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Fig. 5. Macroscopic findings in the lung, lymph node, and spleen of NHPs challenged by aerosol with F. tularensis. (A) Normal lung, non-challenged CM.  (B)
Normal spleen, non-challenged RM.  (C) Lung, AGM 2 (D) Lung, CM 3, and (E) Lung, RM 2. Hemorrhagic, necrotizing, and/or pyogranulomatous foci on the
pleural surface with congestion and edema and fibrinous pleuritis (most noticeable in the RM); note the failure of lung lobes to collapse. (F) Tracheobronchial
lymph node, CM 2. The lymph node is effaced by tannish-white caseous material (*). (G) Spleen, CM2. A myriad of multifocal to coalescing, pale white,
raised  or flattened necrotic foci on the capsular surface. Esop = esophagus.

Some NHPs exhibited non-specific congestion and/or
hemorrhage in the following tissues: pancreas, adrenal
gland, liver, urinary bladder, reproductive organs, and gas-
trointestinal tract (Table 3).

3.7.2. Histopathology
Significant histopathologic changes were observed in 14

of the 16 animals studied. The surviving AGM and CM did
not exhibit any pathological changes.

In those animals euthanized at day 10 or earlier, the
most prominent finding was necrotizing and suppura-
tive bronchopneumonia associated with larger conducting
airways and arterioles (Fig. 6D). Extensive foci of hemor-
rhage, fibrin, edema, cellular and necrotic debris, and a
mixed inflammatory infiltrate effaced both alveolar and
bronchiolar architecture and partially occluded terminal
bronchioles and alveoli. Fibrinous pleuritis also was  com-
mon. Significant vascular necrosis with fibrin thrombi was
observed in 3 of the 5 AGMs. By day 14, the hemorrhagic
component was less prominent as the inflammatory com-
ponent coalesced and formed vague or discrete chronic
abscesses and pyogranulomas that elevated the pleural
surface (Fig. 6E and F). Chronic abscesses were associated
with extensive pleural thickening consisting of granulation

tissue, fibrosis, and dilated lymphatic vessels. In less
affected areas, an intra-alveolar mixed inflammatory infil-
trate was  apparent and edematous and congested alveolar
septae were lined by alveolar epithelial cells (likely type II
pneumocytes). Multinucleated giant cells were rare in all
species. Multiple foci of necrotizing and ulcerative laryn-
gitis and tracheitis were observed in some CM and RM
subjects but not in any of the AGMs.

The lymph nodes, spleen, and bone marrow clearly were
targets for aerosolized F. tularensis infection in the AGMs
and CMs, and to a lesser extent in the RMs. The most con-
sistent and severe histologic lesions, particularly in the
AGMs and CMs, were observed in the mediastinal and tra-
cheobronchial lymph nodes, and consisted of necrotizing to
pyogranulomatous inflammation that effaced nodal archi-
tecture, which resulted in severe lymphoid loss (Fig. 6G).
Additional lesions seen in some but not all lymph nodes
included increased numbers of tingible body macrophages
(TBMs) in the cortex, sinus histiocytosis and edema, drain-
ing hemorrhage, and erythrophagocytosis.

Similar to the lung lesions, the splenic lesions varied in
histologic appearance from random foci of hemorrhage or
severe lytic necrosis to well-demarcated, as large as 1 cm
in diameter chronic abscesses and pyogranulomas (Fig. 6I).
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Fig. 6. Histopathological and immunohistochemical (IHC) analyses of lung, lymph node, and spleen of NHPs challenged by aerosol with F. tularensis. (A)
Normal lung, non-challenged CM,  HE 4×. (B) Normal tracheobronchial lymph node, non-challenged CM, HE 4×. (C) Normal spleen, non-challenged RM,
HE  4×. (D) Lung, AGM 2, HE 4×; (E) Lung, CM 3, HE 2×; and (F) Lung, RM 2, HE 2×. Severe necrotizing to pyogranulomatous coalescing inflammatory foci,
frequently associated with large airways and pulmonary vessels. (G, H) Tracheobronchial lymph node, AGM 3, HE 4× and F. tularensis IHC 4×. Severe lytic
necrosis (*) effaces nodal architecture especially in the subcapsular and cortical areas; a serial section highlights strong bacterial antigen staining in the
most  severely affected areas. (I) Spleen, CM 2, HE 4×. Necrotizing and pyogranulomatous foci effaces splenic architecture and elevates the capsular surface.
Br  = bronchiole.

