the study periods,
each animal was examined twice daily for evidence of ill-health
or reaction to treatment. On each day of administration, 5
observations were recorded; 1) immediately before, 2) immedi-
ately after dosing, 3) on completion of dosing each group, 4)
between 1-2 hours after completion of dosing, and 5) as late as
possible in the working day. In addition, a more detailed weekly
physical examination was performed on each animal to moni-
tor general health. Injection sites were assessed daily for 3 d
after each injection and weekly throughout the study. Injection
sites were scored according to the numerical scoring system of
Draize.”

Body-weight: The weight of each rabbit was recorded one
week before treatment commenced (day -7), on the day treat-
ment commenced (day 0), weekly throughout the study and

before necropsy. Group mean weight changes were calculated
from the weight changes of individual animals.

Food and water consumption: The weight of food supplied
to each animal, food remaining and an estimate of any spilled,
was recorded for the week before treatment started (week -1),
and each week throughout the study. From these data the esti-
mated weekly consumption per animal (g/rabbit/week) was
calculated.

Haematological studies: Before the commencement of
treatment (day 0) and on days L, 2, 3, 10, 21 and 35 of the
study, blood samples (0.5 ml) were collected into EDTA
anticoagulant (TekLab, County Durham, UK, Catalogue No:
K1230) from the central auricular artery. Blood samples
were examined using a Bayer Advia 120 haematology ana-
lyzer (Siemens, Surrey, UK). The following characteristics
were determined; haematocrit (L/L), hemoglobin concentra-
tion (g/dL), erythrocyte count (RBC), reticulocyte count (%),
mean cell hemoglobin (pg), mean cell hemoglobin concen-
tration (g/dL), mean cell volume (fL), total leucocyte count
(cells/L), differential leucocyte count (including neutrophils,
lymphocytes, cosinophils, basophils, monocytes, large
unstained cells and platelet count) (cells/L).

Additional blood samples were collected into citrate antico-
agulant (TekLab, Catalogue No: C1130) and examined for Pro-
thrombin time (sec) using an ACL 3000 Plus analyzer
(Instrument Laboratory, Cheshire, UK) with IL PT-Fibrinogen
reagent (Instrument Laboratory; Catalogue No: 0008469810).
Also, activated partial thromboplastin time (sec) was measured
using an ACL 3000 Plus Analyser (Instrument Laboratory) and
IL APTT reagent (Instrument Laboratory; Catalogue No:
0020006800).

Clinical biochemistry: When blood was obtained for haema-
tology, additional samples (0.7 ml) were collected into lithium
heparin anticoagulant (TekLab, Catalogue No: H2130). Plasma
was separated and concentrations of alkaline phosphatase (U/
L), alanine amino-transferase (U/L), aspartate amino-transfer-
ase (U/L), total bilirubin (pmol/L), urea (mmol/L), creatinine
(p2mol/L), glucose (mmol/L), total cholesterol (mmol/L), trigly-
cerides (mmol/L), sodium (mmol/L), potassium (mmol/L),
chloride (mmol/L), calcium (mmol/L), inorganic phosphorus
(mmol/L) and total protein (g/L) were determined, using a
Hitachi 917 Clinical Chemistry Analyser (Roche, Sussex, UK).

Electrophoretic protein fractions; albumin (g/L), er1 globulin
(g/L), @2 globulin (g/L), f-globulin (g/L) and y-globulin (g/L)
were analyzed with agarose gel and scanning with a
densitometer. Albumin/globulin ratio (A/G ratio) was
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calculated from total protein concentration and analyzed albu-
min concentration.

Immunogenicity: Before dosing on days 0 and 7 and on days
of euthanasia (days 10, 21, and 35), blood samples (1.5 ml) were
taken from the central auricular artery. Serum was isolated and
frozen (—20°C). Samples were assayed for immunoglobulin G
(IgG) serum antibodies to vaccinia virus using an enzyme-
linked immunosorbent assay (ELISA) by Bavarian Nordic (the
ELISA was not performed under GLP conditions).

