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Abstract

Objectives: Respiratory infections in the postacute phase of traumatic brain injury impede
optimal recovery and contribute substantially to overall morbidity and mortality. This study
investigated bidirectional innate immune responses between the injured brain and lung, using a
controlled cortical impact model followed by secondary Streptococcus pneumoniae infection in
mice.

Design: Experimental study.
Setting: Research laboratory.
Subjects: Adult male C57BL/6J mice.

Interventions: C57BL/6J mice were subjected to sham surgery or moderate-level controlled
cortical impact and infected intranasally with S. pneumoniae (1,500 colony-forming units) or
vehicle (phosphate-buffered saline) at 3 or 60 days post-injury.

Main Results: At 3 days post-injury, S. pneumoniae-infected traumatic brain injury mice (TBI +
Sp) had a 25% mortality rate, in contrast to no mortality in S. pneumoniae-infected sham (Sham +
Sp) animals. TBI + Sp mice infected 60 days post-injury had a 60% mortality compared with 5%
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mortality in Sham + Spmice. In both studies, TBI + Sp mice had poorer motor function recovery
compared with TBI + PBS mice. There was increased expression of pro-inflammatory markers in
cortex of TBI + Sp compared with TBI + PBS mice after both early and late infection, indicating
enhanced post-traumatic neuroinflammation. In addition, monocytes from lungs of TBI + Spmice
were immunosuppressed acutely after traumatic brain injury and could not produce interleukin-14,
tumor necrosis factor-a,, or reactive oxygen species. In contrast, after delayed infection monocytes
from TBI + Sp mice had higher levels of interleukin-1@, tumor necrosis factor-a, and reactive
oxygen species when compared with Sham + Sp mice. Increased bacterial burden and pathology
was also found in lungs of TBI + Spmice.

Conclusions: Traumatic brain injury causes monocyte functional impairments that may affect
the host’s susceptibility to respiratory infections. Chronically injured mice had greater mortality
following S. pneumoniae infection, which suggests that respiratory infections even late after
traumatic brain injury may pose a more serious threat than is currently appreciated.

Keywords

immunosuppression; lung infection; monocyte function; neuroinflammation; Streptococcus
pneumoniae, traumatic brain injury

Traumatic brain injury (TBI) is the leading cause of mortality in young adults and a major
cause of death and disability across all ages in all countries (1). A major risk factor for
poorer outcome after severe TBI is bacterial infection (2). Given the frequent need for
mechanical ventilation, ventilator-acquired pneumonia (VAP) represents 23-74% of
nosocomial infections in severe TBI patients (3-7) and is a major contributor to post-TBI
com-plications (8-11). Further, at 5-20 years after brain trauma, survivors are 2.3-4.3 times
more likely to die than the general population, with increased risk of death from pneumonia
or sepsis (12).

Streptococcus pneumoniae is a gram-positive bacterium and a common cause of
community-acquired pneumonia (13). Neutrophils are the first innate immune cells to
respond to S. prneumoniae, heavily recruited to the lung and nasopharynx (13). Neutrophils
phagocytose bacteria and produce reactive oxygen species (ROS); this can result in epithelial
cell signaling, and infiltration of monocytes into lung (13). Alveolar macrophages are
activated after infection; however, it is the infiltrating monocytes that induce critical immune
responses. They are activated by damage-associated molecular patterns, such as high
mobility group box protein 1 (HMGB1), upregulating nuclear factor kappa B signaling, and
interleukin (IL)-1p production (13). Whereas neutrophils are necessary for the initial
response to infection, monocytes and IL-1p are essential for bacterial clearance and immune
resolution (14).

Clinical studies report marked cellular immunosuppression acutely after TBI (15, 16), which
results in alterations in monocyte gene expression and increased susceptibility to infection
(17, 18). Experimental studies confirm acute post-traumatic immunosuppression (19, 20).
Furthermore, we recently reported that monocytes are hyper-responsive chronically after
TBI in mice, producing high levels of IL-1p and ROS (19). However, whether long-lasting
alterations in monocyte function have implications for TBI clinically is unknown. This study
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investigates the immunological and neurologic impact of TBI on the host’s response to S.
pneumoniae at 3 (acute) or 60 (chronic) days post-injury to model early- and late-onset
pneumonia following severe brain trauma, respectively. Male C57BL/6J mice were
subjected to moderate-level controlled cortical impact (CCI) followed by S. pneumoniae
infection, and molecular and cellular analyses were used to examine bidirectional effects of
brain injury and lung infection.

MATERIALS AND METHODS

Animals

Detailed methods are available in the Supplementary File (Supplemental Digital Content 1,
http://links.lww.com/CCM/F349).

Adult male C57BL/6J mice (12-wk-old; Jackson Laboratories, Bar Harbor, ME) were
housed in a specific pathogen-free facility (12 hr light/dark cycle). All mice had access to
sterilized chow and hyperchlorinated water ad libitum. Animal procedures were approved by
the Institutional Animal Care and Use Committee of the University of Maryland School of
Medicine.

