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Abstract
Aging is a complex phenomenon that has been shown to affect many organ systems including the
innate and adaptive immune systems. The current study was designed to examine the potential
effect of immunosenescence on the pulmonary immune response using a Francisella tularensis live
vaccine strain (LVS) inhalation infection model. F. tularensis is a gram-negative intracellular
pathogen that can cause a severe pneumonia.In this study both young (8-12 week old) and aged
(20-24 month old) mice were infected intranasally with LVS. Lung tissues from young and aged
mice were used to assess pathology, recruitment of immune cell types and cytokine expression
levels at various times post infection. Bacterial burdens were also assessed. Interestingly, the lungs
of aged animals harbored fewer organisms at early time points of infection (day 1, day 3)
compared with their younger counterparts. In addition, only aged animals displayed small
perivascular aggregates at these early time points that appeared mostly mononuclear in nature.
However, the kinetics of infiltrating polymorphonuclear neutrophils (PMNs) and increased
cytokine levels measured in the bronchial alveolar lavage fluid (BALF) were delayed in infected
aged animals relative to young infected animals with neutrophils appearing at day 5 post infection
(PI) in the aged animals as opposed to day 3 PI in the young infected animals. Also evident were
alterations in the ratios of mononuclear to PMNs at distinct post infection times. The above
evidence indicates that aged mice elicit an altered immune response in the lung to respiratory
Francisella tularensis LVS infections compared to their younger counterparts.
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Introduction
Pneumonia, bacteremia and influenza are among of the top ten causes of morbidity and
mortality among the elderly (Gavazzi and Kruse, 2002). As age progresses, the immune
system undergoes numerous changes that may affect our susceptibility to infection. For
example, CD4+:CD8+ T cell ratios, relative numbers of naïve T cells, and NK cell numbers
and function have all been reported to fluctuate with respect to age (Ginaldi et al. 2000,
Pawelec et al. 2004, Opal et al. 2005). Recently, components of the innate immune system
have also been reported to undergo modifications with regard to age. Variations in function
of phagocytic cells of the innate immune system have been described in aged individuals
(Butcher et al. 2000, Ginald et al. 2001, Gomez et al. 2005, Plowden et al. 2004, Solana et
al. 2006). Collectively, the changes in both the adaptive and innate immune system is known
as immunosenescence. However, in vivo studies looking at age related changes in organ
specific immunity to infectious organisms are less common in the literature (Meyer 2005).

Francisella tularensis subsp. tularensis and subsp. holarctica are extremely virulent
pathogens capable of causing disease with very low infectious doses (Sjostedt 2006). Low
infectious doses coupled with ease of dissemination and history as a bioweapon have led to
the inclusion of Francisella on the CDC's Category A list of potential biowarfare agents
(Oyston et al. 2004). Delivery of this pathogen through the pulmonary route can lead to the
development of flu-like symptoms and subsequent pneumonia, sepsis, and eventually death
if left untreated. F. tularensis LVS has been used as a model strain in the laboratory as it is
highly virulent in mice and can be studied with less risk to the investigator.

The elderly population is among the fastest growing segments of society with increases in
longevity and quality of life. As lung infections are one of the leading causes of disease
among the elderly, understanding the potential role of aging in pulmonary diseases is
critical. Recently, many studies have been initiated to elucidate the host response to
Francisella, but none have focused on how immune responses may change with respect to
age. Therefore, we infected mice intranasally with F. tularensis LVS to study potential
differences in the pulmonary immune response between young and aged mice in vivo.
Initially we examined the associated pathology in lung tissue sections and noted several
differences between the cell types involved in the immune responses in young versus aged
mice. We also studied leukocytes present in the bronchoalveolar lavage fluid (BALF) as
well as concentrations of key cytokines important for their emigration into the air spaces.
Our results indicate a delay in aged animals in the arrival of polymorphonuclear neutrophils
(PMN) to the site of infection, a similar delay in the kinetics of increased cytokine
production as well as alterations in the ratio of mononuclear to PMNs at distinct times post
infection.