The larger lesions compressed the adjacent architecture
and elevated and ruptured the splenic capsule. Additional
splenic findings observed in some animals included hem-
orrhage and congestion, lymphoid depletion, and fibrosis
(RMs only).

Multiple, often coalescing, necrotizing foci consistently
were observed in the sternal bone marrow (necrotizing
myelitis) of AGM and CM subjects, and less commonly
in the RM.  Generally, the marrow cavity was hypercellu-
lar with a noticeable increase in myeloid precursor cells,
whereas mature neutrophils were observed infrequently.

Random necrotizing lesions confirmed by immuno-
histochemistry also were observed in various organs
throughout the gastrointestinal, genitourinary, endocrine,
cardiovascular, ophthalmic, and nervous systems in some
animals.

3.7.3. Immunohistochemical results
In all NHP species, the strongest and most con-

sistent F. tularensis immunoreactivity occurred in the
lungs, followed by the spleen and tracheobronchial lymph
nodes. Positive immunohistochemical staining was  more
widespread and affected more tissues in the AGMs and
CMs  than the RMs. Generally, immunolabeled intra- or
extracellular bacteria, bacterial fragments, and/or antigen
were present in areas where lesions were observed his-
tologically, especially necrosis (Fig. 6H). Immunostaining

enabled the detection of subtle lesions that might have
been overlooked by routine light microscopy alone.

4. Discussion

Primary pulmonary tularemia is an important infectious
disease to study because of its high lethality, confounding
non-specific flu-like symptoms, and significant potential
for both natural and artificial transmission. The develop-
ment and licensure of tularemia medical countermeasures
are dependent on compliance with the FDA’s Animal
Rule, which requires well-characterized animal models
when human studies are not possible. The NHP is almost
invariably the preferred animal model for infectious dis-
eases, including tularemia. This study sought to identify
the species that mimics pulmonary tularemia disease in
humans most effectively.

All of the NHP species that were evaluated demon-
strated susceptibility to aerosolized F. tularensis and
development of rapidly progressing acute infection. The
AGM and CM species developed lethal infection when chal-
lenged with aerosolized F. tularensis Schu S4 at doses above
20 CFU, whereas, the observed lethal dose in the RM species
was  greater than 276,667 CFU. Following low-dose expo-
sure the RMs  developed chronic pulmonary lesions; they
were susceptible to disease but surprisingly resistant to its
fatal effects.
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Fever is one of the common clinical signs of pneumonic
tularemia in humans and it ranges from 38 ◦C to 40 ◦C [11].
In this study, fever onset (defined as a 1.5 ◦C increase from
baseline reading for 6 consecutive hours) was observed in
all three species. Exposure to higher doses resulted in an
onset of fever at 2 or 3 days PE in all three species. The AGM
and CM exposed to high doses exhibited fever throughout
the duration of the illness (i.e., animals were febrile until
euthanasia criteria were met), with body temperatures
often decreasing sharply in the hours before morbidity
to the point of required euthanasia was reached. The
range of fever in NHPs was 38–40.5 ◦C, similar to human
disease.

Cytokine storm is a common mediator of immune
responses against infectious agents. Cytokines are cell-
secreted proteins that interact with other cells of the
immune system to modulate bodily responses against
disease and infection. Altered levels of certain plasma
cytokines can indicate pathogenesis-associated inflamma-
tion, inform an intervention point, and/or predict imminent
death. Proinflammatory cytokine IL-6, which is synthesized
by macrophages and T-cells during fever and acute-phase
response, increased sharply in all NHP species immediately
before euthanasia criteria were met. G-CSF is produced
by macrophages and endothelial cells in response to cer-
tain types of infections and conditions, and it stimulates
the bone marrow to produce and release granulocytes.
Most blood samples that were collected immediately prior
to euthanasia exhibited increased G-CSF levels, possibly
indicating the immune system’s attempts to replenish the
depleted granulocyte supply. Having observed associations
between certain cytokine response patterns and immi-
nent death, we believe the detection of certain cytokine
patterns may  serve as intervention and/or euthanasia
criteria. However, studies with larger number of animals
are needed to ascertain the statistical validity of these
observations.