Necropsy: Animals were killed humanely on days 10, 21
and 35 by an intravenous overdose (2.5 ml/animal) of pen-
tobarbitone (Pharmasol, Hampshire, UK; Catalogue No:
80640). All external features and orifices were examined
visually, including the parenteral site. The cranial roof was
removed to allow observation of the brain, pituitary gland
and cranial nerves. After ventral mid-line incsion, the neck
and associated tissues and the thoracic, abdominal and pel-
vic cavities and their viscera were exposed and examined
in-situ.

Organ weights: Adrenals, brain, heart, kidneys, liver, lungs,
pituitary gland, salivary glands, spleen, thyroid with parathy-
roids and thymus were weighed in all animals. Additionally
from males, epididymides, prostate, seminal vesicles and testes
were weighed and from females, uterus with cervis and ovaries;
bilateral organs were weighed together.

Histopathological examination: Testes and epididymides
were fixed in Bouin’s solution prior to transfer to 70% methyl-
ated spirit and eyes were fixed in Davidson’s fluid prior to
transfer to 70% methylated spirit. Other tissues comprising
adrenals, aorta-thoracic, brain, caecum, colon, duodenum,
femur, gall bladder, Harderian glands, heart, ileum, jejunum,
kidneys, lachrymal glands, larynx, liver, lungs, lymph nodes
(mandibular, axillary, inguinal, mesenteric, draining and distal
nodes), mammary area (caudal), esophagus, optic nerves, ova-
ries, pancreas, pituitary, prostate, rectum, salivary glands (sub-
mandibular, parotid, sublingual), sciatic nerves, seminal
vesicles, skeletal muscle, skin (treated site), skin (untreated
site), spinal cord, spleen, sternum, stomach, thymus, thyroid
with parathyroids, tongue, trachea, ureters, urinary bladder,
uterus and cervix and vagina were fixed in 10% neutral buffered
formalin. All tissues were processed to paraffin wax, sections
were cut at 5 pm, and then stained with haematoxylin and
eosin.

Statistical analysis: Startox version 3.2 was used for the
statistical analysis of the haematological and blood chemistry
data. Quasar version 1.1 was used to analyze the body
weight, organ weight and pathological data. All analyses
were carried out using the individual animal as the basic
experimental unit. The following data types were analyzed
separately at each timepoint: bodyweight, using gains over
appropriate study periods; blood chemistry and haematology;
organ weights, both absolute and adjusted for terminal
bodyweight.

The following sequence of statistical tests was used if 75% of
the data (across all groups) were the same value, for example c,
then a frequency analysis was applied. Groups were compared
using pairwise Fisher's Exact tests (FE) both for i) values < ¢
versus values > ¢, and for ii) values < ¢ vs. values > ¢, as
applicable.

If Bartlett’s test for variance homogeneity was not significant
at the 1% level, then parametric analysis was applied. Groups
were compared using f-tests (Tt). If Bartlett’s test was signifi-
cant at the 1% level, then logarithmic and square-root transfor-
mations were tried. If Bartlett's test was still significant, then
non-parametric tests were applied. Groups were compared
using the Wilcoxon rank sum tests (Wc).

For organ weight data, analysis of covariance was initially
performed using terminal bodyweight as covariate. [f the within
group relationship between organ weight and bodyweight was
significant at the 10% level,** then the treatment comparisons
were made on adjusted group means (calculated using analysis
of covariance, where the factor is group and the covariate is the
terminal bodyweight) in order to allow for differences in body-
weight which might influence the organ weights.
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ARTICLE INFO ABSTRACT

Keywords: The 2014 Ebola outbreak in West Africa required the rapid testing of clinical material for the presence of po-
Ebola virus tentially high titre Ebola virus (EBOV). Safe, fast and eﬂ‘emve methods for the inactivation of such clinical
Inactivation: RT-PCR samples are required so that rapid di ic tests includi lysis by anPCIt or nucleotide
‘?‘rivll.mx—lw sequencing can be carried out, Onenfd'mnmt Iy used guanidini -based g agents, AVL
(Qiagen) has been shown to fully inactivate EBOV once ethanol is added, h this is not ¢ ble with the
use of automated nucleic acid extraction Additional inacti agents need to be identified that can be