Acute TBI + Sp model: Sham surgery or CCI was performed on 20-25 mice/surgical
condition. At 3 days post-injury, mice were infected intranasally with S. pneumoniae or
vehicle (phosphate-buffered saline) (7= 10-15/group). Mice used for flow cytometry,
histology, and reverse transcriptasepolymerase chain reaction (RT-PCR) analyses were
euthanized at 3 days post-infection. Mice evaluated for mortality were euthanized at 7 days
post-infection.

Chronic TBI + Sp model: Sham surgery or CCI was performed on 20-25 mice/surgical
condition. At 60 days post-injury, mice were administered S. pneumoniae or PBS (n= 10-
15/group). Mice used for flow cytometry, histology, RT-PCR, were euthanized at 3 days
post-infection, and mice used for mortality were euthanized 7 days post-infection.

Controlled Cortical Impact

Infection

Moderate-level CCI was induced using an impactor velocity of 6 m/s and deformation depth
of 2 mm, as previously described (21). Sham mice underwent the same procedure as CCl
except for craniectomy and cortical impact.

S. pneumoniae was prepared as detailed in the Supplementary File (Supplemental Digital
Content 1, http:/links.lww.com/CCM/F349). Prior to infection, frozen stocks were diluted to
1,500 colony-forming units (CFUS), as previously described (22). Mice were anesthetized
with isoflurane prior to administration of 25 uL of S. pneumoniae inoculum to each nare for
a total of 50 UL of S. pneumoniae. Mice were not mechanically ventilated at any point
during the study. Mice were housed in a Biosafety Level 2 facility until euthanasia. Mice
were examined daily for weight loss and mortality. If a mouse lost greater than or equal to
20% body weight, the animal was humanely euthanized.
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Bronchoalveolar Lavage

Bronchoalveolar lavage (BAL) was performed as detailed in the Supplementary File
(Supplemental Digital Content 1, http://links.lww.com/CCM/F349).

Evans Blue and Fluorescein Tracers

Tail vein injection of Evans blue or sodium fluorescein in mice were performed as detailed
in the Supplementary File (Supplemental Digital Content 1, http://links.lww.com/CCM/
F349).

Neurobehavior

Mice performed cylinder and grip strength tasks as previously described (23, 24).

Flow Cytometry

Flow cytometry was performed as detailed in the Supplementary File (Supplemental Digital
Content 1, http:/links.lww.com/CCM/F349).

Quantitative RT-PCR
Messenger RNA (mRNA) analysis was performed as previously described (22, 24).

HMGB1

Enzyme-linked immunosorbent assay (IBL International, Hamburg, Germany) was used to
quantify HMGBL1 in plasma.

Lung Histopathology

Lung sections were prepared as detailed in the Supplementary File (Supplemental Digital
Content 1, http://links.lww.com/CCM/F349). The slides were read in a blind manner
(J.C.B.) and examined for parameters of pulmonary inflammation, that is, peribronchiolitis,
perivasculitis, interstitial pneumonia, and alveolitis, as previously described (25).

Statistical Analyses

Data were analyzed for normal distribution and are presented as arithmetic mean + sem.
Sham versus TBI alone comparisons were analyzed by Student #test. Mortality data were
analyzed using Mantel-Cox analysis. Neurobehavior was analyzed by two-way analysis of
variance (ANOVA) with repeated measures and Tukey post hoc analysis. All other studies
were analyzed by two-way ANOVA with Tukey post hoc analysis. Statistics were performed
using GraphPad Prism 7 (GraphPad Software, San Diego, CA).

RESULTS

TBI Increases Lung Permeability and Infiltration of Myeloid Cells in Lung

To investigate early peripheral responses after TBI, C57BL/6J mice were subjected to sham
surgery or moderate-level CCI and plasma was collected at 3, 24, 72 hours, and 7 days post-
injury to measure HMGBL1 levels. Circulating HMGBL increased within 3 hours (Fig. 1A),
and peaked at 24 hours. Flow cytometry was performed to assess myeloid function in lung.
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At 24 hours post-injury, there were increased numbers of myeloid cells in the lung of TBI
compared with sham mice (Fig. 1B). There were also increased numbers of myeloid cells in
BAL fluid of TBI mice (Fig. S2A, Supplemental Digital Content 3, http://
links.lww.com/CCM/F351; legend, Supplemental Digital Content 1, http://
links.lww.com/CCM/F349). When compared with sham levels, infiltrating Ly6C+
monocytes in lungs of TBI mice had higher transforming growth factor-p (TGFp) expression
(Fig. 1C) and deficits in phagocytic function (Fig. 1D) as demonstrated by reduced latex
bead engulfment in an ex vivo phagocytosis assay. There was increased lung permeability
after TBI, as shown by an increased permeability ratio of fluorescein in BAL versus plasma
(Fig. S2B, Supplemental Digital Content 3, http://links.lww.com/CCM/F351; legend,
Supplemental Digital Content 1, http://links.lww.com/CCM/F349) and increased Evans blue
dye accumulation in lungs of TBI mice (Fig. S2C, Supplemental Digital Content 3, http://
links.lww.com/CCM/F351; legend, Supplemental Digital Content 1, http://
links.lww.com/CCM/F349).

