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Abstract

Traumatic brain injury (TBI) is the leading cause of injury-related death and disability in patients under the age of
46 years. Survivors of the initial injury often endure systemic complications such as pulmonary infection, and Pseudo-
monas aeruginosa is one of the most common causes of nosocomial pneumonia in intensive care units. Female patients are
less likely to develop secondary pneumonia after TBI, and pre-clinical studies have revealed a salutary role for estrogen
after trauma. Therefore, we hypothesized that female mice would experience less mortality after post-TBI pneumonia with
P. aeruginosa. We employed a mouse model of TBI followed by P. aeruginosa pneumonia. Male mice had greater
mortality and impaired lung bacterial clearance after post-TBI pneumonia compared with female mice. This was con-
firmed as a difference in sex hormones, as oophorectomized wild-type mice had mortality and lung bacterial clearance
similar to male mice. There were differences in tumor necrosis factor-o: secretion in male and female alveolar macro-
phages after P. aeruginosa infection. Finally, injection of male or oophorectomized wild-type female mice with estrogen
restored lung bacterial clearance and prevented mortality. Our model of TBI followed by P. aeruginosa pneumonia is

among the first to reveal sex dimorphism in secondary, long-term TBI complications.
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Introduction

TRAUMATIC BRAIN INJURY (TBI) is the leading cause of injury-
related death and disability in patients under the age of
46 years." Survivors of the initial injury often endure significant
systemic complications such as autonomic dysfunction, cardiac
dysrhythmia, and pulmonary infection. For example, post-TBI
pulmonary infection rates may be as high as 50-60% and may result
in an infection-related mortality rate of ~30%.2~> Post-TBI com-
plications are a major determinant of long-term patient outcome®~'°
during their most productive years of life. Reasons for the increased
incidence of post-TBI pneumonia are multifactorial, and include
the neurological consequences of TBI, such as impairment of air-
way reflexes, decreased level of consciousness, dysphagia, and the
need for mechanical ventilation. However, a recent review sum-
marizing the incidence of post-TBI pulmonary complications re-
vealed that decreased immune function and bacterial pneumonia
subsequent to TBI occurs within the first 2 weeks after injury.'"
Interestingly, neurological injury and mechanical ventilation
may last much longer, but the incidence of bacterial pneumonia

decreases. Therefore, this time discrepancy indicates that non-brain
mechanisms may be responsible for increased susceptibility to
bacterial pneumonia after severe TBI.

Nosocomial pneumonia is an underappreciated cause of mor-
tality and end-organ dysfunction in critically ill and immuno-
suppressed patients.'? Pseudomonas aeruginosa is one of the most
common causes of nosocomial pneumonia in intensive care units
(ICUs)."*7!6 Further, P. aeruginosa is a bacterium that is not only
virulent, but also exhibits antimicrobial resistance'*'®'” and places
a significant economic burden on the healthcare system.'®'®
P. aeruginosa is also a common source of sepsis and acute respi-
ratory distress syndrome (ARDS) because of its ability to breach
lung barrier functions, resulting in inadequate alveolar fluid
clearance, inadequate gas exchange, and development of protein-
rich edema.?*~° Finally, P. aeruginosa has a variety of mecha-
nisms to evade host immunity including, but not limited to, for-
mation of biofilms, regulatory changes in infection strategy, and
quorum sensing.*>*' Overall, this indicates that P. aeruginosa is a
relevant pathogen with significant ability to infect patient lungs
after TBL.
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Prior studies in humans and mice have demonstrated sex di-
morphism with respect to survival after blunt and/or penetrating
trauma, with females having better clinical outcomes.’® Speci-
fically, female patients are less likely to develop secondary
pneumonia after blunt and/or penetrating trauma or TBL**** Pre-
clinical studies have revealed a salutary role for estrogen after
trauma.>> > Interestingly, whereas earlier animal studies used both
male and female mice,*®* more recent studies have focused pri-
marily on studying male mice and/or cells and adding estrogen(s) or
other female hormones to study sex differences.*® To our knowl-
edge, there are no studies that look specifically at sex-dependent
effects of TBI and subsequent bacterial pneumonia.

Herein, we investigated whether mortality secondary to post-
TBI P. aeruginosa would be increased and lung bacterial clearance
would be decreased. The results demonstrated that mortality
was increased and lung bacterial clearance was decreased in a
murine model of TBI and subsequent P. aeruginosa pneumonia.
Additionally, we examined whether there was a sex dimorphism at
both the mouse and cellular level. The results demonstrate that
sexual differences in cytokine production exist at the cellular level,
and that mortality and lung bacterial clearance can be alleviated by
administration of estrogen.

Methods
Reagents

All reagents were obtained from Fisher-Scientific (Waltham,
MA, USA) unless otherwise specified. Estradiol was from Sigma-
Aldrich (Saint Louis, MO, USA).

