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Summary

Susceptibility and lethality studies of inhalational tularaemia were undertaken using
the common marmoset (Callithrix jacchus) to determine its suitability as a non-
human primate model. Pairs of marmosets were exposed to varying challenge doses
of Francisella tularensis by the airborne route and monitored for up to 14 days post-
challenge (p.c.). Lethal infection was achieved following a retained dose of less than
10 bacterial colony-forming units (CFU). However, precise LDso determination was
not possible. The model was characterized using a target challenge dose of approxi-
mately 100 CFU. Increased core body temperature was the first indicator of disease,
at approximately 2.5 days p.c. Overt clinical signs were first observed 12-18 h after
the temperature increase. Significantly decreased activity was observed after approxi-
mately 3 days. All animals succumbed to infection between 4.5 and 7 days p.c. At
postmortem examination, gross pathology was evident in the liver, spleen and lungs
of all animals and high bacterial numbers were detected in all the organs assessed.
Bacteraemia was demonstrated in all animals postmortem. Histopathological obser-
vations included severe suppurative bronchopneumonia, severe multifocal pyogranul-
omatous hepatitis, splenitis and lymphadenitis. Tularaemia disease progression in the
common marmoset therefore appears to be consistent with the disease seen in
humans and other animal models. The common marmoset may therefore be consid-
ered a suitable model for further studies of inhalational tularaemia.
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Francisella tularensis is a Gram-negative intracellular patho- F. tularensis has been developed previously for use as a
gen and the causative agent of tularaemia. Disease is preva- bioweapon (Dennis et al., 2001) and is considered a
lent in many countries in the northern hemisphere (Ellis Category A agent on the Centers for Disease Control and
et al., 2002). Because of its high infectivity and virulence, Prevention threat lists (CDC 2008).
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In order to determine the efficacy of pre- or postexposure
therapies, there is a need to develop and characterize animal
models of inhalational tularaemia. A number of animal
models have been studied for these purposes (Lyons & Wu
2007). To date most research has focused on the develop-
ment of murine models of infection (Chen et al. 2003;
Conlan et al. 2003). Such work has increased the under-
standing of disease progression and identified important
immunological responses to infection. In order to undertake
the pivotal studies, however, that would be required for
licensure of any therapy, non-human primate (NHP) models
of infection are likely to be required. Early work, undertaken
during 1960s and 1970s, used the rhesus macaque (Macaca
mulatta) to model tularaemia pathogenesis (Tulis et al. 1970;
Day & Berendt 1972; Schricker et al. 1972; Hall et al.
1973). Studies evaluating medical countermeasures such as
antibiotics (Sawyer et al. 1966), and the efficacy of the live
vaccine strain (LVS) tularaemia vaccine (Eigelsbach et al.
1962; Tulis et al. 1969) were also undertaken in the rhesus
macaque. Some antibiotic evaluation was undertaken using
vervet monkeys (Baskerville et al. 1978). These studies sug-
gested that NHPs were representative models of the disease
processes seen in human cases of tularaemia infection.
However, many gaps in experimental data still exist.

The current study focused on determining whether repro-
ducible inhalational tularaemia infection could be experimen-
tally induced in the common marmoset (Callithrix jacchus), a
New World NHP species, followed by the subsequent char-
acterization of disease. The marmoset presents a number of
ethical and practical advantages over other NHP species
because of its small size (approximately 400 g), particularly
with the need to handle infected, sick animals within biocon-
tainment. Reports from the literature also suggested that
the marmoset might be susceptible to tularaemia infection,
following two naturally occurring infections in captive
marmosets (Posthaus et al. 1998; Splettstoesser et al. 2007).

Materials and methods

Animals

Healthy, sexually mature common marmosets (C. jacchus)
were obtained from the Dstl Porton Down breeding colony
and housed in vasectomized male and female pairs. Animals
were aged between 18 and 61 months, and weighed between
360 and 484 g at the time of challenge. The animals were
allowed free access to food and water as well as environmen-
tal enrichment. Prior to use in challenge studies, all animals
were surgically implanted intra-peritoneally with a Remo 200
device, under general anaesthesia (ketamine/isofluorane), to

record core body temperature (Tc) (Remo Technologies Ltd,
Salisbury, UK). Data were transmitted from the devices at
10-s intervals to locally placed antennas and relayed to receiv-
ers. Data were analysed using the eDacq software to provide
real-time and recordable Tc (EMMS, Bordon, Hampshire,
UK). In one study, both animals had Actiwatch®-Mini devices
(Cambridge Neurotechnology Ltd, Cambridge, UK) attached
to their collars to monitor activity. All animal studies were
carried out in accordance with the UK Animals (Scientific Pro-
cedures) Act of 1986 and the Codes of Practice for the Hous-
ing and Care of Animals used in Scientific Procedures 1989.

