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Q-fever

* Firstidentified in Australia in 1935
e “Q”isfor query

e But at that time the etiological agent could not be isolated

e Caused by the bacterium Coxiella burnetii (1938)
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Coxiella burnetii

Gram negative, intracellular bacteria

Obligate intracellular pathogen

Zoonotic pathogen carried predominantly by
goats, sheep and cattle

Genome size—1.9-2.2 mbp
— plasmids QpH1, QpRS, QpDG, QpDV

Six genomic groups proposed, based on
restriction endonuclease digests of genomic
DNA
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Genome of C. burnetii RSA492 -(Seshadri et.al.,
2003)

Electron micrograph depicting small and large
colony variants: Rocky mountain Labs



Phase variation

® Phase | —virulent, CL3 e.g. Nine Mile |
(NMI)

*  Complete LPS with O antigen sugars L-
virenose and dihydrohydroxystreptose

® Phase Il — attenuated, CL2 e.g. Nine
Mile 1l (NMII)

*  Truncated LPS without O antigen

* Isolated following multiple passage in
egg yolk sacs, tissue culture or axenic
media

Genetic mechanism recently
elucidated

* Accumulation of 14 mutationsin 11
predicted LPS-associated genes
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Host and pathogen functions important for C.
burnetii infection.

| ensosoml matur
L ok e
1 Vacuole acidificat
T4SS activated ecsmes s Coxiella can only replicate when
| the vacuole becomes acidified

Effectors modulate host
response and stimulate
vacuole biogenesis

Hayley J. Newton, and Craig R. Roy mBio 2011;
doi:10.1128/mBio.00226-11



Growth of C. burnetii

Growns well in yolk sac of chick
embryos

Can be grown in cell cultures
e.g. Vero, macrophage cell
lines.

chorioallantoic
membrane

amniotic
cavity

embryo
albumin
yolk sac
shell
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Cell-free growth of C. burnetii

Host cell-free growth of the Q fever bacterium

Coxiella burnetii

Anders Omsland®, Diane C. Cockrell’, Dale Howe?, Elizabeth R. Fischer®, Kimmo Virtaneva®, Daniel E. Sturdevant,

Stephen F. Porcella®, and Robert A. Heinzen®!

’Cmella Pathegenesis Section, Laboratory of Intracellular Parasites, "Electron Microscopy Unit, and “Genomics Unit, Research Technalogy Section, Research
L

Branch, Rocky M,

National Institute of Allergy and Infectious [Hseases, Mational Institutes of Health, Hamilton, MT 59840

Edited by Emil C. Gotschlich, The Rockefeller University, New York, NY, and approved January 22, 2009 (received for review November 26, 2008)

The inability to propagate obligate i Alul h under
axenic (host cell-free) culture conditions imposes severa experi-
mental constraints that have negatively impacted progress in
understanding pathogen virulence and disease machanisms. Cox-
iella burnetii, the causative agent of human Q (Query) fever, is an
obligate intracellular bacterial pathogen that replicates exclusively
in an acidified, lysosome-like vacuole. To define conditions that
support C. burnatu urowm wa ally the or-

tified a potential nutritional deficiency of this medium, More-
OVer, USing genomic reconstruction and m olite typing, we
defined C. burnetii as a microaerophile. These data allowed
development of a medium that supports axenic growth of
infections C. burnetii under microacrobic conditions.

Results
C Roduced in COM. Asan

ganism's its using

genomic reconstruction, and metabolite typing. This led to dwsl-
opment of a complex nutrient medium that supported substantial
grumtl (approximately 2 logg) 0f C. burnetii in a 2.5% oxygen
grown C. burnetii were
highly infectious for Vero cells and exhibited developmental forms
characteristic of in vivo grown organisms. Axenic cultivation of C.
bumnatii will facilitate studies of the organism’s pa\huganssls and
genetics and aid of Q fever such as an
effective subunit vaccine. Furthermore, the systematic approach
used here may be broadly applicable to development of axenic
media that support growth of other medically important obligate
intracellular pathogens.