used in i A agent is Triton X-100, a non-denaturing detergent that is
frequently used in clinical nudeic acid i d and has pr ly been used for inactivation of
EBOV. In this study the effect of 0.1% and 1. I’H-Tritmx 100 (final ocnoenuar.im 0.08% and 0.8% respectively)
alone and in combination with AVL on the viability of EBOV (10° TCIDso/ml) spiked into commercially available
pooled negative human serum was tested. The presence of viable EBOV in the treated samples was assessed by
carrying out three serial passages of the samples in Vero E6 cells (37 "C, 5% COy, 1 week for each passage). At the
end of each passage the cells were observed for evidence of cytopathic effect and les were taken for rRT-
PCR analysis for the presence of EBOV RNA. Before cell culture cymlmdt components of AVL and Triton X-100
were removed from the samples using size exclusion spin col gy or a hydrophobic adsorbent resin.

The results of this study showed that EBOV spiked into human serum was not fully inactivated when treated
with either 0.1% (v/v) Triton X-100 for 10 mins or 1.0% (v/v) Triton X-100 for 20 mins (final concentrations

0.08% and 0.8% Triton X-100 respectively). AVL alane also did not i I 1 l

inactivation.

Samples treated with both AVL and 0.1% Triton X-100 for 10 or 20 mins were shown to be completely in-

ible with d

i d. This is

is by RT-gPCR and next generation sequencing.

1. Introduction

The Ebola outbreak in West Africa required the testing of un-
dentedly high bers of high titre clinical samples for the pre-
sence of Zaire ebolavirus (EBOV, family Filoviridae) (Carroll et al,
2015; Shiwani et al., 2017). After inactivation of the clinical samples
within high containment facilities (Containment Level4/CL3 or a flex-
ible film isolator in field laboratories) downstream sample processing
was performed at a lower level of containment (CL2) (Logue et al.,
201? Bailey et al., 2016). For processing the samples at CL2 there isa
to d rate that procedures used to inactivate the virus
pnlemw]ty present within the clinical sample are effective. In addition,
inactivated material from high consequence pathogens such as EBOV is

* Corresponding author,
E-mail address: jane burton@phe.gov.uk (LE. Burton).

hetp://dx.dol.org/ 10,1016/ jriromet 2017.09.020

a valuable resource for the development of new diagnostic assays or
h i 2 Recent fail in inactivation have caused sig-
mﬁcaut concem, particularly where ACDP 3 and 4 pathogens are in-
volved ('CDC Report on the Potential Exposure to Anthrax' 2014; Weiss
etal., 2015). For these reasons proof of effective inactivation of virus is
an increasingly important component of study design.

The effectiveness of inactivation is dependent on factors including
the nature and concentration of the pathogen, the sample matrix and
the concentration and contact time of the inactivation agent with the
sample. For PCR-based techniques, guanidine-based denaturing agents
are commonly used, although each buffer uses different concentrations
of active ingredients and ratios of inactivation agent to sample. The
precise formulations of inactivation buffers are generally proprietary
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and the efficiency of a particular buffer against a specific pathogen
cannot be predicted with complete confidence.

During the Ebola outbreak in West Africa many laboratories em-
ployed manual nucleic acid extractions using the QlAamp viral nucleic
acid extraction kit (Qiagen, 52904) which uses guanidinium-based AVL
buffer as the inactivation agent (Reusken et al., 2015). Data have shown
that buffer AVL will inactivate high titre EBOV in cell culture medium
(Blow et al., 2004). When EBOV is present in clinical samples, however,
complete inactivation is not guaranteed (Smither et al., 2015; Haddock
et al., 2016) and ethanol also needs to be added before full inactivation
is achieved. For | extraction methods ethanol can be added to the
AVL treated samples before removal from primary containment. For
high sample throughput using the AVL compatible automated nucleic
acid extraction system (Qiagen EZ1) ethanol cannot be added before the
samples are removed from containment and loaded onto the machine.
In PHE laboratories in Sierra Leone samples were removed from con-