Housing

Animal rooms were maintained at 25 °C on a 12-h light/
dark cycle with 30-min ‘dawn’ and ‘dusk’ periods. Animals
were fed 20 g of primate pellets (Special Diet Services, With-
ham, Essex, UK) each day supplemented by fruit (orange,
apple, banana). In addition, 1-2 tablespoons of forage mix
consisting of cereal, raisins and sunflower seeds were given
daily. Animals had unlimited access to water at all times.

Prior to challenge, animals were transferred to animal
containment level 3 (CL3) conditions (US Biosafety level 3)
and housed within purpose built cages within a half-suit iso-
lator compliant with British Standard BS5726. Animals were
acclimatized to their new environment for a minimum of
3 days to obtain baseline temperature data. Following the
challenge, animals were monitored at 8-h intervals until the
onset of clinical signs at which time they were monitored at
4-h intervals. At each observation period, temperature and
clinical signs such as posture, respiration (visual check), con-
dition of coat, behaviour and locomotion were recorded.
Animals were humanely culled wherever possible based on
an assessment of the criteria above.

Bacterial strain and culture

Glycerol stocks of F. tularensis strain SCHU S$4 were obtained
from DynPort Vaccine Company LLC (DVC) (Frederick,
Maryland, USA). Bacteria were recovered from the vial onto
blood cysteine glucose agar (BCGA) plates and incubated at
37 °C for 48 h, prior to recovery into phosphate-buffered sal-
ine (PBS), pH 7.3. The optical density reading (ODso) of the
suspension was adjusted to 0.1, equivalent to approximately
1% 10® CFU/ml, 1 ml of which was used to inoculate
100 ml of modified cysteine partial hydrolysate broth
(MCPH). The broth was shaken at 180 rpm for 48 h. Prior to
challenge, the ODsogg of the culture was adjusted to 0.1 and
serially diluted to the appropriate concentration for challenge.
Viable counts were performed on BCGA retrospectively
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to determine the actual value. All procedures were carried out
at ACDP CL3 in class 3 microbiological safety cabinets com-
pliant with British Standard BS5726.

Challenge

Marmosets were anaesthetised with 25 mg/kg ketamine
intra-muscularly prior to exposure and were challenged
either singly or in pairs by the airborne route (Lever et al.
2008). Briefly, a collison nebulizer containing 20 ml
F. tularensis and three drops of Antifoam 289 (Sigma,
Poole, UK) was used to generate aerosol particles of
approximately 1-3 pm. The aerosol was conditioned in a
modified Henderson apparatus (Druett 1969). Marmosets
were placed in a head-only exposure chamber (plethysmo-
graph tube) and exposed for 10 min to a dynamic aerosol
maintained at 50-55% relative humidity and 18-20 °C.
The total accumulated tidal volume for each animal dur-
ing challenge was determined by whole body real-time
plethysmography with a Fleisch pneumotacograph (EMMS,
Bordon, Hampshire, UK). The concentration of the aerosol
cloud was quantified after sampling from a sample port
into an all glass impinger (AGI-30) by serial dilution and
plating onto BCGA.

In order to determine the LDsq, the Dixon staircase
method for small samples (Dixon & Fotheringham 1993)
was employed. A log increase or decrease in colony-forming
units (CFU) was to be used for each step-up or step-down
stage, starting from a target estimated susceptible dose of
approximately 100 CFU. This was based on a reported
LDsq of 14 CFU in macaques (Day & Berendt 1972). Steps
1 and 2 of the study progressed as planned, however,
because of the low infectivity of the bacteria, step 3 consis-
ted of three experiments at a target dose of 100 CFU.

Postmortem examinations were performed on all animals
upon humanely culling or immediately after they were found
dead. Organs were removed and assessed for gross patho-
logy, bacteriology and histology. Blood was removed from
anaesthetized marmosets at postmortem by cardiac puncture
for the assessment of bacteraemia.