Materials and Methods
Mice

C57BL/6 male mice 6-8 weeks old along with 20-24 month old male mice were purchased
from Harlan (Indianapolis, IN). Intranasal infection was performed by initially anesthetizing
mice with an intramuscular injection of 100 μl ketamine-xylazine mixture (30 mg/ml
ketamine, 4mg/ml xylazine in phosphate-buffered saline [PBS], diluted 1 to 5 in PBS)
followed by inoculation of 10μl of bacterial suspension in each nostril drop by drop (20μl
total volume) and allowing the mice to slowly inhale the inoculum. All the experimental
procedures were in compliance with Federal guidelines and the guidelines of the
institutional animal care and use committee at both UTSA and UTHSCSA.
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Bacterial strains and culture media
Francisella tularensis subsp. holarctica strain LVS was obtained from Dr. Bernard
Arulanandam (UTSA) through Dr. Fran Nano (University of Victoria). LVS was grown in
Tripticase Soy Broth (Becton Dickinson, Franklin Lakes, NJ) supplemented with 0.1%
cysteine (TSAcys) and plated on Chocolate II Agar (BD). LVS was then resuspended and
taken to a titer of 2-3 × 103 cfu/20μl. This dose was used to approximate the LD50 of LVS.
Actual numbers of viable organisms inoculated were confirmed at the time of infection by
re-plating on Chocolate II Agar.

Lung section preparation
Lungs were harvested as previously described (Coalson, 1983) with some modification
(Mares et al. 2008). Briefly, mice were anesthetized at serial time points with a mixture of
ketamine and xylazine (100 μl of undiluted ketamine-xylazine) as described above.
Pericardium and trachea were exposed by dissection and the lungs were subsequently
perfused with sterile PBS. An incision was made in the trachea and a sterile-flexible cannula
attached to a 3ml syringe was inserted. Lungs of mice were inflated slowly with 0.5-1.0 ml
of Z-Fix (zinc formalin) (Anatech LTD., Battle Creek, MI) solution. The trachea as well as
the right and left bronchus of each lung was tied off. Inflated lungs were then removed, and
placed in 5 ml of Z-Fix compound and stored at room temperature overnight. After the lungs
were removed the mice were humanely euthanized by cervical dislocation. Lungs were
embedded in paraffin followed by cutting and staining with a Brown & Hopps stain by the
Pathology Department at UTHSCSA.

Examination of Lung Pathology
Lung sections were scored for pathology in four different categories (Clark et al. 1998,
Dormans et al. 2004, Harrod et al. 2005, Malik et al. 2006). Bronchioles and blood vessels
were observed and given scores based on the presence and extent of severity of infiltrating
cells surrounding the aforementioned structures. Alveoli (45 per section) were selected
randomly and scored on the basis of the integrity of their structure (alveolar wall thickening
and breakage) along with the presence of infiltrating cells in the alveolar septa. Alveolar air
spaces were also given a score based on their clarity in terms of the presence of alveolar
exudates and/or infiltrating cells in the air spaces. Number and/or size of lesions were also
recorded and assigned a score. Scoring was performed on 3 different animals per time point.
Scores for each time point were averaged and the SEM was calculated.

Bronchoalveolar Lavage
At serial time points a tracheotomy was performed after mice were anesthetized with a
mixture of ketamine-xylazine; a sterile-flexible cannula attached to a 3ml syringe was
inserted into the trachea. The lungs were lavaged with 3.0 ml of lavage solution (1× PBS, 3
mM EDTA and 100 μM isoproterenol) in 0.5 ml aliquots. Bronchoalveolar lavage fluid
(BALF) was centrifuged at 1000 rpm for 7 min, and the supernatant was stored at -80°C for
subsequent cytokine and chemokine analyses which were performed by using the Rodent
Multi-Analyte Profile (Luminex) available from Rules Based Medicine (Austin, TX). The
remaining cell pellet was resuspended in sterile PBS and taken to a concentration of 1 × 105

cells/ml. Cytocentrifugation was performed at 1000 rpm for 7 min followed by Diff-Quik
staining (Dade Behring Inc., Newark, DE) for differential cell count.