Mice

C57BL/6 mice were purchased from Charles River Laboratories
(Wilmington, MA, USA) for all experiments. Mice were housed
in University of Alabama at Birmingham Animal Care Facilities
under 12h light/dark cycles and received Lab diet NIH-31 (PMI
Nutritional International, Saint Louis, MO, USA) ad libitum. Mice
were acclimated for at least 5 days prior to initiation of experi-
ments. All animal experiments were conducted according to pro-
tocols approved by University of Alabama at Birmingham Animal
Care and Use Committees and according to the National Institutes
of Health Guide for Care and Use of Laboratory Animals.

TBI model

Mice were anesthetized with ketamine (90-200 mg/kg, intra-
muscularly [IM]) and xylazine (10 mg/kg, IM) and placed in a
stereotaxic frame (Benchmark™ Stereotaxic Instruments, Leica
Biosystems, Buffalo Grove, IL, USA) with head holder (Kopt® s
David Kopf Instruments, Tujunga, CA, USA) and ear bars. A 1 cm
incision was made at the top of the skull to expose the bone, and a
5 mm left lateral craniotomy was performed using an electrical drill
(Kopf®, David Kopf Instruments, Tujunga, CA, USA) attached on
the stereotaxic arm as previously described.*! A controlled cortical
impact (CCI) injury was produced with an electromagnetic impact
device (Benchmark™ Stereotaxic Impactor, Leica Biosystems,
Buffalo Grove, IL, USA) centered at 3.0 mm anterior from lambda
and 2.7 mm left from midline with a depth of 2.5 mm, a velocity of
5.0m/sec, and a dwell time of 100 ms. After impact, the skin in-
cision was sutured closed and the mice were placed on a warming
pad and returned to their home cages when they were fully am-
bulatory, typically 60—120 min after injury. For some experiments,
mice underwent only the craniotomy, but not the CCI, as surgical
controls. For some experiments, estradiol or vehicle (ethanol) was
injected intravenously 1h after TBI.
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P. aeruginosa pneumonia model

Instillation of pneumonia was performed as previously de-
scribed.** Mice were instilled with pneumonia 24 h after TBI or
craniotomy. Mice were anesthetized with ketamine (90-200mg/kg,
IM) and xylazine (10 mg/kg, IM), and 25 ul. of phosphate buft-
ered saline (PBS) containing 5 x 107 colony-forming units of
P. aeruginosa K-strain, a wild type strain (hereafter referred to as
“PAK”’) was instilled into both lungs via the trachea. Mice were
allowed to recover for 15 min prior to being returned to their cage.

Survival

After instillation of pneumonia, mice were checked every 6h
after the instillation of PAK until death or survival at 36 h. Survival
time was defined as the time from bacterial instillation to death.

Bacterial clearance

Lung bacterial clearance was measured as previously de-
scribed.*? Six hours after instillation of PAK, lungs were collected
in a sterile fashion. The lungs were homogenized in sterile con-
tainers and the homogenates were serially diluted and plated in
triplicate on sheep-blood agar plates.

Isolation of peritoneal macrophages

Peritoneal macrophages were isolated as previously described.**
Briefly, peritoneal macrophages were collected 3 days after intra-
peritoneal injection of 4% Brewer thioglycollate and seeded on
plates in Roswell Park Memorial Institute (RPMI) 1640. After 2 h,
the plates were washed with serum-free RPMI 1640 to remove non-
adherent cells. Macrophages were further cultured in RPMI 1640
(fetal bovine serum [FBS] 5%) and used for experiments the fol-
lowing day.

Cell culture

MH-S and AMJ2-C11 cells were acquired from ATCC® (CRL-
2019 and CRL-2456, respectively, Manassas, VA, USA). MH-S
cells were grown in RPMI supplemented with 10% FBS and 1%
penicillin/streptomycin, and AMJ2-C11 cells were grown in Dul-
becco’s Modified Eagle Medium (DMEM) supplemented with 5%
FBS and 1% penicillin/streptomycin. All cells were cultured in a
humidified incubator at 37°C and 5% CO,.

Phagocytosis

Phagocytosis assays were performed as Previously described.*’
Briefly, 1 x 10° cells were exposed to 10’ colony forming units
(CFU)/mL of PAK for 45 min at 37°C. Gentamicin (150 ug/mL)
was added and cells were incubated for 1h at 37°C. The medium
was removed and cells were washed twice with sterile PBS, then
lysed by adding 200 uL of hypotonic buffer (pH 7.2), and incubated
on ice for 10 min. Sterile water (800 uL) was added to the cell
suspension, which was serially diluted onto agar plates. The plates
were incubated for 24 h at 37°C and the resulting colonies were
counted. Comparisons were made between treatment groups at 1 h
to determine the level of phagocytosis. For some experiments, cells
were pre-treated with 10nM estradiol or vehicle.