Bacteriology

At postmortem examination, bacterial loads in the blood,
liver, spleen, kidneys and lungs were assessed. Weighed
organ sections (approximately 50% of tissue) were removed
aseptically and homogenized in 5 ml PBS using cell sieves
and a plunger. Homogenates and blood were serially diluted
in PBS and appropriate dilutions were sub-cultured onto
BCGA plates, which were incubated at 37 °C for 72 h prior
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to enumeration. Bacterial counts were expressed as CFU/g
tissue or CFU/ml of blood.

Histopathological studies

Tissues were fixed in 10% buffered formalin solution and
processed for paraffin wax embedding using standard tech-
niques. Sections (5 = 2 um) were cut and stained with hae-
matoxylin and eosin.

Statistics

Pearson’s correlation analysis was used to determine the
relationship of gender, body weight, time to death and
inhaled dose. Analysis of variance for square roots was used
to determine the relationship between body temperature
data and activity data pre- and postexposure.

Results

Challenge dose determination, susceptibility — step 1

To determine the susceptibility of marmosets to F. tularensis
infection, two animals were exposed to an aerosol contain-
ing target doses of 1.8 x 10*> CFU/l [male (M)] or
2.8 x 10 CFU/I [female (F)] (Table 1). The actual doses
received were not determined in this case, but were esti-
mated to be in the region of 200-400 CFU. An increase in
Tc at 60 h (M) and 62 h (F) postchallenge (p.c.) was the
first indication of disease. The Tc continued to increase stea-
dily for approximately 16 h, reaching approximately
41.5 °C (normally approximately 39 °C). This high tempera-
ture was then maintained until the point of death. Further
signs of infection appeared at 3 (M) or 4 days (F) p.c. Both
animals became more subdued and exhibited piloerection,
followed by a visible abnormal respiration rate around day
4 p.c. Throughout this p.c. period, both animals remained
alert and responsive to external stimuli such as food treats.
Approximately 1-2 h prior to death, both animals showed
reddening of the face. Both animals died at approximately
5.5 days p.c. (133.5 and 132.5 h for the male and female
respectively).

Macroscopically, there was extensive gross pathology in
the lungs of both animals, characterized by large areas of
haemorrhage or discrete hardened nodules (Table 2). Small
lesions were seen in the spleens, with a few lesions apparent
in the liver of one animal. No gross pathology was evident
in the kidneys of either animal. Histopathology in both ani-
mals indicated severe suppurative bronchopneumonia and
severe multifocal pyogranulomatous hepatitis, splenitis and
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Table 1 Summary of animal weight,
Body Acrosol Inhaled Time to age, plethysmography data, exposure
Step (Dixon Age weight Accumulative concentration dose death [hours dose and time to death data
method) Gender (years) (g) volume (1) (CFU/) (CFU) (days)]
Step 1 M 5.1 400 NA 180 NA 133.5 (5.5)
F 3.3 382 NA 280 NA 132.5 (5.5)
Step 2 M 3.4 364 0.5 17 9 204 (8.5)
F 2.0 360 0.2 18 4 319 (13)
Step 3 M 3.3 364 0.9 44 40 107 (4.5)
F 1.6 484 1.0 65 66 120 (5)
M 3.3 410 2.0 130 260 118 (5)
F 1.5 398 0.9 150 130 167 (7)
M S 404 0.9 190 180 162 (6.5)
F 2.2 380 1.5 190 300 105 (4.5)
NA, not available.
Table2 Gross pathology observed at
Number affected postmortem, in marmosets infected with
Francisella tularensis by the airborne
Haemorrhagic route
Challenge step Organ Lesion Enlargement lesion Discolouration
Step 1 (n=2) Liver 1 2 0 0
Spleen 2 2 0 0
Kidney 0 0 0 0
Lungs 1 2 1 0
Step 2 (n=2) Liver 2 2 0 0
Spleen 1 0 0 1
Kidney 0 0 0 0
Lungs 0 1 1 0
Step 3 (n = 6) Liver 1 3 0 1
Spleen 2 6 0 2
Kidney 0 0 0 0
Lungs 1 4 6 1

lymphadenitis (Figures 1-4). The liver, spleen, lung and
lymph tissue all showed evidence of neutrophils, lympho-
cytes and macrophages infiltration in the parenchyma and
neutrophil degeneration.