Statistical Analysis
Statistics were calculated between young and aged mice at their respective time points using
the Student's t-test through SigmaPlot 8.0. Values of p<.05 were considered significant.
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Results
Age related differences in LVS pulmonary infections

Initially, we infected young (8-12 wk, n=16) and aged (20-24 mo, n=19) mice by the
intranasal route with LVS (2 × 103 cfu/20 μl) and monitored them for disease severity.
Although a couple of the aged animals died a day or two earlier than young animals, our
data indicate that there was no significant difference with regard to survival between the two
age groups (p=0.99). We also determined the bacterial burden in the lungs as well as the
number of organisms (cfu) in the BALF of young and aged mice. Interestingly,
comparatively fewer organisms were detected in both lungs and BALF at 3 DPI in aged
mice when compared to young mice. However, the numbers of organisms were similar in
young and aged animals at 5 DPI and 8 DPI (Fig. 1A, 1B).

We also analyzed the pathology associated with pneumonic LVS infections in both infected
young and aged mice in addition to uninfected controls. Noticeable differences were
observed between the two age groups in mock infected control animals. For example, more
cells were present around the bronchial epithelium as well as the endothelium in aged
controls (Figure 2 A, F, K, P). After infection, aged animals at 2 DPI displayed a similar
degree of hypercellularity in the alveoli (especially peribronchial alveoli) which increased at
3 DPI (Figure 2 L, arrow and Figure 2M, arrow). Such evidence of hypercellularity was not
evident until 3 DPI in the young mice (Figure 2 C & H arrows), and to a lesser extent
compared with the aged (Figure 2B, 2C). In addition, the hypercellularity in the alveoli of
young mice appeared to be mostly PMNs whereas in aged animals most of the cells were
mononuclear. Also of distinction was the presence of aggregates of small perivascular
mononuclear infiltration at 3 DPI distributed throughout the lung tissue in aged animals
(Figure 2 M arrowhead, R *) that was absent in young mice at this time point. Some of the
more striking differences in pathology between the young and aged groups appeared by day
5 PI. In both cases there was evidence of edema, vasculitits as well as the establishment of a
condensed inflammatory response circumventing the bronchovascular dyads. However, in
infected young mice at 5 DPI, the response was a mixed PMN-mononuclear response.
Several cells with pyknotic nuclei were also present in and around the lesions at 5 DPI in the
young infected mice. This is in contrast to the response observed in aged animals which was
mononuclear dominant at 3 DPI and 5 DPI with only rare foci of neutrophilic infiltrates
observed at the latter time points (Fig. 2 C, D, R, S (* indicates perivascular/peribronchial
infiltrates). Interestingly, by 8 DPI, the dominant cell type observed in the young response
switched from a mixed PMN-mononuclear response to a mononuclear dominant population.
At 8 DPI the aged response remained a mixed PMN-mononuclear response with several
cells appearing pyknotic as well as what appeared to be the initiation of a granulomatous
response (evidence of epithelioid cells) (Figure 2 O). The aged animals seemed to exhibit a
more extensive confluent bronchopneumonia than their young counterparts at 8 DPI. We
also observed that more microcolonies of LVS were readily observed in the aged tissues at 8
DPI when compared to the infected young mice at the same time point. Another interesting
observation was the consistent presence and relative abundance of alveolar exudate found in
the air spaces throughout the aged tissues when compared to their young counterparts at 8
DPI (Figure 2 O, T). Table I summarizes pathology scores obtained for both mock young
and aged mice as well as infected young and aged mice in various areas of the lung.

Appearance of neutrophils in the BALF of young and aged mice infected with LVS
Upon observing the difference in the kinetics of the PMN response between aged and young
animals in situ, we investigated the nature of cells present in the bronchoalveolar lavage
(BALF). BALF was harvested, cytocentrifuged unto slides which were then stained with
Diff-Quik to allow differentiation between neutrophils and mononuclear cells. The BALF
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collected from young infected animals showed a significant increase (p<.005) in the
percentage of neutrophils in the BALF as early as 3 DPI when compared to aged animals at
the same time point. Neutrophils in young mice continued to be present in the BALF
throughout the infection (Figure 3 A). An increased percentage as well as total number of
neutrophils in the BALF of aged subjects was not found until 5 DPI with the cells mostly
mononuclear at 3 DPI (Fig 3B). The percentage and total number of neutrophils remained
elevated through 8 DPI in the BALF of aged infected mice, albeit to a lesser extent than
their young counterparts.