and inacti was completed using heat (60 “C for 15 min)
(Bhagat et al., 2000; Bailey et al., 2016), The potential problem with
using heat inactivation in such a high throughput situation is that
constant temperature ing of the ples is required to ensure
that the temperature is held and full inactivation is achieved. The ad-
dition of a defined volume of a chemical inactivation agent such as
Triton X-100 allows consistent treatment of the samples.
Triton X-100, a non-d ing d that solubilises lipid
i is a ¢ ly used inacti agent that has been
shown to reduce infectivity of samples without affecting blood chem-
istry results (Tempestilli et al., 2015; Lau et al., 2015). Triton X-100 was
recommended by CDC as an inactivation agent which reduces the titre
of haemorrhagic fever viruses. The Guidelines, however, state that
100% inactivation should not be assumed. hitps://www.cdc.gov/hai/
pdfs/bbp/vhfinterimguidance05.19 05.pdf. Triton-X 100 is also in-
cluded in many commercial nucleic acid extraction buffers at various
concentrations such as the Roche Magnapure 96 external lysis buffer
(Rosenstieme et al., 2016). The additon of 1.0% (v/v, final con-
centration) Triton X-100 to mock clinical serum samples prior to RNA
extraction has been shown to have no effect on downstream processing
for RT-qPCR and PCR amplification of longer DNA fragments
(Lewandowski et al., 2016). The generation of larger amplicons (up to
2874 bp) shows that samples treated with 1.0% (v/v) Triton X-100
produces high quality nucleic acid material that is suitable for next
generation whole genome sequencing applications, an approach that is
increasingly used in viral diagnostics (Kwong et al., 2015). The addition
of Triton X-100 to the inactivation buffer before downstream processing
of a sample on an d extraction platfi could provide an
additional inactivation stage. The use of two different inactivation
agents is recommended by the World Health Organisation (WHO);
Ideally two different methods of inactivation should be used (e.g. one
physical method and one chemical method) although two chemical
methods may be just as effective www.who.int/bloodproducts/
publications/WHO_TRS 924 A4.pdf. It has recently been shown that
0.1% Triton X-100 effectively reduced EBOV infectivity, although
complete inactivation was not achieved (Colavita et al, 2017).

The aim of this study was to determine the effectiveness of Triton X-

100 for inactivation of EBOV in serum samples, alone or in combination
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generate mock positive patient serum the EBOV stock virus was diluted
(1: 10) in negative human serum (Sigma H4522) to a concentration of
10° TCIDgo/ml.

2.2, Effect of Triton X-100 alone and in combination with AVL on the
viability of EBOV in serum

EBOV in serum (140 pl) was treated with 560 pl volumes of the
following inactivation agents 1) 0.1% Triton X-100; 2) 1.0% Triton X-
100; 3) AVL; 4) 0.1% Triton X-100 + AVL, each with a 10 min contact
time and 5) 1.0% Triton X-100 with a 20 min contact time. As a positive
control, EBOV in serum was added to 560 pl of tissue culture medium
and passed through size exclusion columns or treated with SM2 ad-
sorbent resin in parallel with inactivated samples. For comparison the
same volume of EBOV in serum was added directly to cells. The con-
centration of Triton X-100 alone was increased to 1.0% with a contact
time of 20 min to determine whether it could be used as an inactivation
agent in the abserce of AVL. Each treatment was set up in duplicate or
triplicate.

2.2.1. Removal of AVL or Triton X-100 before cell culture

AVL and Triton X-100 are toxic to cells (Colavita et al., 2017; Kumar
etal., 2015) and the addition of 100-200 pl volumes to Vero E6 cells in
25 cm? flasks with 5ml medium was sufficient to cause cell death.
Work up experiments carried out at CL2 showed that AVL could be
removed from samples using size exclusion spin columns. Initially Vi-
vaspin 2.0 columns (100 000 MW CO PES VS0201) that were able to
hold 2ml of liquid were used, however the protocol that worked suc-
cessfully at CL2 did not translate well to use within the CL4 cabinet line,
so after the first experiment AVL was removed using Amicon 50 000
MWO, UFC50500 Ultra-0.5 centrifugal filter devices (Kumar et al.,
2015) in a microcentrifuge. These held a smaller volume of liquid
(0.5 ml) but were easier to handle within the cabinet line. Triton X-100
was most effectively removed from samples using SM2 resin. This was
used alone and in combination with the size exclusion spin columns as
required.