Cytokine measurement

Confluent macrophages were exposed to 107 CFU/mL of PAK
for the times indicated in the respective figure legends. Superna-
tants were collected and centrifuged to remove cellular debris, and
supernatants were stored at —80°C until they were assayed. Tumor
necrosis factor (TNF)-a was from R & D Systems (Minneapolis,
MN, USA). TNF-o was measured in the supernatants according
to manufacturer instructions. Lysates from the same wells were
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collected and measured for protein content to normalize cytokine
measurements. For some experiments, cells were pre-treated with
10nM estradiol or vehicle.

Statistical analysis

For continuous results, normal distribution was verified using
the Kolmogorov—Smirnov test. For normally distributed data, a
Student ¢ test was used to compare two experimental groups.
Bonferroni correction, controlling for false positive error rate, was
used to adjust for multiple comparisons. For survival results,
Kaplan—Meier analysis followed by a log rank (Mantel-Cox) test
was used to compare the survival between the two experimental
groups of mice at 36 h. A p value of <0.05 was considered statis-
tically significant. All statistical comparison of means was bilateral
(two-tailed tests).

Results

Murine model of TBI and subsequent
bacterial pneumonia

Bacterial pneumonia occurs in patients at high rates after sus-
taining a severe TBL**™*® One of most common bacteria known to
infect these patients is P. aeruginosa.'%**-° Although altered men-
tal status and mechanical ventilation are contributory to this high
incidence of pneumonia, current evidence suggests that immune
suppression secondary to severe TBI is also contributory.'’ To
better study the mechanism(s) of immune suppression, we created
a model of severe TBI followed by instillation of bacterial pneu-
monia (Fig. 1A). Our mouse model began with a craniotomy
followed by severe TBI using CCI. This allowed us to generate a
reproducible brain injury. After 24 h, mice were instilled intra-

991

tracheally with PAK. At designated times thereafter, we measured
survival or lung bacterial clearance.

To determine that our CCI model of TBI produced reproducible
injury and craniotomy alone produced minimal or no injury, we
performed magnetic resonance imaging (MRI) (Fig. 1B) of mouse
brain slices 24 h after the surgical procedure. It is of note that this
is the same time that PAK is instilled to produce pneumonia.
Craniotomy alone did not lead to significant injury 24 h after sur-
gery on MRI. However, in both male and female mice, TBI pro-
duced significant cortical and axonal lesions associated with the
development of cerebral edema on MRI that were equal in severity
at 24 h after the injury. These data indicate that craniotomy alone
produces minimal, if any, damage to mice brains, but that CCI
produces significant, reproducible, and equivalent injuries in male
and female mice brains at 24 h.

P. aeruginosa pneumonia after TBI leads to greater
mortality and decreased bacterial clearance

Patients that sustain severe TBI have higher rates of subsequent
bacterial pneumonia as a result of immune suppression secondary
to the TBL'' Therefore, we hypothesized that mice exposed to
secondary bacterial pneumonia would have higher rates of mor-
tality after severe TBI. To test this hypothesis, male mice were
intratracheally instilled with PAK 24 h after craniotomy alone or
severe TBI, and survival was measured (Fig. 2A). Mice that un-
derwent craniotomy alone followed by PAK had ~50% survival at
36 h. However, mice that received severe TBI followed by PAK
had significantly greater mortality at the same time point. To better
understand one potential mechanism of decreased survival after
TBI and subsequent bacterial pneumonia, we measured lung

OUTCOMES

A Bacteria?
TBI Pneumonia
f 48
24 hours
post-TBI
B Craniotomy Only

MRI

FIG. 1.

Male TBI

* Survival (36 hours post-PAK)
+ Bacterial Clearance (6 hours post-PAK)

Female TBI

Murine model of traumatic brain injury and subsequent bacterial pneumonia. (A) Model of traumatic brain injury (TBI) and

subsequent bacterial pneumonia. Mice are exposed to craniotomy and TBI as described in the Methods. Twenty-four hours later, mice
are intratracheally instilled with Pseudomonas aeruginosa. Outcomes, in this case mortality and lung bacterial clearance, are measured
at 36 and 6 h, respectively. (B) Magnetic resonance imaging (MRI) of mice brains 24 h after respective injuries. MRI was performed on
mice after craniotomy alone, a male mouse that had undergone TBI and a female mouse that had undergone TBI. Mice that underwent
craniotomy (n=3) had little if any damage from the procedure, whereas male (n=3) and female (n=3) mice both had severe injury 24 h
after TBI. A representative image from each group is shown.
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FIG. 2. Pseudomonas aeruginosa pneumonia after traumatic brain injury (TBI) leads to greater mortality and decreased bacterial
clearance. For all experiments, mice received craniotomy or craniotomy with TBI according to protocol. Twenty-four hours later,
P. aeruginosa K-strain (PAK) was instilled intratracheally and either mortality or bacterial clearance was measured. (A) P. aeruginosa-
pneumonia leads to increased mortality after TBI (red line, n=12) compared with craniotomy (black line, n=11) in male mice, p <0.05;
*represents a significant difference compared with craniotomy. (B) Male mouse lungs were isolated 6 h after PAK instillation, and
colony-forming units/mL. were measured. Male mice that received TBI (red line) had decreased bacterial clearance compared with

those that received craniotomy alone (black line); n=4 for each group, p<0.05; *represents a significant difference compared with
craniotomy.