axenic growth | metabelism | microaerophile |
obligate intracellular pathogen

axiella burnetii is the causative agent of human O fever, a
disease that typically manifests as a debilitating influenzae-
like illness (1). Shortly after the discovery of € fever as a clinical
entity in 1937 (2} attempls were made to culture C. burneti under
axenic (host cell-free) conditions (3). However, despile over 6
decades of ensuing research, growth of the organism still remains
limited to colonization of a viable eukaryotic host cell.
Early studies showed minimal C. burnetsi metabolic capacity in
buffers adjusted to neutral pH (4). The organism’s intracellular
growth compartment was subsequently described as “phagoly-
sosomal-like™ (5) which led 10 the discovery by Hackstadt and
Williams (6) that significant metabolic activity by C. burnetii only
occurs in buffers that mimic the moderately acidic (approxi-
mately pH 4-5) conditions of this vacuole. Building on this work,
we recently developed a nutrient medium termed Complex
Cariella Medium (CCM) that supports axenic metabolic activity
by C. burnetii for at least 24 h (7). Critical components of CCM
include 3 complex nutrient sour (neopeptone, FHS, and
RPMI cell culture medium), a high concentration of chloride
(140 mM}, and citrate bulfer (pH approximately 4.75) (7).
The obligate intracellular nature of C. bumetii imposes con-
siderable experimental limitations that impede progress in un-
derstanding the organism’s physiology and virulence. Indeed,
systems 1o genelically manipulate Coxiella are lacking and

initial step o identify nutritional deficiencies of COM that could
preclude C. burnerii cell division, a comparison of genome wide
transcripl pmﬁlcs between organisms replicating in Vero cells
and incubated in CCM for 24 h was conducted. This analysis
showed substantially reduced expression of ribosomal genes
during incubation in CCM (supporting information (SI) Table
81}, suggesting that protein synthesis was insulficient 1o support
C. burnetii replication in this axenic medium. Supplementation
of CCM with pyruvate, succinate, or glilamate, efficiently
oxidized energy sources of C. burneti (9), did not improve C.
burnetii de nove protein synthesis in CCM (7), suggesting energy
starvation was not the reason for reduced ribosomal gene
CXPression.

Supplementation of CCM with Protein Precursors Improves C. burmetil
Catabolic Activity. Amino acid deficiencies in CCM could also
explain reduced ribosomal gene expression. C burnerii has
multiple amino acid auxotrophies that appear compensated for
by amino acid and peptide transporters (10). Moreover, intra-
cellular bacteria frequently use amino acids as carbon sources
(11), with an exceptionally high concentration of L-cysieine
required for axenic growth by some (12). To evaluate whether
supplementation of CCM with amino acids and peplides im-
proves C. burnetii metabolic activity, casamino acids (a mixture
of amino acids and peptides) and/or L-cysteine were added Lo the
medium {Table 1). Following 24 h preincubations in media, C.
burnetii was subjected 1o a 3 h [¥8]Cys/Met pulse and the fold
increase in radiolabel incorporation over the negative control
(i.e., organisms labeled in labeling buffer at pH 7) used o assess
the catabolic capacity (7) of the organism. CCM supplemented
with casa » acids or L-cysieine supported statistically signif-
icant increases in C. burnetii radiolabel incorporation of (39.1 +
5.1)-fold and (1345 *= 23.4)-fold, respectively (Fig. 14). The
effect of supplementing CCM with both casamino acids and
L-cysteine was additive, ng in a (2327 * 33.5)-fold
increase in incorporation (Fig. 14 ). Overall, this medium termed

-
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Map transcriptome

Predict nutritional
requirements from metabolic
pathway profiling

— Auxotrophic for many amino

acids

Consider the niche in which
the bacterium replicates -
the Coxiella containing
vacuole (CCV) an acidified

endosome
— Low pH (~4.5)
— Low oxygen levels (2.5%)
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ACCM-2 growth medium

Salts, Vitamins, Minerals & Trace Elements

* calcium chloride dihydrate (26 mg/L)

* citric acid (5140 mg/L)

* citric acid trisodium anhydrous (8320 mg/L)

* iron (Il) sulfate hydrate (3 mg/L)

* magnesium chloride anhydrous (190 mg/L)

* potassium phosphate monobasic anhydrous (1000 mg/L)
* sodium chloride (14560 mg/L)

Amino Acids & Supplements

* L-Cysteine hydrochloride monohydrate (527 mg/L)
Rich Supplements

* casamino acids (5000 mg/L)

* tryptone (casein peptone) (200 mg/L)

Other Additives

* methyl-b-cyclodextrin (2000 mg/L)

* pH adjusted to 4.75
*2.5% 0,

UNIVERSITY OF
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Q-fever in livestock

* Adisease of concern in livestock, especially sheep, goats and
cattle

* But infection of other wild animals reported
* Vector borne transmission via ticks

* Infection is a cause of morbidity, and abortion in pregnant
animals
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Global distribution of disease in animals

* Found globally in most counties (except New Zealand)

Scotland “ Seroprevalence in animals in the UK:

13-29 % of cattle
9-12 % of sheep
9 -26 % of goats
53% of rats

41% of foxes
61% of cats
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C. burnetii in milk

® Sampling bulk milk in the UK reveals . Coxiella burnetii n bulk tank milk
of dairy cattle in SW England
that 80% of herds are infected "
(Velasova M, et al. 2017) 5

20

* confirmatory testing found 29% of
herds were PCR positive

10

<01 0.1-20 2025 25-30 3.0-35 3540 >4
BTM qPCR Log(10) Units

Valergakis GE et al. (2012) Vet Rec, 171(6):156

® Pasteurisation kills bacteria, but an
emerging trend is to drink untreated
milk
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Q-fever in humans

® Experimental disease. Evidence of infectious dose from human volunteer studies
in the USA in the 1950s (Brooke et al., 2013)

ID., dose 1 infectious unit
* Dose for 50% illness = 5 infectious units

® Naturally occurring disease
* By exposure to infected animals or animal products
* By theinhalation of bacteria

* By ingestion of contaminated foodstuffs

Feces

Milk

UNIVERSITY OF
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Q-fever in humans

® Acute
* Acute disease is often characterised by flu-like symptoms
* High fever, retro-orbital headache, pneumonia
* 1-2% of cases develop a pneumonia

® Chronic
* 5-15% of cases become chronic
* Endocarditis, hepatitis and chronic fatigue
* Miscarriage or low birth weight in pregnant women

¢ Asymptomatic
* 50% of infections
* In the UK 27% of farmers and 10% of the general population show signs
(antibodies) indicating previous exposure
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Q faver incidence (per 100,000)
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In Depth An outbreak of a rare illness at a cardboard
manufacturers in Newport has prompted calls

Programmes ¢, new guidelines on giving the public

information about diseases.
EEE SPORT

There have been 59 confirmed and 27 possible
cases of Q fever at the SCA Packaging plant
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Human disease in the UK

Halsby KD et al. (2017) Vet Sci, 4:28

In 2002, an outbreak of Q fever occurred in
South Wales at a cardboard manufacturing
plant, with 95 cases identified. The offices were
undergoing renovation work and the outbreak
may have been caused by aerosolisation of
Coxiella burnetii spore-like forms during drilling
into contaminated straw board.
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In 2007, an outbreak of Q fever occurred in
Cheltenham, with 30 confirmed or
probable human cases identified. An
investigation identified windborne spread
of Coxiella burnetii from nearby sheep
farms as the most likely source of infection.
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The Netherlands outbreak

 Largest outbreak 2007-2010 =i

- more than 4,000 human w0 S
cases in the Netherlands; s N ¥ 9=
required euthanizing 50,000 T AT |
goats.

Human cases Jan-June 2009. Area
in red shows mandatory Sheep and
goat vaccination area

Hogerwerf et al., (2011) Emerg Infect
Dis 17:379-386
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Q-fever and chronic disease

EE @ rick A ® News Sport  Weather  iPlayer Sounds

NEWS ¢
Home | UK Worid Business | Poliics = Tech | Science = Health | Family & Education =

UK England N.lreland Scotland Alba Wales Cymru = Local News

British soldier sues Army over Q fever
chronic fatigue

By Clive Coleman )

Legal correspondent, BBC News

® 21 January 2019 f © ¥ [ < shae

A former soldier is suing the Ministry of Defence after contracting Q fever in
Afghanistan.

Most cases present as
Q-fever endocarditis.

Evidence that 10-15% of
acute cases, progress to
chronic fatigue, lasting
5-10 years (Bewley KR.
Comp Med. 2013
63(6):469-476)
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Seropositivities against brucellosis, coxiellosis,
and toxoplasmosis and associated factors in
pregnant women with adverse pregnancy
outcomes: A cross-sectional study

Q-fever in Thailand
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® Mice

Infection models

* Immunocompetent mice show minimal signs of disease
* SCID mice develop chronic disease caused by phase 1 strains

® Guinea pigs
* Acute infection caused by phase 1 strains

® Non-human primates
* Acute infection caused by phase 1 strains
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Galleria mellonella as an infection model

* Easy to inject via prolegs
* Incubation at 37°C
* Low rearing costs

* immune system shows similarities
with mammalian innate immune

system

Wi
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G. mellonella infection with C. burnetii

(@) 100 (b)
-k C. burnetii NMI

80 4 -8— C. burnetii NMII
=~ -©- PBS
% 60 - -B- Heat-killed C. burnetii
= NMII
S 40 -
(¢))]