Cytokines present in the BALF display delayed kinetics in aged mice infected with LVS
The levels of two important chemokines involved in neutrophil chemotaxis were then
compared in the BALF between young and aged animals. We utilized Luminex technology
to examine the kinetics of CXCL2 (MIP-2) and CXCL6 (GCP-2) levels in the BALF (Fig. 3
C, D). The concentrations of both chemokines were low in the BALF from mock-infected
control animals as well as through 1 DPI in both age groups. However, the peak in
production of these two chemokines in infected young mice occurred at 3 DPI (CXCL2
p<0.001, CXCL6 p<0.005) while levels in infected aged mice did not increase until day 5 PI
(Figure 3 C, D). We also examined the levels of other pro-inflammatory cytokines including
IFN-γ, TNF-α, IL-6 and CXCL10 (IP-10) in the BALF and noted a similar delay in all
cases (Figure 4 A1-A4). IFN-γ, TNF-α, IL-6 and CXCL10 levels were increased at 3 DPI
(IFN-γ p<.005, TNF-α p=.05, IL-6 p<05, CXCL10 p=.05) in the young whereas no
significant increases in any of these cytokines were detected in infected aged animals until 5
DPI. Anti-inflammatory cytokines IL-4, IL-5, IL-10 and CCL22 were also measured in the
BALF of infected young and aged mice (Figure 4 B1-B4). IL-4 and IL-10 showed very little
change with time post infection. However, IL-5 and CCL22 were elevated at 3 DPI (CCL22
p<.005) in young infected mice while no appreciable increase was detected until 5 DPI in
the aged mice.

Discussion
Lung infections are collectively recognized as a leading cause of infections among all
sectors of the population, regardless of affluence (Mizgerd 2006). Importantly, the
prevalence and severity of pneumonia increases with advancing age (Janssens et al. 2004)
suggesting changes in immune defense. Many alterations have been described for the
adaptive immune system. However, relatively fewer studies have examined the role of the
localized pulmonary innate immune response, and if it changes during infection with respect
to age. We have utilized the respiratory pathogen Francisella in order to study potential
differences in the pulmonary immune response between young and aged individuals. We
noted an initial lower bacterial burden in both the BALF and lungs of aged mice. A few
other studies in the literature also suggest an altered response in aged mice to intracellular
infections. In particular, High et al. (High et al. 2007) have demonstrated that aged mice do
at least as well if not better than their younger counterparts when infected with Brucella
abortus (High et al. 2007). Aged mice infected with B. abortus were more capable of
clearing the intracellular infection as were aged mice that were infected with Leishmania
(Ehrchen et al. 2004). Another difference we observed was the presence of mononuclear
perivascular infiltrates at early time points in the lungs of infected aged animals. These
infiltrates were noticeably absent in young mice. Interestingly, similar studies by Turner et
al. (Turner et al. 2002) have demonstrated an earlier immune response in aged mice to the
bacterium Mycobacterium tuberculosis. Taken together, all of these studies including those
described herein, suggest that aged mice are capable of mounting an equally effective, if not
enhanced, initial immune response to intracellular pathogens. It is possible that the early
perivascular infiltrates in aged LVS infected mice may ultimately have to do with the
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changes already documented to occur with regard to macrophages and aging (Plowden et al.
2004, Solana et al. 2006). It will also be interesting to determine the contribution of the
initial proinflammatory environment known as inflammaging to the changes observed in this
Francisella infection model (Ginald et al. 2001, Franceschi and Bonafe 2003).