Lung Infection in TBI Mice Delays Motor Function Recovery, Exacerbates Lung Pathology,
and Increases Mortality

To model post-traumatic respiratory infection, C57BL/6J mice were subjected to sham
surgery or CClI and infected with S. pneumoniae (1,500 CFUs) or vehicle (PBS) at 3 days
post-TBI (Fig. 2A). Immune function and lung pathology were assessed at 3 days post-
infection, and mortality assessed at 7 days postinfection in a separate cohort of animals. Sp-
infected TBI mice (TBI + Sp) exhibited increased mortality (25-30%) compared with Sp-
infected sham mice (Sham + Sp, 0%; Fig. 2B). Sham and TBI mice inoculated with vehicle
survived. Neurobehavioral testing to assess forelimb function demonstrated that all injured
mice had equivalent levels of forelimb impairment in the cylinder task post-TBI (Fig. 2C).
However, whereas impairments in TBI + PBS mice recovered, impairments persisted in TBI
+ Sp mice and were increased compared with TBI + PBS mice (Fig. 2C). Analysis of
forelimb grip strength revealed that all mice had equivalent grip strength post-TBI, whereas
after S. pneumoniae infection, TBI + Sp mice had reduced grip strength compared with TBI
+ PBS mice (Fig. 2D).

16S ribosomal RNA (rRNA) for S. pneumoniae was quantified in lung and cortex to assess
bacterial burden. Lungs of TBI + Sp mice had lower cycle threshold values for 16S rRNA
than Sham + Sp mice, indicating increased bacterial load in lung after TBI (Fig. S3,
Supplemental Digital Content 4, http://links.lww.com/CCM/F352; legend, Supplemental
Digital Content 1, http://links.lww.com/CCM/F349). Importantly, bacteria were not present
in cortex following S. pneumoniae infection (Fig. S3, Supplemental Digital Content 4, http://
links.lww.com/CCM/F352; legend, Supplemental Digital Content 1, http://
links.lww.com/CCM/F349). Histopathological scoring revealed that TBI + Sp mice had
increased alveolitis in lung compared with Sham + Spmice (Fig. 2, E and F).

Lung Infection After Acute TBI Increases Circulating HMGB1, Brain and Lung Inflammation

At 3 days post-infection, HMGB1 was increased in plasma of TBI + Sp mice when
compared with all other groups (Fig. 3A). To determine whether S. pneumoniae infection
could alter neuroinflammation, microglial activation markers were assessed. Pro-
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inflammatory tumor necrosis factor (TNF)—a, IL-1B, and nicotinamide adenine dinucleotide
phosphate oxidase (NOX2) mRNA were increased in cortex of TBI + Sp compared with TBI
+ PBS mice (Fig. 3B). In addition, alternative activation markers, Arginase-1 and chitinase-
like protein 3 (YM1) mRNA, were also increased in cortex of TBI + Sp mice (Fig. 3B).
There was no effect of infection on other alternative activation (TGFp, CD206, Fizz1) or
inflammasome (NLR family pyrin domain containing 3 [NLRP3], Caspase-1) markers.
Analysis of lung focused on mice challenged with S. pneumoniae because TBI alone had no
effect on lung inflammation at this time point. When compared with Sham + PBS levels,
there was increased expression of pro-inflammatory IL-1f, TNFa, and NOX2 mRNA in
lung of Sham + Spand TBI + Spmice (Fig. 3C). Notably, there was a reduction in TNFa in
TBI + Sp compared with Sham + Sp mice (Fig. 3C). TBI + Sp mice also had increased
expression of M2 alveolar macrophage markers, YM1, Arginase-1, and Fizz1 mRNA,
compared with levels in Sham + Spmice (Fig. 3C). Expression levels of other M2 (TGF,
CD206) and inflammasome (NLRP3, Caspase-1) markers were unchanged by S.
pneumoniae.

S. pneumoniae Infection Impairs Monocyte Functional Responses After TBI

Myeloid function in lung was then assessed by flow cytometry. S. pneumoniae infection
increased infiltration of Ly6G+ neutrophils into lungs of sham mice (Fig. 3D); however, TBI
mitigated this response such that TBI + Sp mice had reduced numbers of neutrophils when
compared with levels in Sham + Spmice. Analysis of lung-infiltrating Ly6C+ monocytes
demonstrated that S. pneumoniae increased I1L-1p, TNFa, and ROS production in sham
mice (Fig. 3Ei-iii). In contrast, TBI suppressed IL-1B, TNFa, and ROS levels in monocytes
of TBI + Spmice.

Delayed Lung Infection Increases Motor Function Impairments, Exacerbates Lung
Pathology, and Increases Mortality in Chronically Injured Mice

To investigate the immunological consequences of a delayed respiratory infection months
after TBI, sham and CCI mice were infected with S. pneumoniae (1,500 CFUSs) or vehicle
(PBS) at 60 days post-injury (Fig. 4A). Immune function and lung pathology were assessed
at 3 days post-infection, and mortality assessed at 7 days post-infection in a separate cohort
of animals. Chronic TBI mice that received S. pneumoniae (TBI + Sp) had increased
mortality (50-60%) when compared with Sham + Sp mice (5-10%; Fig. 4B). Sham and TBI
mice inoculated with vehicle survived. In the cylinder task, forelimb impairments persisted
in TBI + Sp mice when compared with recovery levels in TBI + PBS mice (Fig. 4C).
Similarly, following S. pneumoniae infection, chronic TBI + Sp mice had reduced forelimb
grip strength when compared with TBI + PBS mice (Fig. 4D).