bacterial clearance 6 h after intratracheal instillation of PAK after
craniotomy alone or TBI (Fig. 2B). Mice that underwent TBI fol-

this end, we instilled PAK intratracheally into male and female
mice 24 h after TBI and measured survival at 36 h (Fig. 3A). Our

lowed by PAK had significantly higher colony-forming units
(CFU) of PAK isolated from the lung compared with the
craniotomy-alone group. These data indicate that decreased bac-
terial clearance by mice that receive TBI is one method by which
greater mortality may ensue.

Increased mortality and decreased bacterial clearance
after post-TBI bacterial pneumonia is sex dependent

Clinical studies reveal that women have better clinical outcomes
after trauma than their male counterparts.®> More specifically,
they have lower rates of secondary bacterial pneumonia after

data demonstrate that female mice with post-TBI bacterial pneu-
monia have significantly less mortality than male mice. To deter-
mine whether this effect was secondary to female hormones, we
performed a similar experiment using wild-type female mice and
female mice that had been oophorectomized (Fig. 3B). Interest-
ingly, oophorectomized female mice that underwent TBI followed
by intratracheal instillation with PAK not only had significantly
increased mortality compared with wild-type female mice, but
also the mortality curve was similar to that of male mice. To de-
termine whether mortality correlated with differences in lung
bacterial clearance, we measured lung CFUs 6 h after intratracheal
instillation of PAK after TBI in male wild-type female and oo-

trauma.>>3* Therefore, we tested whether female mice have lower
mortality after post-TBI bacterial pneumonia than male mice. To

phorectomized female mice (Fig. 3C). Female mice that underwent
TBI followed by PAK had significantly lower CFUs isolated from
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FIG. 3. Mortality and decreased bacterial clearance after post-traumatic brain injury (TBI) bacterial pneumonia are sex dependent. For
all experiments, mice received TBI according to protocol. Twenty-four hours later, Pseudomonas aeruginosa K-strain (PAK) was
instilled intratracheally, and either mortality or bacterial clearance was measured. (A) P. aeruginosa-pneumonia leads to increased
mortality after TBI in male mice (blue line, n=8) compared with female mice (pink line, n=7), p<0.05; *represents a significant
difference compared with males. (B) P. aeruginosa pneumonia leads to increased mortality after TBI in oophorectomized female mice
(blue line, n=9) compared with wild-type female mice (pink line, n=4), p<0.05; *represents a significant difference compared with
wild-type females. (C) Wild-type male, wild-type female, and oophorectomized female mice lungs were isolated 6h after PAK
instillation and colony-forming units/mL were measured. Wild-type females (pink diamonds) had improved bacterial clearance com-
pared with wild-type males (blue circles); oophorectomized female mice (black triangles) had decreased bacterial clearance compared
with wild-type females (pink diamonds); n=4 for each group, p <0.05; *represents a significant difference compared with wild-type
males, **represents a significant difference compared with wild-type females.
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the lung than male mice that underwent TBI followed by PAK.
Additionally, oophorectomized female mice had increased CFUs
compared with wild-type female mice, which were also very sim-
ilar to CFU levels isolated from male mice. These data indicate that
female mice have increased survival and bacterial clearance com-
pared with male mice and oophorectomized female mice that re-
ceive a TBI followed by instillation of bacterial pneumonia,
indicating that these outcomes are not only sex dependent, but are
also modified by female sex hormones.

Differential TNF-« activation in male and female
macrophages after exposure to P. aeruginosa

Alveolar macrophages are among the first immune cells to
interact with invading pathogens of the lung. When alveolar mac-
rophages interact with bacterial pathogens, they produce an in-
flammatory response that includes cytokines and chemokines, to
activate their own phagocytic functions and recruit other immune
cells to the area for host defense; one of the primary cytokines
released by alveolar macrophages after bacterial activation is
TNF-o.°" We hypothesized that one reason females may have fewer
infections after TBI is increased cytokine activation upon infection
with P. aeruginosa. Therefore, we exposed male and female al-
veolar macrophages to PAK and measured TNF-a over time
(Fig. 4A). In both male and female alveolar macrophages, TNF-«
secretion increased over time. Further, there was significantly in-
creased TNF-o production at 240 and 360 min after PAK infection
compared with unexposed controls. Interestingly, alveolar macro-
phage production in response to PAK infection was higher in fe-
male cells at both 240 and 360 min compared with their male
counterparts. One potential reason for this difference could be that
the male and female alveolar macrophages are independent cell
lines. To test this hypothesis, we isolated primary macrophages
from mice and exposed them to PAK infection (Fig. 4B). Both
male and female primary macrophages had significantly increased
TNF-o production at 6 h compared with unexposed control cells.
Further, primary female macrophages exposed to PAK had greater
TNF-o production at 6h compared with their PAK-exposed pri-
mary male macrophage counterparts. These data indicate that
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one difference between male and female macrophages is greater
TNF-o secretion from female macrophages compared with male
macrophages.