One of the hallmarks of Francisella infections is a 2-3 day delay in characteristic pro-
inflammatory cytokines, chemokines and infiltrating leukocytes compared with other
pulmonary pathogens that induce such responses within hours after infection (Bosio et al.
2005, Andersson et al. 2006, Mares et al. 2008). This cannot be explained by the less
stimulatory LPS of Francisella (Sjostedt 2006, Sandstrom et al. 1992), as the organism does
cause early inflammatory responses with other routes of infection (Golovliov et al., 1996,
Stenmark et al., 1999). We have proposed that the delay in innate responses to F. novicida, a
highly pathogenic strain in mice, is a virulence mechanism of the organism that allows it to
replicate out of control leading to sepsis and death within 4-6 days (Mares et al. 2008,
Sharma et al., 2009). Consistent with delayed innate responses to Francisella, young animals
infected with the less virulent LVS strain exhibited little increase in pro-inflammatory
chemokines/cytokines or neutrophil influx until day 3 PI. This was followed by a mixed
neutrophil-mononuclear response at 5 DPI in the young mice which returned to a
mononuclear dominant response by 8 DPI in this age group. Young animals began to
succumb at day 10. In contrast, in aged mice the response remained mononuclear dominant
through 5 DPI with infrequent foci of neutrophilic infiltrates consistent with the altered,
delayed kinetics of CXCL2 and CXCL6 and other proinflammatory cytokines compared
with the younger mice. The first aged animal died at day 8, but there was no significant
difference in survival rates between the two aged groups at this dose. Thus, aged animals
appear to exhibit a 48 hour delay in the production of multiple cytokines, the influx of
neutrophils and the subsequent shift to mononuclear cells. It is unclear if this represents an
age related delay in induction of distinct innate responses or is the result of the enhanced
ability of aged mice to initially control bacterial burdens.

Various aspects of neutrophil function have been reported to change with regard to age. For
example, neutrophil chemotaxis has been reported to be defective in the elderly (Wenisch et
al. 2000). Studies have also shown that phagocytosis as well cell signaling events are also
altered in aged neutrophils (Fulop et al. 2004, Butcher et al. 2000). However, many of these
studies have focused on the role of these cells ex vivo and few have reported on the response
to infection in vivo with regard to neutrophils. Our observations suggest that a differential
neutrophil response or age related defective/diminished neutrophil function may potentially
be having a pronounced effect in the alveoli of aged mice. This may also help to explain the
reduced cytokine responses at day 8 in aged animals. We consistently observed the alveoli
of aged mice to be occluded with debris, inflammatory cells, and increased cell death which
ultimately led to them receiving a higher pathology score than their younger counterparts at
8 DPI and an earlier death in isolated individuals. It should also be noted that Francisella
itself appears to affect neutrophil function (McCaffrey and Allen, 2006).