Chronic TBI + Spmice had increased bacterial load in the lung following infection (Fig. S4,
Supplemental Digital Content 5, http://links.lww.com/CCM/F353; legend, Supplemental
Digital Content 1, http://links.lww.com/CCM/F349); there was no evidence of bacteria in the
cortex (Fig. S4, Supplemental Digital Content 5, http://links.lww.com/CCM/F353; legend,
Supplemental Digital Content 1, http://links.lww.com/CCM/F349). Chronic TBI + Spmice
also had increased interstitial pneumonitis and alveolitis in lung when compared with Sham
+ Spmice (Fig. 4, E and F).
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Lung Infection After Chronic TBI Increases Circulating HMGB1, Brain and Lung
Inflammation

Analysis of HMGBL in plasma demonstrated that chronic TBI + Sp mice had increased
circulating HMGB1 compared with all other groups (Fig. 5A). In the cortex, TNFa and
IL-18 mRNA were increased in TBI + Sp compared with TBI + PBS mice (Fig. 5B). YM1
mMRNA was also increased in TBI + Spmice. Expression levels of other alternative activation
and inflammasome markers were not changed by S. pneumoniae.

In the lung, there was a robust increase in IL-1p mRNA in TBI + Sp compared with Sham +
Sp mice (Fig. 5C). In contrast to the acute model (Fig. 3C), TNFa mRNA was increased in
chronic TBI + Sp compared with Sham + Spmice (Fig. 5C). Arginase-1 and YM1 mRNA
were also increased in lungs of TBI + Sp compared with Sham + Sp mice. Notably,
expression of NLRP3, apoptosis-associated speck-like protein containing C-terminal caspase
recruitment domain, and cleaved Caspase-1 protein were also increased in lung of chronic
TBI + Spmice (Fig. 5C; and Fig. S5, Supplemental Digital Content 6, http://
links.lww.com/CCM/F354; legend, Supplemental Digital Content 1, http://
links.lww.com/CCM/F349).

Delayed S. pneumoniae Infection Increases Monocyte Cytokine and ROS Levels After
Chronic TBI

In contrast to the acute model (Fig. 2D), there was increased neutrophil infiltration in lung of
chronic TBI + Spmice when compared with Sham + Sp levels (Fig. 5D). Furthermore, lung-
infiltrating monocytes in chronic TBI + Sp mice produced higher levels of IL-13, TNFa,
and ROS when compared with levels in Sham + Sp mice (Fig. 5Ei-iii).

DISCUSSION

Lung infection following severe TBI is a serious complication that increases mortality (8, 9).
Our experimental studies confirmed this relationship; TBI mice infected with S. pneumoniae
at 3 days post-TBI exhibited 25% mortality compared with 0% in Sham + Sp mice.
Furthermore, a delayed S. preumoniae infection at 60 days post-TBI caused even higher
mortality rates (50-60%). Importantly, respiratory infection also exacerbated motor function
impairments after TBI. Chronic post-traumatic neuroinflammation was significantly
increased following S. pneumoniae infection. In the lung, time-dependent
immunosuppression and dysfunctional cellular responses to S. pneumoniae occurred after
TBI. Acutely after TBI, lung-infiltrating monocytes had deficits in innate immune functions
critical for bacterial clearance. They produced lower levels of pro-inflammatory cytokines
and ROS in response to S. pneumoniae, which suggests an immunosuppressed phenotype. In
contrast, chronically after TBI monocytes responded more vigorously to bacterial infection
and produced high levels of TNFa, IL-1B, and ROS. M2 macrophage markers were also
upregulated in lung, perhaps as a host response to counteract the damaging effects of pro-
inflammatory agents. However, with marked mortality differences and increased bacterial
burden in lung, TBI mice at either acute or chronic time points were unable to respond to S.
pneumoniae and control inflammation. These preclinical studies suggest that bidirectional

Crit Care Med. Author manuscript; available in PMC 2020 October 08.


http://links.lww.com/CCM/F354
http://links.lww.com/CCM/F354
http://links.lww.com/CCM/F349
http://links.lww.com/CCM/F349

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Doran et al.

Page 8

brain-lung interactions influence key innate immune functions in monocytes, which may
affect physiologic and neurologic outcomes in severely injured patients.

To our knowledge, this is the first preclinical study to use “living” gram-positive bacteria (S.
pneumoniae) that cause respiratory infections commonly contracted by TBI patients (9, 26).
Unfortunately, due to safety precautions surrounding the use of living bacteria in our facility,
we were unable to comprehensively assess cognitive function using established tests (27).
Despite these limitations, we identified differences in sensorimotor function between TBI +
Spand TBI + PBS (Vehicle) mice. It is unclear whether S. prneumoniae-induced neurologic
impairments are sustained after TBI or resolve once S. pneumoniae-induced lung
inflammation subsides. Future studies to include evaluations of chronic time points post-
infection will be required to address this open question. Nevertheless, neurologic differences
were associated with increased pro-inflammatory neuroinflammation (TNFa, IL-1pB, and
NOX2); such markers are expressed by reactive microglia during chronic neuroinflammation
(28, 29). Stroke and spinal cord injury studies also reported exacerbated neuroinflammatory
responses following secondary challenge with S. pneumoniae or influenza infections (30,
31).