P. aeruginosa phagocytosis in male and female
macrophages is not sex dependent

We next sought to determine whether sex differences in
P. aeruginosa-induced TNF-« secretion would lead to similar dif-
ferences in phagocytosis. To this end, we infected male and female
alveolar macrophages with PAK and measured phagocytosis
(Fig. 5A). Both male and female alveolar macrophages were ca-
pable of P. aeruginosa phagocytosis. Although mean phagocytosis
was increased in female alveolar macrophages compared with their
male counterparts, this difference was not statistically significant.
We also tested P. aeruginosa phagocytosis in male and female
primary macrophages (Fig. 5B). Similar to male and female alve-
olar macrophages, male and female primary macrophages were
capable of P. aeruginosa phagocytosis, but no differences between
male and female primary macrophages were present.

Estrogen alleviates increased mortality and decreased
bacterial clearance in male and oophorectomized
female mice after post-TBI bacterial pneumonia

Our data have indicated a sex-dependent difference in mortality
and lung bacterial clearance in our murine model of P. aeruginosa
pneumonia after TBI. However, there are multiple differences be-
tween male and female physiology including, but not limited to,
genetics and sex hormone expression. One difference between
males and reproductive-age females is the presence of estradiol.
We tested whether estrogen could alleviate mortality in males and
oophorectomized wild-type female mice that underwent TBI fol-
lowed by P. aeruginosa pneumonia (Fig. 6A and B, respectively).
Male mice that were injected with 100 ug/kg of estradiol after TBI
and before instillation of PAK had improved survival compared
with vehicle controls (Fig. 6A). Additionally, male mice that re-
ceived 50 ug/kg of estradiol had a slight improvement in survival,
but were not significantly different from male mice injected with

E *%
D ‘B 400
g *g * Male *
— ©300{ ] .
emale

? 2200 3
L o E3
Z E 100 *
= S

0 T

0 360

Time (minutes)

FIG. 4. Differential tumor necrosis factor (TNF)-« activation in male and female macrophages after exposure to Pseudomonas
aeruginosa. Macrophages were exposed to P. aeruginosa for the times indicated and TNF-a was measured. (A) Male (MH-S) and
female (AMJ2-C11) alveolar macrophages were exposed to PAK, and TNF-o was assayed at indicated time points. Both male and
female macrophages produce greater quantities of TNF-« over time. At later time points, female alveolar macrophages (pink diamonds)
make more TNF-« than male alveolar macrophages (blue circles), n=8 for all time points assayed, TNF-o. was measured in duplicate,
p <0.05; *represents a significant difference compared with control, **represents a significant difference comparing male and female
alveolar macrophages at the same time point. (B) Primary male and female macrophages were exposed to PAK, and TNF-« was assayed
at indicated time points. Both male and female primary macrophages produce greater quantities of TNF-a over time. At 6h, female
alveolar macrophages (pink diamonds) make more TNF-o than male alveolar macrophages (blue circles), n=7 for all time points
assayed, TNF-« was measured in duplicate, p<0.05; *represents a significant difference compared with control, **represents a
significant difference comparing male and female alveolar macrophages at the same time point.
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FIG. 5. Pseudomonas aeruginosa phagocytosis in male and female macrophages is not sex dependent. Macrophages were exposed to
P. aeruginosa and phagocytosis was measured. (A) Male (blue circles) and female (pink diamonds) alveolar macrophages were exposed
to Pseudomonas aeruginosa K-strain (PAK) and phagocytosis was assayed. Both male and female alveolar macrophages both
phagocytose bacteria; n=35. (B) Primary male (blue circles) and female (pink diamonds) alveolar macrophages were exposed to PAK

and phagocytosis was assayed. Both male and female primary macrophages phagocytose bacteria; n=6.

vehicle. Wild-type oophorectomized female mice that were in- improved lung bacterial clearance. Male mice injected with

jected with 100 ug/kg of estradiol had significantly improved sur-
vival compared with oophorectomized wild-type female mice
injected with vehicle (Fig. 6B).