2.2.2. Removal of AVL and 0.1% Triton X-100 using Sartorius Vivaspin 2
columns (100 000 MW CO PES VS0201)

AVL and 0.1% Triton X-100 were removed from the samples using
Sartorius Vivaspin columns. The entire sample (700 pl) was added to
the spin columns and centrifuged at 2000 x g for 20 min. The eluate
(approximately 500 pl) was removed and phosphate buffered saline
(PBS, Gibco 10010-015) added to the column to a final volume of 2 mL
The samples were centrifuged a further three times at 2000x g for
15 min and after each spin the eluate removed and PBS added to the
column to a final volume of 2 ml. The liquid from the column reservoir
after the final spir was approximately 50 pl. PBS (200 pl) was added to
the concentrated virus to allow the liquid to be efficiently removed
from the column.

2.2.3. Removal of 1.0% Triton X-100 using SM2 resin
To remove 1.0% Triton X-100 the samples were treated with a hy-
drophobic resin SM2 beads (Bio Rad, 152-8920) using a modification of

with guanidinium thiocyanate containing AVL buffer. The addition of
Triton X-100 could be used as a well defined additional inactivation
treatment before nucleic acid extraction.

2. Materials and Methods
21 Virus
Work with live virus was carried out in the CL4 laboratories at PHE

Porton Down. The virus stock used was Ebola virus/H.sapiens-tc/COD/

1976/ Yambuku-Ecran, ot 1 from the first Ebola haemorrhagic
fever outbreak in Zaire in 1976, passaged through guinea pigs. To

a batch method (Holloway 1973). SM2 resin (0.15 g) was added to each
sample containing 1.0% Triton X-100. The tubes were mixed by in-
version for 1 min followed by 5 min static incubation at room tem-
p e. This was rep d 10 times (total of 10 mins of mixing and 1 h
of static incubaticn). The resin was allowed to settle to the bottom of
the tube and the sample carefully removed using a pipette.

2.2.4, Removal of AVL buffer using Amicon ultra-0.5 centrifugal filter
devices (50 000 MWO, UFC505008)

To prepare the column 500 pl 70% ethanol was added to the
column, centrifuged and the eluate removed. This was repeated using
500 pl sterile water. All centrifugation steps were 10 mins at 11 000 x g
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in a microcentrifuge. Columns were used within 20 min of preparation.
Sample (500 pl) was added to the column and centrifuged. The eluate
was removed and the remainder of the sample (200 pl) and 300 pl PBS
was added to the column and centrifuged. To remove residual traces of
AVL the columns were washed twice with 500 ul PBS. Finally the
sample was diluted in 500 pl Leibovitz's L-15 Medium (Gibco, 11415
064) and removed from the column.

2.2.5. Cell culture

Each treated sample was used to infect two 25 cm® flasks of 80%
confluent Vero E6 cells. For treatment with 0.1% Triton X-100, AVL and
AVL + 0.1% Triton X-100, 100 pl of sample was added to each flask,
allowed to adsorb for 30 mins at 37 °C then 5 ml of L15 medium + 2%
Fetal Calf Serum (Gibco, 26140-079) was added. For samples treated
with 1.0% Triton X-100 for 10 min, 200 pl of sample was added directly
to 5 ml fresh medium. When samples were treated with 1.0% Triton X-
100 with a 20 min incubation period, 350 pl of sample was added to
each flask so that the whole sample could be tested. Positive controls
(untreated EBOV in serum subjected to the same AVL/Triton X-100
removal treatment as test samples and EBOV in serum inoculated di-
rectly onto cells) and negative controls (culture medium) were also
performed. Baseline samples were taken from the original flasks after
adsorption and addition of medi These ples were used for nu-
cleic acid extraction and rRT-PCR (see Section 2.3).