The increased lung pathology and bacterial burden in TBI + Sp may be due to acute
immunosuppression. Following TBI, monocytes in the lung had impaired phagocytic activity
and produced high levels of TGFB. Furthermore, monocytes in lung were unresponsive to S.
pneumoniae and failed to upregulate TNFa and IL-1p. Other CNS injuries elicit similar
levels of peripheral immunosuppression. In experimental stroke studies, acetylcholine
release in the spleen causes monocyte functional deficits, leading to increased infection rates
(32, 33). Norepinephrine and epinephrine also impact peripheral immunosuppression (31,
34), such that p-receptor blockers inhibit cytokine production and cell migration after CNS
injury (35). Further, the effects of glucocorticoids and signaling through the hypothalamus-
pituitary-adrenal axis can cause immune paralysis following TBI (36).

TBI patients have increased HMGBL1 in plasma within hours of brain trauma (37).
Mechanistically, experimental studies indicate that acute lung injury after TBI is caused, in
part, by HMGBL release from damaged endothelial cells in the blood-brain barrier, and
subsequent Toll-like receptor 4/receptor for advanced glycation end products signaling in
lung—Ileading to inflammasome activation and inflammation (38-40). In lung injury models,
pharmacological blockade of HMGBL1 preserves lung function (41), and early HMGB1
inhibition also prevents neurologic deficits following experimental TBI (42, 43). Our “two-
hit” model of moderate-severe TBI plus secondary lung infection increased circulating
HMGBL1 in TBI + Sp mice compared with all other groups. Mice that were infected at 60
days post-injury had the highest levels of HMGBL. Inflammasome components were also
robustly increased in lung at 60 days post-injury, indicating that TBI may prime alveolar
macrophages/monocytes to produce more IL-1p upon secondary infection by upregulating
NLRP3 inflammasome. Cellular analyses confirmed excessive IL-1f production in lung-
infiltrating monocytes of chronic TBI + Spmice. Therefore, if respiratory infections occur
during the chronic phase of TBI when monocyte innate immune function (e.g., respiratory
burst and phagocytic activity) is impaired (19), excessive HMGBL release may exacerbate
an aggressive immune reaction capable of inducing bystander injury (44).
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Because monocytes repopulate within days of a TBI (45), chronic impairments in monocyte
function may reflect inherent changes in bone marrow (BM) progenitor cells. Prior
immunophenotyping of BM from chronically brain-injured mice revealed long-lived deficits
in monocyte function (19). In stroke models, myeloid progenitor stem cells are altered early
after the ischemic brain injury, perhaps through epigenetic mechanisms that regulate
myelopoiesis (46, 47). The innate immune system can develop memory through epigenetic
reprogramming (48), such that re-stimulated BM-derived monocytes may produce a more
robust response following secondary challenge. Alternatively, an initial stress response to
trauma may epigenetically modify inflammatory genes causing them to become refractory to
a subsequent challenge (49, 50). Additional studies are needed to investigate the
mechanisms that drive persistent systemic immune impairments chronically after TBI.

Although we identified TBI-induced impairments in systemic immune function that may
affect the host’s susceptibility to respiratory infections, our preclinical study has several
limitations. In the hospital setting, severe TBI patients often develop VAP acutely after brain
trauma (7). Here, we sought to compare early versus late respiratory infection post-TBI.
Chronically injured patients are extubated and are more likely to develop community-
acquired pneumonia caused by gram-positive bacteria spread by inhalation of aerosols (13).
Thus, we developed a model of delayed community-acquired pneumonia that was induced
via nasopharynx administration of S. pneumoniae (gram-positive bacteria) rather than
through direct tracheal infection with gram-negative bacteria, which would mimic VAP.
However, S. pneumoniae is also recognized as a nosocomial pathogen in ICU patient
populations (4, 51), including the elderly who are known to have poorer outcomes after TBI.
Further, our histopathological assessments of lung revealed a diffuse multi-lobe pneumonia
in TBI + Spmice, which is commonly seen in VAP. Another limitation of this study was that
bacterial load in lung post-infection was not assayed by CFU assay but was determined by
16S rRNA analysis. This approach may artificially inflate bacterial load readout due to
presence of 16S rRNA from dead bacteria.