We next determined whether reduced mortality from
P. aeruginosa-mediated pneumonia after TBI was secondary to

100 ug/kg of estradiol before instillation of PAK had improved
lung bacterial clearance compared with male mice injected with
vehicle (Fig. 6C). Further, wild-type oophorectomized female mice
injected with 100 pug/kg of estradiol before PAK instillation had
significantly improved lung bacterial clearance compared with
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FIG. 6. Estrogen alleviates mortality and bacterial clearance in male and oophorectomized female mice after post-traumatic brain injury
(TBI) bacterial pneumonia. For all in vivo experiments, mice received TBI according to protocol. Twenty-four hours later, Pseudomonas
aeruginosa K-strain (PAK) was instilled intratracheally and either mortality or bacterial clearance was measured. Estrogen or vehicle was
administered at the indicated doses. (A) P. aeruginosa pneumonia leads to decreased mortality after TBI in male mice that received
100 ug/kg estrogen (pink line, n=10) compared with male mice that received 50 ug/kg estrogen (purple line, n=6) or vehicle (blue line,
n=4), p<0.05; *represents a significant difference compared with 50 ug/kg estrogen or vehicle. (B) P. aeruginosa pneumonia leads to
decreased mortality after TBI in oophorectomized female mice that received 100 ug/kg estrogen (pink line, n=10) compared with
oophorectomized female mice that received vehicle (blue line, n=9), p <0.05; *represents a significant difference compared with vehicle.
(C, D) Lungs from wild-type male mice that received 100 pug/kg estrogen or vehicle or oophorectomized female mice that received
100 pg/kg estrogen or vehicle were isolated 6 h after PAK instillation, and colony-forming units/mL were measured. For (C), wild-type
male mice that received 100 pg/kg estrogen (pink diamonds) had improved bacterial clearance compared with those that received vehicle
(blue circles); n=4 for each group, p <0.05; *represents a significant difference compared with vehicle. For (D), oophorectomized female
mice that received 100 pg/kg estrogen (pink diamonds) had improved bacterial clearance compared with those that received vehicle (blue
circles); n=4 for each group, p <0.05; *represents a significant difference compared with vehicle. (E) Male (blue circles) and female
(pink diamonds) alveolar macrophages were pre-treated with 10 nM estradiol (or vehicle) for 30 min before exposure to PAK. Tumor
nephrosis factor (TNF)-o was 6 h after exposure to PAK, n=3 for all conditions assayed, TNF-a was measured in duplicate, p <0.05; both
* and ** represent a significant difference compared with male cells treated with vehicle and PAK. (F) Male (blue circles) and female
(pink diamonds) alveolar macrophages were pre-treated with 10nM estradiol (or vehicle) for 30 min before exposure to PAK and
measurement of phagocytosis. All groups examined phagocytose bacteria; n=3 per group.
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oophorectomized wild-type female mice injected with vehicle
(Fig. 6D). To determine whether these effects would also occur at
the cellular level, we exposed male and female alveolar macro-
phages to estradiol before PAK exposure and measured TNF-o
production and phagocytosis. Similar to what is shown in Figure 4,
female alveolar macrophages make greater quantities of TNF-«
than male alveolar macrophages when pre-treated with vehicle
(Fig. 6E). However, when male alveolar macrophages are pre-
treated with estrogen, they have a significant increase in PAK-
induced TNF-a. Female alveolar macrophages do not respond to
estradiol with a further increase in TNF-a. As seen in Figure 5,
although there is a trend to greater levels of phagocytosis in female
alveolar macrophages compared with male alveolar macrophages,
there are no significant differences in the rate of phagocytosis be-
tween the cells (Fig. 6F), and pre-treatment with estradiol does not
increase the rate of phagocytosis in either male or female alveolar
macrophages.

Taken together, these data indicate that estradiol is one mecha-
nism by which wild-type female mice have improved survival and
lung bacterial clearance after TBI and subsequent P. aeruginosa
pneumonia compared with their male counterparts.

Discussion

TBI is the leading cause of injury-related death and disability in
patients under the age of 46 years." Numerous complications arise
secondary to the initial injury and cause significant long-term
morbidity. One of the most frequent complications secondary to
TBI is bacterial pneumonia.> The mechanisms of post-TBI bac-
terial pneumonia are multifactorial and include, but are not limited
to, neurological consequences of TBI such as impairment of airway
reflexes, decreased level of consciousness, dysphagia, and the need
for mechanical ventilation. However, we have hypothesized that
the increased incidence of post-TBI bacterial pneumonia is also
caused by decreased immune function within the first 2 weeks after
injury."" In our model of TBI and subsequent bacterial pneumonia,
we revealed increased mortality in mice that received TBI com-
pared with those who received sham craniotomy. Importantly, male
mice had higher mortality than their female counterparts. One
mechanism by which this may occur is decreased bacterial clear-
ance after TBI in male mice compared with female mice. Further,
we demonstrated the essential role of female sex hormones in the
sex dimorphism, as oophorectomized wild-type female mice had
increased mortality and decreased bacterial clearance similar to
male mice. Interestingly, we found a difference in the levels of
TNF-a secreted after P. aeruginosa infection between male and
female alveolar macrophages; however, there was no difference in
phagocytosis. Finally, we demonstrated that estradiol is one female
sex hormone that can alleviate post-TBI P. aeruginosa-mediated
mortality, as administration of estradiol to male or oophor-
ectomized wild-type female mice reduces mortality and improves
lung bacterial clearance. These findings support an important role
for estrogen(s) and sex dimorphism in post-TBI P. aeruginosa
pneumonia, which may be mediated by differences in alveolar
macrophage function.