2.2.6. Serial passage of inactivated EBOV infected serum samples

Samples were passaged three times (37 “C, 5% CO; for 1 week). At
each passage 100 pl of cell supernatant was added to a fresh 25 cm?®
flask containing 80% confluent Vero E6 cells, allowed to adsorb for
30 min then 5ml L15 + 2% FCS medium was added. At the time of
each passage the cells were observed for signs of EBOV cytopathic effect
(cpe) by viewing under a low magnification microscope and the results
recorded. Samples were considered to show cpe when cells were
rounded and detaching causing disruption to the cell sheet. Cells in the
control flask remained attached in a uniform layer. At the beginning
and end of each passage a sample of the cell supernatant (140 pl) was
taken into AVL (560 pl) for nucleic acid extraction and rRT-PCR ana-
lysis as described in Section 2.3. For the samples purified with the
Amicon spin columns due to servicing requir of the lat yit
was necessary to freeze the cell culture supernatants between the
second and third passages.

For samples where no cpe was observed at the end of the first
passage, cells were transferred into a fresh flask to increase the prob-
ability of detecting any live virus. Cells were detached from the original
flask by incubation with trypsin-EDTA solution (Gibco 25200-056) for
10 min. One third of the cells were replaced into a new 25 cm? flask
containing 5ml fresh L15 medium. After one week 140 pl of cell su-
pematant was added to 560 ul AVL and processed as described in
Section 2.3,

2.3. Real-Time PCR

Nucleic acids were extracted using QlAamp viral RNA extraction kit
(Qiagen 52904) ding to the facturer’s instructions. Ethanol
was added to the samples and tube transfers performed at CL3. The
remainder of the nucleic acid extraction was carried out at CL2 and
nucleic acids eluted into 60 pl AVE buffer. The presence of EBOV RNA
was determined using a TagMan rRT-PCR assay (Trombley et al., 2010)
using the ABI7500 Fast PCR platform. The master mix comprised EBOV
F and EBOV R primers and EBOV TM-P (650 nM, 650 nM and 250 nM
final concentration respectively), 4 x TagMan” Fast Virus 1-Step Master
Mix (ABI, Cat No. 4444432) made up with molecular-grade nuclease-
free water (Ambion, Cat No. AM9916) to a final volume of 15 pl. The
amount of template material added was 5 pl. Cycling conditions were
50 “C for 5 min, followed by 95 “C for 20 s then 40 cycles of 95 °C for 3 s
and 60 °C for 30 s. For each run positive (EBOV RNA with a known Ct
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value) and no template control (NTC) samples were included. All PCRs
were performed at least in duplicate. All samples with a detectable Ct
were considered to contain EBOV RNA. Samples were considered to
contain viable EBOV RNA when a reduction in Ct value was observed
from sub: 1

2.4. Data analysis

The aim of this work was to determine whether complete in-
activation of EBOV was attained rather than a reduction in titre.
Inactivation of the EBOV infected serum samples was considered to be
complete if no cpe was observed during any of the passages and no
decrease in Ct value occurred after three passages by rRT-PCR. After
each treatment and removal of the AVL/Triton X-100 the sample was
divided between two flasks of cells. Where samples showed the same
trend at the end of the three passages the Ct values from duplicate RT-
PCR from each flask of cells were combined into a single bar. Where the
same treatment gave a different result at the end of the three passages
results were grouped together according to outcome. Bars represent the
mean Ct value of all the rRT-PCRs. Error bars represent 2 x the standard
deviation of the mean Ct value of all rRT-PCRs. The rRT-PCR assays
(Trombley et al., 2010) were performed at least in duplicate on each
nucleic acid sample. Where rRT-PCR results gave the Ct value as un-
determined a representative Ct value of 40 was assigned.

3. Results
3.1. Control virus growth

For each method used to remove AVL and Triton X-100 from sam-
ples an EBOV in medium only control was run at the same time as the
treated samples. For all three AVL/Triton X-100 removal methods the
growth profile of the recovered EBOV over the three passages was
comparable to that of EBOV in serum added directly to cells. The mean
Ct values of samples taken after each removal method at each sample
point are shown (Fig. 1a blue bars). For comparison the mean Ct value
of control virus added directly to cells set up in parallel for each ex-
periment are shown (Fig. 1a red bars). The Ct values from the virus
controls subject to treatment and the virus controls added directly to
cells were comparable for P1 DO (Ct 23.8 compared to 23.3) and P1 D7
samples (Ct 12,9 compared to 13.1). Passage of the contols added di-
rectly to cells was not continued after the first passage. During the
second passage the mean Ct decreased over 7 days (an initial increase in
Ct was observed when the sample was diluted in fresh culture medium
in a new 25cm” flask). In the third passage the mean Ct value also
decreased. Cytopathic effect was observed in the cells at the end of the
first passage. A summary of the initial and final Ct values and the ob-
servation of the presence of cpe at the end of each passage is shown in
Table 1 (lines 27-29).