Clinically, TBI survivors are at increased risk of death by aspiration pneumonia and sepsis
between 5 and 20 years after trauma (12). Here, we showed that chronically injured mice
infected with S. pneumoniae had increased mortality, exacerbated motor function
impairments and neuroinflammation, dysfunctional monocyte responses, and increased
pathology in lung. Although neuroinflammation is known to continue for years following
experimental TBI (29), long-term changes in peripheral immunity have only recently been
reported (19, 52). In fact, systemic injection of lipopolysaccharide following diffuse TBI in
mice exaggerates glial activation and worsens cognitive outcomes (53, 54). Therefore, long-
term TBI survivors may be at higher risk of overall worsened neurologic and immunological
outcomes following respiratory infection, which has further implications on morbidity and
mortality.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Experimental traumatic brain injury (TBI) alters myeloid cell function in lung. A, Adult

male C57BI/6J mice were subjected to sham surgery or moderate-level controlled cortical
impact and plasma was collected at 3, 24, 72 hr and 7 d post-injury. When compared to
levels in sham, high mobility group box protein 1 (HMGBL1) was increased in plasma of TBI
mice (p < 0.05 vs sham). B, Flow cytometric analysis of whole lung tissue collected at 24 hr
post-injury demonstrated an increase in lung-infiltrating myeloid cells (CD45+CD11b+) in
TBI mice (p< 0.05 vs sham). C, At 24 hr post-injury, TBI increased transforming growth
factor-p (TGFp) production in lung-infiltrating TBI monocytes (CD45+CD11b+Ly6C
+Ly6G—) when compared to levels in sham mice (p < 0.05). D, At 24 hr post-injury, lung-
infiltrating monocytes had decreased phagocytic activity in TBI mice compared with sham
mice (p < 0.05), as measured by latex bead uptake assay. Statistical analyses. *p < 0.05
versus sham; one-way analysis of variance followed by post hoc Tukey test (A). *p < 0.05
versus sham; Student #test (B-D). Mean + sem; 17 = 5-8/group. FMO = fluorescence minus
one control, MFI = mean fluorescence intensity.
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Figure 2.

Lung infection acutely after traumatic brain injury (TBI) delays motor function recovery and
increases mortality and lung pathology in mice. A, Experimental design. Two cohorts of
C57BI/6J mice were subjected to sham surgery or controlled cortical impact on day (D) 0
and were infected with Streptococcus pneumoniae (Sp) (1,500 colony-forming units) or
vehicle (phosphate-buffered saline [PBS]) at D3. All mice were tested on the cylinder test
and grip strength task at D2 and D6. The first cohort was euthanized at D6 for flow
cytometry, quantitative reverse transcriptase-polymerase chain reaction (QRT-PCR),
histology, and 16S ribosomal RNA (rRNA) polymerase chain reaction (PCR) analyses. The
second cohort was assessed for mortality at D10 (7d post-infection). B, Mortality. In three
separate experiments, TBI + Spmice had increased mortality (25-30%) compared with Sp-
infected sham (Sham + Sp) mice (0%; p < 0.05). C, On the cylinder test, Sp-infected TBI
(TBI + Sp) mice and TBI + PBS mice had similar impairments and significant left-paw
preference (p < 0.01 vs sham; TBI + Spvs TBI + PBS p> 0.05). Following S. pneumoniae
infection, TBI + Sp mice had increased left-paw preference compared with TBI + PBS mice
(p<0.05) on D6. D, On the grip strength task, TBI + Spand TBI + PBS mice had similar
grip strength at D2. Following S. pneumoniae infection, TBI + Sp mice had decreased grip
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strength as compared with TBI + PBS mice (p < 0.05) on D6. E, Representative hematoxylin
and eosin lung images from TBI + Spand Sham + Sp mice. Scale bar = 500 um. F, Scoring
of peribronchiolitis, perivasculitis, interstitial pneumonia, and alveolitis in the lung revealed
an effect of S. pneumoniae infection (p < 0.01 vs Sham + PBS). TBI + Sp mice had
significantly increased alveolitis compared with Sham + Spmice (p < 0.05). Statistical
analyses: mortality was analyzed by Mantel-Cox analysis. All other outcomes were analyzed
by two-way analysis of variance followed by post hoc Tukey test. *p < 0.05 versus Sham +
PBS or TBI + PBS. Mean = sem; 7= 8-15/group.

Crit Care Med. Author manuscript; available in PMC 2020 October 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Doran et al.

Page 16

D Lung
M Sham+PBS Sham +Sp TBI +Sp °
M Sham+Sp 1] ece monocytes  newtropnis | { - Lyee+ monocytes S50
—— [ TBI+PBS 257 434 “ neutrophils °
MW TBI+Sp o] ; 527 340
~- 230
B o N
3+ Z g ' __' g 20
. 510
0 8 03 b Ly6G- monocytes : "Ly6G- monocytes E 0
> 34 257 E 212 -
Sham TBI o . . ~) 3 Sham TBI
3 3 4 5 3 3 4 5
10 0 10 10 10 -10 0 10 10 10
Ly6G
B Cortex Cc Lung
o % 8 g *
5% 50 . W TB+PBS 5% 25 W Sham+Sp
s540 mTB+Sp S5 W TBI+Sp
S5 S & 20
- ® 30 s
5L ° L 10
w5 20 -5
<9 < 0
E = 10 2N 5 i * * * i
EE o 1 'EEO 1511 T (TR
5 E
2 ) N N © S N = RS VRN DN N O NH N
= \\;\ é‘ O+ C’JQ 4“ ?Q ((\11' Oo@é\?g Q,bfoe‘ £ \\,’\ «\g \;O+&C§( —k“ VSQ‘ Q‘(‘j'oo’?/g é\gg ,go?’
0& Q&Q
E Lung
L \ A ~ FMO Control
A I\ A — Sham+PBS
A i A |-,
x
©
3 A \ — TBI+PBS
2 | A
2 ‘ — TBI+Sp
rvw:f‘ 0 m" woJ vos -10° 0 10° 10? 10° .wf‘ 0 \(-J mJ wﬁ
IL-13 —— TNFa ——— > DHR123 ———8
M 2000 o
E .
= 8000
]
£ 4000
o
0 0 - |
Sham TBI Sham TBI Sham TBI
Figure 3.