In our study, this new model of TBI followed by P. aeruginosa
pneumonia is used to study mortality and other indices of pulmo-
nary function. There are numerous animal models of TBI that can
accurately mimic focal or diffuse injury using direct impact or
inertia-based injuries.’*>* For our purposes, we chose CCI. This
method of injury was chosen because it creates a reproducible in-
jury and a significant trauma that allows us to study extracranial
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pathology. CCI therefore allows us to create a consistent ““trigger”’
injury and test the effects of subsequent pneumonia thereafter.
Further, this model of post-TBI bacterial pneumonia allows us to
test the effects of sex and drug therapy on a variety of pulmonary
outcomes in current and future studies. Additionally, use of trans-
genic mice can be used within this model. Together, the benefits of
this model will allow us to more precisely understand how TBI
makes patients more susceptible to secondary bacterial pneumonia
and long-term morbidity. Other groups have tested the effects of
TBI on secondary bacterial pneumonia. In one model, Staphylo-
coccus aureus was instilled after CCI, and the effect of tranexamic
acid on pulmonary immune status was tested, but mortality was
never measured.> Further, another group studied the incidence of
spontaneous bacterial pneumonia in mice after TBI with lateral
fluid percussion injury.’® They found no increased bacterial load in
the lung after 7 days. However, they did use a method of injury that
creates a diffuse rather than a focal injury, which may lead to
variations in immune suppression. Additionally, recent articles
suggest that pneumonia is dependent on the lung microbiome,
and mice have high variability in this regard dependent on many
variables including cage, shipment, and vendor.”” Finally, an-
other group has demonstrated that TBI before instillation of
P. aeruginosa pneumonia improves survival.**®° Interestingly (1)
this group uses a model of diffuse axonal injury that produces mild,
rather than severe TBI; (2) they instill the P. aeruginosa pneumonia
48 h after TBI in contrast to 24 h; and (3) they use entirely female
mice of a different species. These data support our findings that
post-TBI bacterial pneumonia with P. aeruginosa is sex dependent.

We found differences in mortality between male and female
mice after post-TBI intratracheal instillation of P. aeruginosa
pneumonia. We also revealed that increased mortality was asso-
ciated with decreased bacterial lung clearance. Further, we dem-
onstrated that these sex differences were related to the expression of
female sex hormones, as oophorectomized female mice had in-
creased mortality and decreased bacterial clearance similar to that
of male mice. Clinical studies examining post-TBI, extracranial
outcomes indicate that male patients are more likely to acquire
secondary bacterial pneumonia than their female counterparts.>**
It is also known in clinical trauma studies that females recover
better than males from a number of trauma-related end-organ in-
juries.>? Pre-clinical rodent studies also indicate that female mice
have better outcomes than male rodents in trauma-hemorrhage
experiments.*®>° After these initial breakout studies, numerous
other studies indicated that estrogen(s) and progesterone could al-
leviate end-organ injury post-trauma hemorrhage.* However,
limited studies were performed examining the exact difference
between the sexes of mice; most studies focused on adding estro-
gen(s) to male mice just before or after the insult.

Another interesting finding in our study was the difference
in secretion of TNF-o by male and female alveolar macrophages
after P. aeruginosa infection, with females having significantly
increased secretion compared with their male counterparts. Ad-
ditionally, pre-treatment of male alveolar macrophages stimulated
greater TNF-o secretion when exposed to PAK. Because these al-
veolar macrophages are both immortalized cell lines, we isolated
primary macrophages from both male and female mice and again
found that there was a difference. TNF-o is one of the key pro-
inflammatory cytokines that is initially released when macrophages
encounter an invading pathogen.’"*"%> Not only is TNF-u secre-
tion necessary to aid recruitment of neutrophils and other immune
cells to the site of the infection, it is also a key cytokine necessary
for phagocytosis of P. aeruginosa by macrophages.®"®* Although
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we hypothesized that increased macrophage phagocytosis could be
one mechanism that explained increased bacterial clearance and
decreased mortality in female mice, our data do not support this
hypothesis. Phagocytosis by male and female macrophages (and
primary macrophages) is not significantly different in our studies,
including after exposure to estradiol. However, none of these iso-
lated macrophages was exposed to the immunosuppressive effects
of TBI; therefore, exposing the cells to immunosuppressive medi-
ators may lead to sex differences that explain the sex dimorphism in
our murine model of post-TBI bacterial pneumonia.