Individuals subjected to fatal or near-fatal aerosolized
doses of infectious agents often develop bacteremia in the
blood and/or tissues. The overall bacterial burden tended to
be much lower in RM subjects relative to AGMs and CMs.
All RM subjects, except for one, survived the experimen-
tal aerosol challenge. The longer survival times observed
in these animals may  explain the relatively low tissue
burden but does not explain the low bacteremia results.
As expected, the highest tissue bacterial burden was
detected in the lungs. CMs  consistently exhibited wide-
spread dissemination with bacterial loads in all tissues
tested.

Gross and histologic findings and immunohistochemi-
cal results are consistent with those previously described
by Twenhafel et al. [12]. The obvious targets of F. tularen-
sis following aerosol challenge of all three species included
respiratory (e.g., lung, trachea, larynx) and hematopoietic
(e.g., lymph nodes, spleen, bone marrow, tonsils) systems.
However, macroscopic and histopathologic lesions varied
in distribution and severity and often affected multiple
body systems. As expected, pneumonic disease was the
most common manifestation observed in all but the two
animals challenged with the lowest doses of F. tularensis;

the AGM (11 CFU) and CM (20 CFU) displayed no lesions 28
days after challenge.

Although necrotizing and hemorrhagic lesions were
observed in multiple tissues of the animals that received
the highest inhaled doses (except AGM 1 and CM 1), equally
severe lesions often affecting a greater number of organs
were observed in the AGM and CM subjects that had
received considerably lower inhaled doses (40–801 CFU).
Since all 3 of the highest dosed animals of each species suc-
cumbed to infection (i.e., met  euthanasia criteria) by day
6, it is plausible that bacterial dissemination was  stunted
because the host died so soon. However, the three RMs
that received 15,593 CFU, 11,211 CFU, or 2693 CFU survived
the challenge, and upon necropsy, exhibited fewer changes
in fewer target organs. Additionally, by day 8, histiocytic
to pyogranulomatous inflammation was observed more
readily in all animals although hemorrhage and necro-
sis remained typical histologic features, regardless of the
inhaled dose.

In addition to the respiratory and hematopoietic
lesions, random microscopic lesions were observed in
various organs throughout the gastrointestinal, genitouri-
nary, endocrine, cardiovascular, ophthalmic, and nervous
systems in some but not all animals. Liver pathology sim-
ilar to human disease was observed in all three NHP
species following exposure to aerosolized F. tularensis.
These pathologic findings, in addition to the bacterial
load in the blood and tissues, indicate hematogeneous
spread to other organs can cause a “typhoidal-like”
disease syndrome in the NHP model following inhala-
tion.

Of the three NHP species in this study, the RM was the
most resistant to fatal outcomes of pulmonary tularemia,
and its disease progression with chronic lesions is simi-
lar to human disease progression. Despite the advantages
inherent to a model that mimics the human disease course,
the RM model is problematic from the perspective of study
planning since the signs of the disease are less clear and
longer study periods are required to evaluate health, recov-
ery, and survival. In addition, the lethal challenge doses for
the RM are very high when compared to the infectious dose
in humans.

Lethality was  demonstrated in both the CMs  and AGMs
following exposure to relatively low doses of aerosolized
F. tularensis, however, the CMs  survived a few days longer
at comparable doses. Disease progression of the CM also
aligns with human disease progression, albeit not as well
as the RM,  but better than the AGM. Compared to the
other 2 species, the CM most consistently manifested a
clinical presentation of tularemia disease with fever, bac-
teremia, tissue bacterial burden, and clinical pathology,
which are considered most heavily among various char-
acteristics of an ideal laboratory-based model of human
disease.

A major limitation of this study is the small number
of subjects, which precludes strong statistical inference.
However, this study provides a foundation for future
research on medical countermeasures, enabling evidence-
based development of protocols, dose schedules, animal
model selection, and study length.
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