3.2, Treatment with Triton X-100

Samples treated with 0.1% Triton X-100 for 10 min showed no re-
duction in Ct value during the first passage (Fig. 1b). During the second
passage the mean Ct value was reduced and in the third passage the
mean Ct dropped to 12.7. In samples treated with 1.0% Triton X-100 for
10 min two of six samples showed a reduction in Ct value by the second
passage and the remaining four les st 1 a reduction in Ct value
by the third passage (Fig. 1c). For this reason the error bars (which
represent 2 x standard deviations of the mean Ct value) on this graph
are wide. In samples treated with 1.0% Triton X-100 for 20 min two of
six samples showed a reduction in Ct after the second passage, whereas
for the other four samples no reduction was observed (Fig. 1d). The
rRT- PCR results from the split flasks were in agreement with the rRT-
PCR results obtained at the end of the three serial passages (Table 1
column 8, lines 9-14).
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a) Virus control b) 0.1 % Triton X-100 (10 min)
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Fig. 1. 1a) Control: The blue bars show the mean Ct value determined from three separate experiments each consisting of three serial passages of untreated EBOV inserum diluted in cell
culture medium a) passed through 2.0 ml size exclusion spin column (Sartorius) b) treated with SM2 adsorbent resin ¢) passed through 0.5 ml size excl spin col (Amicon). The

red bar shows mean (1 values from control flasks (the same amount of EBOV in serum added directly to the cells instead of being treated the same way as the test smples). When EBOV
was added directly to cells culture was not continued after the first passage. 1b) Mean Ct values of duplicate samples treated with 0.1% Triten X-100 for 10 min 1c) Mean Ct values of six
samples reated with 1.0% Triton X-100 for 10 min. All samples shewed a reduction in Ct value over the course of the serial passage. Three of the six samples showed a reduction in Ct
after the first passage, and three samples showed a reduction in Ct after the second passage, leading to the increase in the standard deviation of the samples. 1d) Mean Qt values of six
samples treated with 1.0% Triton X-100 for 20 mins. For four of the samples no reduction of Ct was observed (blue bars) and two samples showed a reduction in Ct after the first passage
(green bars). 1e) Bars show Ct values of six samples treated with AVL for 10 mins. Five of the samples showed no growth after 3 serial passages (blue bars) and cne sample showed a
reduction in C indicating virus growth purple (bars). 11) Blue bars show C values of two samples treated with AVL + 0.1% Triton X-100 for 10 min and dark blue bars show Ct values of
four samples treated with AVL + 0.1% Triten X-100 for 20 min (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of thisarticle.)
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Table 1
The effect of AVL and Triton X-100 (0.1% and 1.0%) individually and in

2 0.1% 10 1 2 236 129 No
3 1.0% 10 3 1 242 120 ND No
4 1.0% 10 3 1 234 125 ND No
5 Lo% 1w 3 3 244 137 ND No
6 1.0% 10 3 3 239 142 ND No
7 1.0% 10 3 1 240 129 ND No
8 1.0% 10 3 3 242 142 ND No
15 0.1% + AVL 10 No cpe No decrease 311 Undetermined | 35.5 Yes

ND - Sample not tested
Ratio of clinical sample to inactivation agent (1 + 4). Inactivation agent contact times of 10 and 20 min were tested, followed by three serial passages in E6 Vero cells, Different methods

nl'mu‘hsqmmkA\FU'I'HInnx-loo:DMMM&MRDMMME.M&MM{QSm}]wmmmhrmmm
wsing Amicon Spin columns the tissue cultune was frozen b the second end third passages.
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3.3. Treatment with AVL

Of the six flasks inoculated with AVL-treated EBOV (Fig. le) one
showed a reduction in Ct during the first passage and five showed no
reduction in Ct. The rRT- PCR results from the split flasks were again in
agreement with the rRT- PCR results obtained at the end of the three
serial passages (Table 1 column 8 lines 21-26).