20

0 L] || L] * || 1]
0 50 100 150 200 250

Time (h)

Norville et al., Microbiology. 2014 160:1175-81
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G. mellonella infection with C. burnetii

* LDy, = 1.19x10% GE/mL

Survival after challenge with Nine Mile strain

100 —®- 10”76
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c
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& 20-
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0 | ] | | 1 1 1 1 1 1 1
0 24 48 72 96 120 144 168 192 216 240
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C. burnetii resides within haemocytes

Uninfected control 48hrs post infection 72hrs post infection

® Transmission electron micrographs show C. burnetii infection within a
clearly defined CCV (white arrows)

® By 72hrs post infection the CCV has expanded to occupy the entire cell

® Currently working on developing in vitro assays paired with fluorescence
microscopy to determine the presence of CCV markers (e.g. LC3, Lamp-1)
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Transcriptome of C. burnetii isolated from
infected G. mellonella

& Fold change in the expression of TABSS genes in Galleria during infection (versus ACCM-2) + 1d
a
4d
T4BSS components Effector proteins P
4 The T4SS structural components are
s : ' - not upregulated (but they are
R et expressed)
3. ® Some effectors are upregulated,
i some downregulated
5 C. burneti TABSS genes
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Q-fever

° Ifitisimportant why has it been neglected?

— Until recently it was not to culture C. burnetii axenically
— Isolation of C. burnetii from tissue samples is very challenging
— Until recently there were no genetic tools

— There is no good small animal model of infection
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Genetic diversity of C. burnetii ?

* Partial or complete genomes
deposited at GenBank

Hemsley et al. BMC Genomics  (2019) 20:441

Ntpa/oLorg/10.1186/12864.019 58338 BMC Genomics

RESEARCH

TICLE Open Access

Extensive genome analysis of Coxiella ®

lg)g:‘rl)e;;’iicreé/:)ﬂ;imited evolution within - o Se q uen C| N g ge nomes Of U K

Claudia M. Hemsley', Paul A. O'Neill', Angela Essex-Lopresti”, Isobel H. Norville?, Tim P. Atkins'? and .
Richard W, Tibal 0 1ISOIQ t es

Abstract

Background: Coxiella burnetii is a zoonotic pathogen that resides in wild and domesticated animals across the

globe and causes a febile illness, Q fever, in humans. An improved understanding of the genetic diversity of C

bumetii is essential for the development of diagnostics, vaccines and therapeutics, but genotyping data is lacking

from many parts of the world. Sporadic outbreaks of Q fever have occurred in the United Kingdom, but the local — u l I I a n e a rt V a Ve
genetic make-up of C. burnetii has not been studied in detail

Results: Here, we report whole genome data for nine C. burneti sequences obtained in the UK. All four genomes

of C burnetii from cattle, as well as one sheep sample, belonged to Multi-spacer sequence type (MST) 20, whereas

the goat samples were MST33 (three genomes) and MST32 (one genome), two genotypes that have not been

described 1o be present in the UK to date. We established the phylogenetic relationship between the UK genomes

and 67 publically available genomes based on single nucleotide polymorphisms (SNPs) in the core genome, which

confirmed tight clustering of strains within genomic groups, but also indicated that sub-groups exist within those — O W p a C e n a
groups. Variation is mainly achieved through SNPs, many of which are non-synonymous, thereby confirming that

evolution of C. bunetil is based on modification of existing genes. Finally, we discovered genomic-group specific

genome content, which supports a model of clonal expansion of previously established genotypes, with large scale

dissemination of some of these genotypes across continents being observed.

Conclusions: The genetic make-up of C. bumetii in the UK is similar to the one in neighboring European countries.

As a species, C. bumetii has been considered a clonal pathogen with low genetic diversity at the nucleotide level. h | n 1
Here, we present evidence for significant variation at the protein level between isolates of different genomic

groups, which mainly affects secreted and membrane-associated proteins. Our results thereby increase our

understanding of the global genetic diversity of C. burnetii and provide new insights into the evolution of this

emerging zoonotic pathogen

Keywords: Coxiella bumetii , Whole Genome Sequencing , Genotyping , Pan-Genome Analysis , Patho-adaptation

—Goat placenta (4)
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Sequencing genomes of UK isolates

Immunoaffinity capture of C. burnetii

- .
‘~-,_ —""I
‘ 4 Resuspend
T  magnetic beads in
\\ binding buffer §
C { SN
\ N L
\ |
\ € ’
Add antibody VUL
L —
= - \\—_—‘.
—< Q
be$
L
— \N e
) ~ &-e
A A *

| Incubate for
covalent coupling of
the ligand to the
magnetic beads

Add target-
containing
sample

‘.