Lung infection after acute traumatic brain injury (TBI) increases circulating high mobility
group box protein 1 (HMGB1), inflammation in brain and lung, and impairs monocyte
functional responses. A, There was a significant increase in circulating HMGBL1 in plasma
of Streptococcus pneumoniae (Sp)-infected TBI (TBI + Sp) mice compared with all other
groups (p < 0.05). B, Analysis of neuroinflammation demonstrated an effect of S.
pneumoniae infection on tumor necrosis factor-a (TNFa), interleukin (IL)-1p, and
nicotinamide adenine dinucleotide phosphate oxidase (NOX2) messenger RNA (MRNA)
expression in cortex of TBI + Sp mice compared with TBI + phosphate buffered saline
(PBS) mice (p < 0.05), but no change in NLR family pyrin domain containing 3 (NLRP3)
and Caspase-1 mRNA. TBI + Sp mice had increased cortical expression of alternatively
activated markers, chitinase-like protein 3 (YML1), and Arginase-1 mRNA (p < 0.05). Other
markers (transforming-growth factor-p [TGFp], CD206, and Fizz1 mRNA) were unaffected
by S. pneumoniae infection. Dotted line represents Sham + PBS mRNA expression levels.
C, In the lung, TNFa mRNA in Sp-infected sham (Sham + Sp) mice was significantly
increased as compared with TBI + Sp (p < 0.05), but IL-1p and NOX2 mRNA expression
was not different between infected groups (o> 0.05). Analysis of M2 macrophage markers
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demonstrated significantly increased expression of YM1, Arginase-1, and Fizz1 mRNA in
TBI + Spas compared with Sham + Sp (p < 0.05). TGFB, CD206, NLRP3, and Caspase-1
MRNA expression was unchanged with S. pneumoniae infection. Dotted line represents
Sham + PBS mRNA expression levels. D, Flow cytometry analysis of lung tissue.
Representative dot plots show the gating strategy used to identify myeloid cell populations
(CD45+CD11b+) in lung, including neutrophils (Ly6C-Ly6G+) and monocytes (Ly6C
+Ly6G-). Spinfection increased the percentage of lung-infiltrating neutrophils in Sham +
Spwhen compared with Sham + PBS mice (0 < 0.05). Neutrophil infiltration was
significantly reduced in lungs of TBI + Spmice (p< 0.05 vs Sham + Sp). E, Analysis of
lung-infiltrating monocytes demonstrated that Sham + Sp monocytes produced higher levels
of IL-1B (Ei) and TNFa (Eii) than Sham + PBS monocytes (p < 0.05 vs Sham + PBS).
IL-1B and TNFa production was significantly reduced in monocytes of TBI + Spmice (p<
0.05 vs Sham + Sp). Ly6C+ monocytes from TBI + Spand Sham + Sp mice produced
higher levels of reactive oxygen species (ROS) when compared with Sham + PBS (Eiii) (p <
0.05 vs Sham + PBS). There was no difference in ROS levels between monocytes from TBI
+ PBS and TBI + Spmice. Statistical analysis: Two-way analysis of variance followed by
Tukey post hoc test, *p < 0.05 versus Sham + PBS or TBI + PBS. Mean * sem; /7= 8-15/
group. FMO = fluorescence-minus one control, MFI = mean fluorescence intensity, ns = not
significant.
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Figure 4.

Chronic traumatic brain injury (TBI) mice that are challenged by a delayed Streptococcus
pneumoniae (Sp) infection have persistent motor function impairments and increased lung
pathology and mortality. A, Experimental design. Two cohorts of C57BI/6J mice were
subjected to sham surgery or controlled cortical impact on day (D) 0 and were infected with
S. pneumoniae (1,500 colony-forming units) or vehicle (phosphate-buffered saline [PBS]) at
D60. All mice were tested on the cylinder test and grip strength task at D59 and D63. The
first cohort was euthanized at D63 for flow cytometry, quantitative reverse transcriptase-
polymerase chain reaction (QRT-PCR), histology, and 16S ribosomal RNA (rRNA)
polymerase chain reaction (PCR) analyses. The second cohort was assessed for mortality at
D67 (7d post-infection). B, Mortality. In three separate experiments, TBI + Sp mice had
increased 7-d mortality (50-60%) compared with Sp-infected sham (Sham + Sp) mice (5-
10%). C, On the cylinder test, all chronic TBI mice had significant forelimb impairments
and showed similar left-paw preferences at D59. Following S. pneumoniae infection, TBI +
Sp mice had significantly increased left-paw preference compared with TBI + PBS mice (p
<0.05vs TBI + PBS) on D63. D, On the grip strength task, all TBI mice had similar grip
strength at D59. Following S. pneumoniae infection, TBI1 + Sp mice had significantly
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decreased grip strength compared with TBI + PBS mice (¢ < 0.05 vs TBI + PBS) on D63. E,
Representative hematoxylin and eosin lung images from TBI + Spand Sham + Spmice.
Scale bar = 500 um. F, Scoring of peribronchiolitis, perivasculitis, interstitial pneumonia,
and alveolitis in the lung revealed an effect of S. pneumoniae infection (p < 0.01 vs Sham +
PBS). TBI + Sp mice had significantly increased interstitial pneumonia and alveolitis
compared with Sham + Spmice (p< 0.05 vs Sham + Sp). Statistical analysis: mortality was
analyzed by Mantel-Cox analysis. All other outcomes were analyzed by two-way analysis of
variance followed by Tukey post hoc test. *p < 0.05 versus Sham + PBS or TBI + PBS; ns =
not significant. Mean * sem; 7= 8-15/group. D = day, Sham + Sp = Sp-infected sham mice,
TBI + Sp= Sp-infected TBI mice.