At postmortem examination, the highest concentrations of
bacterial cells were recovered from the spleens of both ani-
mals, followed by blood, lungs, liver and kidneys (Table 3).

Challenge dose determination — step 2

A second pair of animals was exposed to an aerosol contain-
ing a lower dose of F. tularensis (17 or 18 CFU/I) with cal-
culated inhaled doses of 4 (F) and 9 CFU (M). Both animals
died, although an increase in the time to death was
observed. In the female, Tc rose at 80 h p.c. and continued
to increase slowly, reaching 42 °C at 120 h. T¢ was then
maintained at approximately 41 °C until the animal was
humanely culled at 13 days p.c. In the male, a raised Tc

occurred at 124 h and was maintained at around 41.5 °C
until death at 8.5 days. Overt clinical signs were apparent at
6.5 and 7 days p.c. with both animals appearing subdued
and exhibiting piloerection and unsteadiness. The male
showed a visible variable rate of respiration at around
7 days p.c. but there were no further changes in clinical
signs in the female until the animal became unresponsive
and was humanely culled.
Postmortem examination revealed extensive areas of
haemorrhage in the lungs of both animals (Table 2). Spleno-
megaly was evident in both animals, but there was an
absence of lesions. The spleen of the female, however, did
exhibit some pale discolouration. Lesions were apparent in
the liver of both animals. No evidence of gross pathology
was observed in the kidneys of either animal.
Histopathological changes were similar to those of the
previous pair of animals (step 1), with the presence of
hepatitis, splenitis and lymphadenitis. The presentation of

© 2009 The Authors

Journal compilation © 2009 Blackwell Publishing Ltd, International Journal of Experimental Pathology, 90, 109-118



Figure 1 Haematoxylin and eosin stained lung section from a
marmoset challenged with approximately 400 CFU of
Francisella tularensis by the airborne route. (a) Suppurative
pneumonia with necrosis and haemorrhage (200x magnifi-
cation). (b) Dense of foci of pyogranulomatous pneumonia with
infiltration of neutrophils, macrophages and lymphocyes and
areas of haemorrhages (100X magnification).

pneumonia, however, differed between the two step 2 ani-
mals. The animal culled at day 13 exhibited severe suppura-
tive pneumonia, whereas the animal found dead after
8.5 days exhibited a mild interstitial pneumonia only.
Bacterial counts are shown in Table 3. Much higher
counts were recovered from the liver and spleen in the male,
but the two animals had similar counts recovered from lung,

kidney and blood.

Challenge dose characterization — step 3

A challenge dose of less than 10 CFU had proved lethal in
both animals in step 2, therefore it was decided that the
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(@

(b)

Figure 2 Haematoxylin and eosin stained liver section from a
marmoset challenged with approximately 400 CFU of
Francisella tularensis by the airborne route. (a) Multifocal
microabscesses (40x magnification). (b) Evidence of
multifocal infiltration of neutrophils within the liver
parenchyma, mostly degenerative microabscesses (400x
magnification).

establishment of a precise LDsy value using the staircase
method would be impractical. The characterization of the
infection at a challenge dose of approximately 100 CFU and
the establishment of the reproducibility of the model by per-
forming three replicate paired marmoset challenges at this
challenge dose was undertaken.

The calculated dose varied according to the specific
inhaled volumes; however, an average of 163 = 39 CFU
was achieved (Table 1). The time to death for these ani-
mals ranged between 4.5 and 7 days, with a mean time to
death of 5.2 + 0.4 days p.c. There were no significant
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(b)

Figure 3 Haematoxylin and eosin stained spleen section from a
marmoset challenged with approximately 400 CFU a Francisella
tularensis by the airborne route. (a) Multifocal microabscesses
in the red pulp (40x magnification). (b) Evidence of pyogranulo-
matous splenitis (200x magnification).

correlations between gender, body weight, time to death or
inhaled dose.

Normal marmoset Tc varied by approximately 3-4 °C
because of circadian rhythms, with a higher body tempera-
ture of around 39 °C during the active day and around
36 °C during the inactive night (Figure 5). After airborne
challenge, with a target dose of approximately 100 CFU F.
tularensis strain SCHU S4, there were no significant rises in
Tc for approximately 2.5 days p.c. At approximately 63 h
p-c., there were significant rises in Tc, independent of gender
(P < 0.0001). The elevated for

temperature remained

Figure 4 Haematoxylin and eosin stained lymph node section
from a marmoset challenged with approximately 400 CFU of
Francisella tularensis by the airborne route. Evidence of mulifo-
cal to coalescent pyogranulomatous lymphadentidtis with abun-
dant necrosis predominantly in the outer cortex (40x
magnification).

approximately 19.5 = 2.2 h at approximately 41 °C until
the animals either died or were humanely culled because of
other signs of severe infection.