L3 “'l
L

A g%

©

:

Incubate for
affinity-
binding of
target

Magnetic
’ separation,
remove
| supernatant

Wash

Inoculate
cultures

Extract DNA

Schematic for immunoaffinity method. Coxiella burnetii Lane antibody was coupled to
magnetic beads using the Dynabeads® Antibody Coupling Kit (Novex; Life Technologies)
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Core genomes of 76 C. burnetii isolates
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Lineage; association with source and human disease

Acute Q fever only?
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Lineage; association with continent
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Approaches to a vaccine

* Develop a sub-unit vaccine which could be used in both
livestock and in humans

* Develop a for use in livestock, which may reduce exposure of
humans to the bacteria
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Q-fever vaccines in livestock

* There are a number of killed whole cell vaccines used
in animals
2 initial doses and boosters every 9-12 months

° They are reactogenic (Schulze et al. 206;

* They can reduce shedding from cattle in milk (Pinero et al.,
2014; Taurel et al., 2014) or from goats (Muleme et al., 2017)
or from sheep (Eibach et al.,2013)

* They can result in a marked improvement in herd health -
(Lehner et al., 2017)

Suipenies for
l‘wwmndm:*“.'

Suspeniiée Ieyectatie

s boviro ¥ Geprine

Sutpansds injectivel
. .

°* There is an urgent need for an effective single dose EEEES
vaccine for use in livestock

40 ml
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Live attenuated vaccine

* Need to be able to make and screen mutants

* Need a robust and reliable infection model

Bacterial Pathogenicity Research Group




Himarl transposon mutagenesis in C. burnetii

® Himarl Mariner family transposon

ITR

® Isolated from the horn fly Haematobia
irritans

® Inserts randomly at TA sites

-~
1000

mchery  PKM225
8039bps

® Class Il “cut and paste” transposition
mechanism

— Himarl transposase recognises ITRs,
facilitating transposon insertion

— Transposase encoding gene encoded outside
of ITRs = formation of a mutant with a single
transposon insertion

— AMR gene within ITRs, allows for selection of
successful mutants

2000
_ 4000 ~

pGroES 3000
KanR

% \7\\ ColE1

ITR
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Sequencing allows a global population of mutants to

Pool of C. burnetii
transposon mutants

UNIVERSITY OF

be mapped

Location and
abundance
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Map mutant pool by
sequencing DNA
flanking each
transposon

transposon
b
.

Interrupted gene

—> —>
|
“— <—
L 2 4
- PCR amplification
and sequencing
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Insertion count

Transposon mutagenesis

Detect and remove transposon tags

Map reads to genome to identify insertion
site

Calculate insertion index normalised to
gene length
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0 100 200 300 400 500

600

Total Reads 20,826,953
Reads Matched 19,771,986

% Matched 94.93
Reads Mapped 18,617.42

% Mapped 94.16

Unique Insertion Sites 89,122
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Some genes are not interrupted by transposons

'
|
4
w:mm

 Mutation renders the bacterial cell non-viable

|”

* “Essential” genes
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Essential genes in C. burnetii

protein translocase subunit

227 (28%)
hypothetical alanyl-tRNA synthetase
proteins ATPase L. .
cell division protein
integral membrane protein
acetyltransferase < pret

ferredoxin permease

12 489 (60%) 435
41 (5%) tRNAs 8 : known unique 282/435 (65%)
Essential DEG hits

genes

functions functions

leucyl-tRNA synthetase

DNA topoisomerase |

transcriptional regulator
GTP-binding protein

55 (7%) ABC transporter ATP-binding protein

pseudogenes

acyl carrier protein
methyltransferase



G. mellonella as a TRADIS infection model

* Challenge with transposon library “ .

* |dentify mutants that are eliminated

* These potential virulence genes

llllllllllll
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C. burnetii genes required for growth in vivo

Pool of C. burnetii
transposon mutants INPUT POOL

|

) )

T =

ESSENTIAL GENE
Sequence DNA flanking
the transposons
Recovered pool from OUTPUT POOL
infected G. mellonella _
- =£ =
— - @ — -== — i-
m - VIRULENCE

GENE
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Summary

* Coxiella burnetii is an under-estimated cause of animal and human
disease

* Some genomic groups are more likely to be associated with
human disease

®* A One Health approach could enable disease in animals and
humans to be controlled

* Global mutagenesis is being used to identify a live attenuated
vaccine candidate
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