Crit Care Med. Author manuscript; available in PMC 2020 October 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Doran et al.

A  Plasma D Lung
M Sham+PBS Sham +Sp TBI +Sp °
o M Sham+Sp 154 LsCemonocytes o eoonye | o LyeC+monocytes  neutrophits <
g™ T m7eeees 7] = "I 2 m | 9100
£ W TBI+Sp 3 80
5100 fn 60
@ 3 £ 40
o 50 10 2
= » E = 20
= o° &
0 Q| £ o
Sham TBI S50 — R Sham TBI
H:-3 1 \GJ 10
B Cortex c Lung
» 7}
o R 0@
2+ 140 * W TBI+PBS 2% 200) , M Sham+Sp
55120 W TBI+Sp S § 150] | MW TBI+Sp
G & 100 G & 100 I * *
35 80 35 - X
25 Br. 25 40
<0 . <o 30 .
ZN 4 i zX %0 .
€8 2ulal 1 O FT T ™ EE 19 F— W | o
[*] o
E REPARIJP°— S AL £ REPARS™ S PPN
A NSRS ISFSEF AN W E &
& 4
E Lung
‘ = FMO Control

b

*

Figure 5.

TNFa MFI

0
Sham TBI

A, |- sham+pBs
A — Sham+Sp

A |- TBuess

— TBI+Sp

0
Sham TBI

Page 20

Lung infection after chronic traumatic brain injury (TBI) increases circulating high mobility
group box protein 1 (HMGB1), inflammation in lung, and dysregulates monocyte functional
responses. A, Circulating HMGBL in plasma was significantly increased in chronic
Streptococcus pneumoniae (Sp)-infected TBI (TBI + Sp) mice compared with all other
groups (p < 0.05). B, S. pneumoniae significantly increased tumor necrosis factor-a (TNFa)
and interleukin (I1L)-1p messenger RNA (mRNA) in cortex of TBI + Sp mice compared

with TBI + phosphate-buffered saline (PBS) mice (p < 0.05). There was no change in

nicotinamide adenine dinucleotide phosphate oxidase (NOX2), NLR family pyrin domain
containing 3 (NLRP3), and Caspase-1 mRNA. TBI + Sp mice had increased expression of
alternative activation marker, chitinase-like protein 3 (YML1) (p < 0.05), but not other
markers (Fizz1, transforming-growth factor-p [TGFB], CD206, Arginase-1). Dotted line
represents TBI + PBS mRNA expression levels. C, In the lung, IL-1p and TNFa mRNA in
TBI + Sp was significantly increased as compared with Sp-infected sham (Sham + Sp) mice
(p < 0.05). NOX2 mRNA was not changed by S. pneumoniae infection. There was
significantly increased expression of M2 macrophage markers, YM1 Arginase-1 mRNA in
TBI + Spas compared with Sham + Sp (p < 0.05). Fizz1, TGFp, CD206 mRNA expression
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was not changed by S. pneumoniae infection. There was increased expression of NLRP3 and
Caspase-1 mRNA in TBI + Spas compared with Sham + Sp (0 < 0.05). Dotted line
represents Sham + PBS mRNA expression levels. D, Flow cytometry analysis of infiltrating
Ly6G+ neutrophils in lung. S. pneumoniae infection increased the percentage of lung-
infiltrating neutrophils in Sham + Spwhen compared with levels in Sham +PBS mice (p <
0.05). The effect of S. pneumoniae infection on neutrophil infiltration in lung was
significantly increased in chronic TBI + Spmice (p < 0.05 vs Sham + Sp). E, Flow
cytometry analysis of Ly6C+ monocytes in lung. Sham + Sp monocytes produced
significantly higher levels of IL-1p (Ei), TNFa (Eii), and reactive oxygen species (ROS)
(Eiii) than Sham + PBS monocytes (p < 0.05 vs Sham + PBS). The effect of S. pneumoniae
infection on monocyte IL-1B, TNFa, and ROS production was significantly increased in
lungs of chronic TBI + Spmice (p< 0.05 vs Sham + Sp). Statistical analysis: Two-way
analysis of variance followed by Tukey post hoc test, *p < 0.05 versus Sham + PBS or TBI +
PBS. Mean + sem; n7= 8-15/group. FMO = florescence minus one control, MFI = mean
fluorescence intensity, ns = not significant.
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