There was a progression of overt clinical signs of infection
following the observed temperature increases. Animals ini-
tially became subdued in nature, followed by piloerection
and unsteadiness or slowness in movement at around 3.5-
4 days p.c. Three out of six animals showed a visible change
in their respiration rate and/or reddening of face from
approximately 12 h prior to death.

Two animals were also fitted with Actiwatch®-Mini
devices to monitor activity. These devices have been used
previously with marmosets and were well tolerated by the
animals (Mann et al. 2005). Prior to challenge, the normal
activity of each animal was determined (Figure 6). The
activity counts were similar for 2 days p.c., however,
on day 3 p.c., the overall activity of both animals
decreased. The total daily activity count continued to
decrease until the point of death. Overall, there was a sig-
nificant difference in the activity of the animals pre- and
postchallenge (P = 0.003). During this period, however,
there was an increase in the activity during the night per-
iod (lights out period between 20:30 and 07:30 hours)
(data not shown).

At postmortem, the lungs and spleens were the organs
most affected. Macroscopically, there was evidence of
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Table 3 Summary of the bacterial numbers recovered from marmoset organs at postmortem
Bacterial count (CFU/g of tissue or CFU/ml of blood)
Challenge step Gender Liver Spleen Kidney Lungs Blood
Step 1 M 9.9 x 10° 1.6 x 10%3 5.3x10° 6.6 x 10° 2.4 %107
F 2.5 % 10° 2.8 x 10'° 1.6 x 10° 3.0 x 10% 2.7 x 107
Step 2 M 2.8 x 107 2.7 x 1010 8 x 10* 2.1 %107 3.9x10°
F 5.4x10° 5.9%10° 7.6 x 10* 6.4 x 107 4.6 x10°
Step 3 M 4.6 x 10* 3.7 x 10° 9 x 10° 5.4 %107 2.8 x 10°
F 8.9 x 10° 1.3 x 107 1.5 x10° 6.1x107 1.5 x 10*
M 5.5%10° 3.4%x10° 6.4 x10* 5.4x10° 1.4 x 10°
F 2.5 %107 1.3 x 107 1.1 x 10° 9.1 x 10° 5.0 x 10*
M 3.7 x 10° 2.7 %107 1.6 x 107 8.4 x 10° 2.7 %107
F 1.1 x 107 5.4 %108 3.4x10° 4.3 % 10° 3.2 x 10°
Step 3 summary 2.3%x10% + 1.3%x10° = 3.6 x 10° = 1.7 x 10 = 472 %108 =
7 =6 (mean = SEM) 1.5 x 108 7.2 % 10% 2.5 % 10° 1.6 x 108 4.7 %108

SEM is the standard error of the mean.

Organ counts are expressed as CFU/g of tissue and blood counts as CFU/ml of blood.

—+Female
—=Male

Time post-challenge (Day)

B I
Day Day Day Day Day Day Day Day Day Day
-2 -1 0 1 2 3 4 5 6 7

Figure 5 The core body temperature of male (7 = 3) and female
marmosets (1 = 3) challenged with approximately 100 CFU of
Francisella tularensis by the airborne route at day 0. Error bars
represent the standard error of the mean temperature during

each 4 h period.

Figure 6 Total daily spontaneous activ-
ity of two marmosets pre-and postexpo-
sure to approximately 100 CFU of
Francisella tularensis strain SCHU S4
by the airborne route. Each 24 h period
runs from 0000 to 2350.
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haemorrhagic lung lesions and splenomegaly in all ani-
33% of the had

(Table 2). One animal exhibited some discolouration of

mals. In addition, spleens lesions
the liver but no gross pathology was evident in the
kidneys of any of the animals.

Histopathological observations were similar to those seen
in the animals from step 1 and were characterized by
severe suppurative bronchopneumonia, severe multifocal
pyogranulomatous hepatitis, splenitis and lymphadenitis.
Intravascular thrombi of the pulmonary arterioles were
observed in all animals that died from infection (steps 1-3)
(Figure 7).