In addition to revealing that mortality and lung bacterial clear-
ance after post-TBI P. aeruginosa pneumonia is sex dependent, we
reveal that administration of estradiol both alleviates increased
mortality and improves lung bacterial clearance in male and oo-
phorectomized female mice. As previously mentioned, estrogen
has a salutary effect on male mice that have undergone trauma-
hemorrhage.*~” Pre-clinical studies in stroke and TBI also indi-
cate that therapy with estrogen(s) and/or progesterone may have
clinical benefits for patients.®*°® However, clinical trials exploring
progesterone as a therapy for acute TBI have found no benefit to
date.®”’ In our study, how estrogen improves lung bacterial
clearance and improves mortality is not known. Estradiol can
activate one of three receptors: estrogen receptor (ER) o, ERf,
and G protein-coupled ER (GPER).**"-7'="3 Typically, activation
of ERa and ERf occurs in a long-term mechanism involving
activation/repression of transcription;’* however, GPER activation
involves rapid signaling including the mobilization of Ca™ and
phosphorylation of extracellular signal-regulated kinase (ERK)
1/2.75"® Further studies will be required using receptor-specific
agonists and/or antagonists or receptor knock-out mice and/or cells
to determine the specific ER(s) involved in these processes and
specific mechanisms. These question(s) are the source of intense
investigation.

Our study has four specific limitations that are opportunities for
further growth and utility of our murine model of TBI with sub-
sequent P. aeruginosa pneumonia. First, although our model does
exhibit a sex-dependent difference in mortality and lung bacterial
clearance, we used a dose of P. aeruginosa that caused mortality
in a minority of females that underwent TBI. In future studies, we
will test higher doses of P. aeruginosa that induce greater levels of
mortality, and examine pulmonary physiology indices at these
doses to determine mechanism(s) of pneumonia-related death.
Second, we measured lung bacterial clearance as our primary
mechanistic end-point for pneumonia-related mortality after TBI.
Although this is a useful measurement, there are multiple reasons
that lung bacterial clearance may be altered, including, but not
limited to: phagocytosis by immune cells, recruitment of immune
cells, cytokine release, and permeability of the alveolar-capillary
barrier. Future studies will further elucidate sex-dependent mech-
anisms of TBI and post-TBI, pneumonia-related alterations of
pulmonary function and mortality. Third, although we did show
differences in sex-dependent TNF-a secretion, we did not find a
difference in phagocytosis. However, we have previously revealed
that multiple mechanisms of systemic immune suppression inhibit
immunity leading to bacterial pneumonia after TBL.'' The cells in
our assay were not exposed to these conditions; therefore, they may
not reflect the exact physiology that is present inside the murine
lung after TBI. Future studies will elucidate these mechanisms via
genetic or pharmacological inhibition of macrophages, mimicking
what happens in vivo, to better understand these pathophysiological
mechanisms. Fourth, although we have provided clear data for the
effects of estrogen in this process, we have not studied testosterone.

PITTET ET AL.

It is well described that having low testosterone levels after TBI
leads to a worse prognosis and problems with rehabilitation”**° and
that testosterone can reduce neurodegeneration in mice after TBIL®!
Although we could not find any data describing the effects of tes-
tosterone on post-TBI bacterial pneumonia, other studies do sug-
gest that males with low testosterone are more susceptible to viral
pneumonia.®*# Therefore, future studies will focus on both clini-
cal and pre-clinical models that examine the role of testosterone in
post-TBI bacterial pneumonia.

Conclusion

In summary, we present a reproducible model of TBI using CCI
followed by intratracheal instillation of P. aeruginosa. To our
knowledge, this is the first study to examine sex differences in
mortality and other pulmonary indices in post-TBI bacterial pneu-
monia with P. aeruginosa. We have demonstrated that decreased
lung bacterial clearance is one mechanism by which increased
mortality in males occurs. We have demonstrated that this is a sex-
and estrogen-dependent effect, as oophorectomized wild-type fe-
male mice have greater mortality and decreased lung bacterial
clearance, similar to male mice, which is alleviated by estradiol.
Further, we have revealed that sex-dependent differences exist at
the level of the macrophage. This is a model that has the power to
elucidate differences in sex-related pulmonary physiology after
TBI. Not only can this model be used to examine bacterial pneu-
monia after TBI, it can also be employed to understand sex dif-
ferences in lung physiology after TBI alone. Additionally, the
knowledge that isolated male and female macrophages have
physiological differences in response to infection is powerful.
Although this difference has only been demonstrated using TNF-o
secretion, it could be the case for numerous other outcomes. If true,
researchers would be able to genetically modify these specific
populations to better understand sex differences at a molecular
level. Our study reveals new findings in sex dimorphism after
trauma, and new tools that can be used to better understand these
physiological mechanisms and work toward sex-dependent thera-
pies that can inform precision medicine for both sexes.
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