Francisella's ability to subvert the innate immune response coupled with a delay in the
kinetics of the immune response in aged mice may be important contributors to the altered
pathology associated with LVS infected aged mice. We propose that the early inflammation,
comprised of mononuclear cells in the lungs of aged mice, may be responsible for the early
control of bacterial replication of LVS in the lungs of aged mice. We further speculate that
this initial response is only capable of shifting or delaying the kinetics of the host response
in aged mice by 24 to 48 hours. Eventually it appears that the highly virulent and evasive
nature of this pathogen dominate and although the host response appears to initially control
the infection at early time points, ultimately both young and aged mice succumb to the
disease which is associated with an overwhelming pulmonary pathology and is characterized
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by an inability to clear apoptotic debris. We also observed that the pathology in aged mice
seemed more severe at 8 DPI and was associated with occluded alveoli filled with exudates
and immune cells. We surmise that the increased amount of pathology is due to existing
damage in the aged lung in the absence of infection (mock-infected young vs. aged mice)
coupled with a decreased ability of aged mice to clear exudates and apoptotic debris from
the alveoli thus exacerbnfeating the disease process.
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Figure 1.
Bacterial burden in lungs of young and aged mice infected with LVS. Young and aged mice
were icted with LVS (n=3 per group; results shown are representative of two independent
experiments) and sacrificed at 1, 3, 5 and 8 days post infection (DPI). Bronchoalveolar
lavage fluid was harvested and an aliquot was taken to plate on TSA plates to enumerate the
number of viable CFU's. Figure 1 A depicts the number of CFU's recovered from the BALF.
Significantly more CFU's were detected in the BALF of young mice at 3 DPI vs. there aged
counterparts at the same time point (***p<.005). Figure1 B shows the number of CFU's
isolated from the lungs. Briefly, after BALF was recovered, the lungs were removed and
homogenized. Serial dilutions were made and then plated as described above. Similar to the
data acquired from the BALF, the number of CFU's recovered from the lungs was
significantly less (***p<.005) in the aged mice at 3 DPI and recovered to similar levels in
both young and aged mice at later time points.
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Figure 2.
Pathology associated with LVS infections is altered in the lungs of aged mice. Young and
aged mice (n=3 per group; results shown are representative of two independent experiments)
were intranasally infected with LVS (2.9×103 CFU/20μL) and sacrificed at 2 DPI, 3 DPI, 5
DPI, and 8 DPI. Their lungs were inflated with zinc formalin and subsequently embedded in
paraffin. The tissues were then cut and then mounted on slides and stained with Brown and
Hopps. All pictures are shown at a magnification of 200× with the exception of Figures 2 E
& J which are shown at 100×. Figures 2 A-J represent lungs taken from young mice. Figures
2 K-T represent lungs taken from aged mice. Mock lungs from young (Figure 2 A & F) and
aged (Figure 2 K & P) are shown for comparison. LVS infected young mice exhibited little
changes in their lungs through 3 DPI (B & C). In contrast, mononuclear perivascular
infiltrates were observed in aged mice at both 2 DPI and 3 DPI (arrows in Figure 2 L & M
indicate hypercellularity in alveoli; * in Figure 2 Q & R indicate perivascular infiltrates). A
mixed monocyte and PMN infiltrate was observed in young mice at 3 DPI while this was
not detectable until 5 DPI in the aged (Figures 2 I & S, respectively). Figures 2 E and O
show young and aged lungs at 8 DPI. In both groups the lung pathology was dominated in
large part by a confluent bronchopneumonia. Although, the aged lungs did appear to be
slightly more confluent as well as contain substantially more exudate occluding the alveolar
airspaces throughout the entire tissue (arrows in Figures 2 J & T).
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Figure 3.
Infiltration of neutrophils into the BALF and kinetics of neutrophil chemoattractants are
delayed in aged mice in response to LVS infections. Young and aged mice were intranasally
infected with LVS and their BALF was harvested and cytocentrifuged onto slides. The
slides were then stained with Diff-quik and the percentage of polymorphonuclear cells was
determined by calculated in samples from 3 mice per time point (at least 3 slides per mouse;
results shown are representative of two independent experiments). Significantly more PMNs
(with regard to both percentage and total number of neutrophils, Figure 2 A and B,
respectively) were observed in the BALF of young mice at 3 DPI (**p<.01, *p<.05) and
remained elevated throughout the time points observed. LVS did not elicit a PMN response
in aged animals with regard to percentage increase (Figure 3 A) or total number of
neutrophils (Figure 3 B) until 5 DPI. BALF was harvested from young and aged infected
mice and the concentration of cytokines present in the sample was analyzed by utilizing a
Multianaylate profile assay (Luminex). CXCL2 (MIP-2, Figure 3 C) and CXCL6 (GCP-2,
Figure 3 D) are potent chemoattractants for PMNs and are both significantly increased in
young animals at 3 DPI when compared to aged mice at the same time PI (***p<.005, **p<.
01).
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Figure 4.
Kinetics of cytokines in the BALF is delayed in aged mice. BALF was harvested from
young and aged infected mice (n=3 in each group; results shown are representative of two
independent experiments) and the concentration of cytokines present in the sample was
analyzed by utilizing a Multianaylate profile assay (Luminex). IFN-γ (A1), TNF-α (A2),
IL-6 (A3), and CXCL10 (A4) were all monitored at 1 DPI, 3 DPI, 5 DPI, and 8 DPI. All
four pro-inflammatory cytokines showed a significant increase in young animals when
compared to their aged counterparts at 3 DPI (IFN-γ ***p<005, TNF-α *p=05, IL-6 *p<05,
CXCL10 *p=05). Anti-inflammatory cytokines IL-4 (B1), IL-5 (B2), IL-10 (B3), CCL22
(B4) were also monitored in the BALF. IL-4 and IL-10 showed little change in their pattern
of release into the BALF throughout the infection. IL-5 and CCL22 increased at 3 DPI
(CCL22 ***p<005) in the young mice and did not increase until 5 DPI in the aged mice.
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