High numbers of bacterial cells were recovered from all
organs at postmortem, with the lowest concentrations

isolated from the kidneys (Table 3).

W Male OFemale

Day-3 Day-2 Day-1 Day0 Day+1 Day+2 Day+3 Day+4 Day+5 Day+6 Day+7

Time post-challenge (Days)
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Figure 7 Haematoxylin and eosin stained lung section from a
marmoset challenged with approximately 400 CFU of
Francisella tularensis by the airborne route. Evidence of
intravascular thrombi only observed in animals that had died
from infection (100x magnification).

Discussion

The susceptibility of the common marmoset to airborne
infection of F. tularensis, including the lethal nature of the
infection, has been demonstrated. Very few inhaled bacteria
were required to cause lethal infection, and as a result, a
precise LDsq value could not be determined. Our data sug-
gest that the LD5, value of airborne F. tularensis in the com-
mon marmoset is between 1 and 10 CFU. Low LDs, values
for F. tularensis in systemic and airborne murine models of
infection, of approximately 10-20 CFU have been reported
(Conlan et al. 2003). Our results are also consistent with the
low LDso values reported previously in rhesus macaques
(approximately 14 CFU) (Day & Berendt 1972) and low
infectivity in humans (Saslaw et al. 1961), although the
LDs, for humans is not known. The low LDs, reported in
this study has provided supporting evidence that the marmo-
set is highly susceptible to F. tularensis by the airborne route
and may be a relevant and comparable model of tularaemia.

As it was not possible to determine an LDsq for F. tular-
ensis in the marmoset, work focused on characterizing the
course of the disease following a challenge dose of approxi-
mately 100 CFU. In addition, two methods of remote moni-
toring were employed. Animals were surgically implanted
with telemetry devices, to measure the Tc of animals, and,
in one study (step 3, third repeat), the use of collar based
actimetry devices to measure spontaneous activity. This

allowed for real-time continuous monitoring of animals,
which reduced both handling stress to the animals and
hazards involved with handling infected animals.

During the initial 2.5 days postchallenge, animals exhibited
normal behaviour with no apparent signs of infection and a
normal diurnal Tc pattern. The diurnal range of between 36
and 39 °C has been reported previously in a large group of
marmosets (Hetherington 1978). These studies indicated that
there was no significant difference in the Tc between male and
female animals. A deviation from this diurnal Tc¢ pattern was
the first indication of infection with F. tularensis, with the
appearance of overt clinical signs, particularly piloerection, at
12-18 h later. Temperature increases followed by clinical
signs have been reported previously in murine studies
(Williamson et al. 2007). In the present study, a longer delay
between temperature increase and the onset of clinical signs
was observed. However, the findings are consistent with
human tularaemia, where a sudden onset of fever is the most
frequently reported symptom (Saslaw et al. 1961; Evan et al.
1985). In human cases, the Tc peaked at approximately
38-39 °C but decreased with treatment.

Clinical signs in marmosets became more apparent with
time as the disease progressed and a reduction in activity was
quantified using the Actiwatch®-Mini devices (Mann et al.
2005). In the two marmosets tested (step 3, third repeat), both
exhibited a significant decrease in daytime activity postchal-
lenge. Symptoms reported from human cases of tularaemia
(Saslaw et al. 1961; Evan et al. 1985) included headache,
chills, fatigue, body aches and nausea. However, such clinical
symptoms and signs are difficult to observe in animal models.
The general demeanour of the marmosets and, the timing of
clinical signs suggested that the disease progression was
similar in both human and marmoset disease.

In order to determine the reproducibility of the model,
three pairs of animals were challenged with a target dose of
100 CFU (step 3). The actual doses received by these ani-
mals ranged from 40 to 300 CFU (Table 1), with no statisti-
cal correlation between the actual dose received and the
time to death. Generally, a dose-related time to mortality
can be observed with infections, although this is most appar-
ent between low and high doses. In the current study, the
fact that there is no correlation between dose and mortality
between 40 and 300 CFU strengthens the reproducibility of
the model. The implication is also that a critical number of
bacteria are required to cause lethal infection, resulting in a
similar course of infection.