3.4. Treatment with AVL and 0.1% Triton X-100

Full inactivation was observed in all six samples when both 0.1%
Triton X-100 and AVL were added to the EBOV infected serum sample
and incubated for 10 min (for two samples) or 20 min (for four sam-
ples). No decrease in Ct value was observed over the course of the three
passages. (Fig. 1f). In samples where no amplification of EBOV RNA
was observed low levels of RNA remained leading to a high Ct value
(Ct > 30) being determined. This was considered to be amplification of
low levels of non-viable EBOV RNA carried over from the initial in-
oculum.

4. Discussion

The significant finding of the work reported in this study is that AVL
and 0.1% Triton X-100 in combination showed consistent inactivation
of EBOV in serum. This is consistent with the observation that Roche
Magna Pure lysis buffer which contains much higher concentrations of
Triton X-100 (20-25%) and Guanidine thiocyanate (25-50%; MSDS
data) fully inactivates EBOV in whole blood, allowing automated ex-
traction of RNA using the Magna Pure d platform
(Rosenstiemne et al., 2016). The results of this work are also consistent
with the findings of Smither et al. (2015) in that AVL alone did not
completely inactivate EBOV in all experiments, although the delayed
growth kinetics suggest that it caused a significant reduction in titre.
The sample matrix used in this study was negative human serum spiked
with EBOV, whereas Smither et al. (2015) used serum from an infected
marmoset and spiked naive murine blood. As reported by Lewandowski
et al. (2016) samples treated with a low percentage of Triton X-100 are
suitable for downstream RT-qPCR and next generation sequencing ap-
plications.

When EBOV infected serum samples were added to 1.0% Triton X-
100 and incubated for 20 min (final concentration 0.8%) EBOV was not
fully inactivated. The contact time was not increased to greater than
20 min as this would make the method less attractive for use in diag-
nostic labs where a fast sample processing time is required. These re-
sults are consistent with those of Colavita et al. (2017) who demon-
strated that 0.1% Triton X-100 strongly reduced the EBOV infectivity,
although complete inactivation was not observed.

The cytotoxic effect of AVL and Triton X-100 on cells makes it dif-
ficult to test inactivated samples for residual viable EBOV. For suc-
cessful passage all traces of Triton X-100 and AVL needed to be re-
moved from the samples before cell culture. Two methods were used to
remove the Triton X-100 and AVL from the treated sample; size ex-
clusion spin col and a hydrophobic absorbent resin. When the
inactivated and purified samples were left to adsorb into the cells some
localised cytotoxic effects were observed on the cell sheet. To reduce
this effect treated samples were tly added directly to the fresh
medium in the flask. Similar cytotoxicity effects have been encountered
when using TCIDs; end point dilution tests (Colavita et al., 2017).

In samples treated with 0.1% Triton X-100 for 10 min a reduction in
virus growth occurred, although some viable virus was still present. In
samples treated with 1.0% Triton X-100, despite the ten-fold increase in
concentration of Triton X-100 viable virus remained present. When
baseline samples were taken from cells to which AVL treated samples
were added the Ct value was consistently higher than baseline samples
from cells to which samples treated with Triton X-100 alone was added
(30.2 = 1.09 compared to 23.3 * 0.65, p < 0.001, student’s t-test),
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see Table 1 Column 6, lines 21 — 26 and 1 — 14, This could be due to
the greater inactivating effect of AVL.

In summary, AVL and 0.1% Triton X-100 in combination with a
10 min contact time (1:4 sample to AVL + 0.1% Triton X-100) could be
used as a pre-treatment for clinical serum samples potentially infected
with EBOV prior to removal from high containment for lower con-
tainment procedures. This would allow subsequent mucleic acid ex-
traction on an automated extraction platform at Containment Level 2.
This can be done without significantly increasing the time taken to
inactivate the sample and has no effect on downstream processing of
the samples by RT-qPCR or next generation whole genome sequencing.
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