The course of the infection in marmosets was similar to
previously reported animal models of tularaemia in terms of
mean times to death and mortality rates. Mice, vervet mon-
keys and macaques (Macaca irus) have each been reported
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to die of infection between 4 and 7 days postchallenge (Tulis
et al. 1970; Baskerville et al. 1978; Conlan et al. 2003).

The number of bacteria recovered from organs generally
varied from between two and five logs. However, a similar
trend was observed for all animals. All animals, except the
female in step 2, exhibited the highest number of bacteria in
the spleen. The lowest numbers of bacteria were recovered
from the kidneys of all animals and, generally, equivalent
numbers of bacteria were recovered from the other organs
and blood. Interestingly, the animals that varied greatest
from this trend were the animals that received the lowest
doses (step 2). This may reflect a variation in the pathology
and progression of infection at low challenge doses. The
magnitude of bacterial load presented in this study is similar
to that of murine studies (Conlan et al. 2003). However, the
greatest numbers of bacteria in the organs of mice, at the
late stage of infection, were isolated in the liver followed by
the spleen and then the lung.

The pathology of tularaemia infection in the marmoset is
comparable with that seen in humans, murine and other NHP
infections. Gross pathology features including the presence of
hepatosplenomegaly, multifocal pyogranulomatous inflamma-
tion and infiltrating immune cells have been reported in
human infection (Avery & Barnett 1966; Syrjala et al. 1986;
Martin & Marty 2001; Lamps et al. 2004). The most com-
monly reported infiltrating cell type in human tularaemia is
the neutrophil (Lamps et al. 2004) and evidence of degener-
ated neutrophils were observed in all marmoset organs. The
degeneration of the neutrophils was associated with the pres-
ence of microabscesses particularly in the liver and spleen,
which were common features in human and animal infection
(Lamps et al. 2004). Neutrophils have been reported to have a
critical role for host defence against F. tularensis strain LVS in
mice by restricting bacterial growth (Sjostedt et al. 1994). The
degeneration of the neutrophils in the marmoset may be the
evidence for the ability of the pathogen to overwhelm the
innate immune response and therefore cause fatal infection.
However, the role of the neutrophil in the infection process
needs to be further clarified.

Other pathological features reported in human cases of
tularaemia infection were also observed in marmosets. These
included thrombosis, megakaryocytes and lung oedema
(Syrjala et al. 1986; Martin & Marty 2001). The presence of
thrombi is likely to be a premortem feature because of the
laminated histological appearance. Thrombi are common in
several bacterial infections including Actinobacillus pleuro-
pneumoniae and Yersinia pestis infection and are thought to
be associated with endotoxic shock (Finegold ez al. 1968; Cho
& Chae 2003). In airborne infection of rhesus macaques with
Y. pestis, as with our present studies, the thrombi were more
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commonly observed in animals that died of infection rather
than animals that were humanely culled (Finegold ez al.
1968). In the macaques, the associated intravascular coagula-
tion was associated with the presence of haemorrhagic
infarcts in the lungs of the majority of animals.

Granulomatous inflammation in the lungs, liver, spleen
and lymph nodes has also been observed in experimental
infection in rhesus macaques and vervet monkeys
(Eigelsbach er al. 1962; Hall et al. 1973; Baskerville ef al.
1978) with the time to lethal infection being dependent on
the virulence of the experimental strain of F. tularensis.
Indeed the pathological presentation of naturally occurring
tularaemia in marmosets is similar despite infection from a
less virulent subspecies F. tularensis holarctica (Splettstoesser
et al. 2007).

Reports in the literature of pulmonary involvement in
human tularaemia are contradictory (Martin & Marty
2001); however, it has been reported to occur in 70% of
(Stuart & Pullen 1945). The lack of
pulmonary involvement may be accounted for due to the dif-

fatal infections

ferent routes of infection or by a difference in the virulence
of the strain. In the data presented here, alveolar inflamma-
tion and necrosis in the lungs were significant features;
however, the severity of the liver pathology seen in the
marmoset suggested that liver failure could be a major con-
tributory factor to the cause of death, as has been suggested
in murine infection (Conlan et al. 2003).

In conclusion, the common marmoset appears to be an
appropriate animal model to investigate inhalational tulara-
emia. The low infectious dose and disease progression
(including fever and time to death) are comparable with
human disease and other animal models of tularaemia. Dis-
ease progression was reproducible in the small numbers of
animals challenged thus far. High bacterial loads were
recoverable from vital organs and there was a significant
bacteraemia in all animals.
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