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Background: Mechanical ventilation (MV) is commonly used to improve blood oxygenation in critically
ill patients and for general anesthesia. Yet the cyclic mechanical stress induced at even moderate ventilation
volume settings [tidal volume (Vt) <10 mL/kg] can injure the lungs and induce an inflammatory response.
This work explores the effect of treatment with suppressive oligonucleotides (Sup ODN) in a mouse model
of ventilator-induced lung injury (VILI).

Methods: Balb/cJ] mice were mechanically ventilated for 4 h using clinically relevant Vt and a positive end-
expiratory pressure of 3 cmH,O under 2-3% isoflurane anesthesia. Lung tissue and bronchoalveolar lavage
fluid were collected to assess lung inflammation and lung function was monitored using a FlexiVent®.
Results: MV induced significant pulmonary inflammation characterized by the influx and activation of
CD11¢"/F4/80" macrophages and CD11b"/Ly6G" polymorphonuclear cells into the lung and bronchoalveolar
lavage fluid. The concurrent administration of Sup ODN attenuated pulmonary inflammation as evidenced
by reduced cellular influx and production of inflammatory cytokines. Oligonucleotide treatment did not
worsen lung function as measured by static compliance or resistance.

Conclusions: Treatment with Sup ODN reduces the lung injury induced by MV in mice.
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Introduction pulmonary function (2,3). In patients with pre-existing

) L . o o pulmonary diseases (e.g., lung cancer), MV is associated
Mechanical ventilation (MV) is a therapeutic life-sustaining . S . . . o
with a significant increase in overall mortality (59% wvs.

intervention widely used in combination with general 15%) (4,5). The risk of pulmonary damage correlated with

anesthesia and during intensive care to support blood
oxygenation in patients with diminished respiratory function.
Yet MV can cause lung injury especially when high tidal
volumes (Vt) and/or low positive end-expiratory pressures
(PEEP) cause baro-/bio-trauma elicited by the over-
distention and repeated collapse/reopening of alveoli (1).
Indeed, MV can initiate or exacerbate the lung injury

caused by systemic inflammation in patients with normal
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both the peak respiratory pressure and Vt applied (6).

The pathophysiology of ventilator-induced lung injury
(VILI) involves the distension, deformation and strain
placed on fragile alveoli by MV. These can increase
endothelial permeability, reduce the production of
surfactant and compromise tissue repair (7,8). Moreover,
these changes trigger a reactive inflammatory response
that can further damage lung tissue and reduce pulmonary
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function. This inflammatory response is dominated by the
influx and activation of macrophages and polymorphonuclear
cells (PMN) (1,9). Both cell types are major sources of
pro-inflammatory cytokines. Of particular relevance is
TNFo, a key mediator of inflammation and one of the
earliest pro-inflammatory cytokines produced after acute
lung damage. TNFu is secreted by macrophages, monocytes
and granulocytes and is present at very high levels in
bronchoalveolar (BAL) lavage fluid during pulmonary
inflammation (10,11). TNFa triggers a signaling cascade
that leads to the production of other cytokines including
IL-6. IL-6 is of particular interest as a marker of severe
pulmonary inflammation correlates with increased mortality
in patients with pneumonia and acute respiratory distress
syndrome (ARDS) (12,13). Over the past several decades,
the complication and mortality rates of patients receiving
MV declined reflecting the use of lower Vt (<12 mL/kg)
and plateau pressures (PP <30 cmH,0) (14,15) although
pulmonary inflammation persisted as a problem associated
with MV (16,17). Thus, an anti-inflammatory treatment that
avoids the immune suppression remains an important goal.
Our group and others have studied a class of suppressive
oligodeoxynucleotide (Sup ODN) that specifically inhibits
inflammatory reactions (18,19). Sup ODN block macrophage
activation and down-regulate the production of pro-
inflammatory and Thl cytokines (20,21) by inhibiting
activation cascades utilizing STAT1, STAT3, STAT4 and the
interferon-inducible protein AIM2 (19,22-24). Treatment
with Sup ODN reduced disease severity/progression in
multiple animal models of inflammatory disease including
pulmonary silicosis (25,26). This work examines the effect of
treatment with Sup ODN on the lung inflammation induced
by MV in healthy Balb/cJ] mice. Results show that pulmonary
inflammation characterized by the influx/activation of
CD11¢'/F4/80" macrophages and CD11b"/Ly6G" PMN is
reproducibly induced by 4 h of MV. This work evaluates the
hypothesis that preventive treatment with Sup ODN could
attenuate this inflammation in a murine model of VILIL.

Methods
Mice and reagents

Female BALB/cJ mice (Charles River, Frederick, MD, USA)
were housed in a SPF facility and studied at 8-10 weeks
of age. All protocols were approved by the Institutional
Animal Care and Use Committee of the NCI (Frederick
and Bethesda, MD) and followed the National Institutes of
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Health guidelines for the use and care of live mice (Bethesda,
MD).

Suppressive ODN A151 (5'-TTAGGGTTAGGGTTA
GGGTTAGGG-3") and control ODN (5'-TTCAAATTC
AAATTCAAATTCAAA-3") were synthesized at the Core
Facility of the Center for Biologics Evaluation and Research
of the Food and Drug Administration (FDA) (Bethesda,
MD). All ODN were free of endotoxin contamination.

MV

Animals were anesthetized with 5% isoflurane, intubated
with a 20 G SurFlash i.v. catheter (TERUMO) and
connected to a computer controlled small animal ventilator
FlexiVent® (SCIREQ Inc., Montreal, Canada). Quasi-
sinusoidal ventilation was administered using normal air,
a Vt of 10 mL/kg at 150 breaths per minute, a PEEP of
3 ¢cmH,0 and maximal PP of 30 cmH,O under 2-3%
isoflurane. Of note, monitoring showed that this maximum
PP was never utilized as normal ventilation volumes
were achieved using pressures of 15-20 cmH,O. 50 pg
of suppressive or control ODN in 20 pL of PBS were
administered via intra-tracheal instillation immediately
prior to the initiation of MV.

Lung function measurement

Lung function was evaluated by FlexiVent® using the
forced oscillation technique generated by flexiWare v5.3.4
software. Lung function was measured after administration of
0.3 mg/kg pancuronium bromide. Total lung capacity (TLC)
was performed initially followed by perturbations in triplicate
of sinusoidal prime waves and PV loops generated by gradual
inflation of the lungs to a PP of 30 cmH,0. Newtonian
resistance, static compliance, tissue damping and tissue
elastance were analyzed as previously described (27).

Cell isolation and culture

Cells were collected 6 h after extubation as preliminary
experiments identified that time point as being optimal for
detecting impressive changes in PMN and macrophage
localization. BAL fluid was collected by repeated (3x)
instillation and removal of 0.5 mL PBS. Subsequently,
lung tissue was obtained and processed in a gentleMACS
Dissociator (Miltenyi Biotec, Auburn, CA, USA) in DNAse
plus collagenases A and B (0.25 WU/mL). Single cell
suspensions were cultured in RPMI 1640 with 10% FCS
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Figure 1 Temporal effect of MV on PMN and macrophages in
the lung. Mice were mechanically ventilated for 1-4 h. Lung tissue
and BAL fluid was isolated and single cell suspensions prepared 6 h
after the cessation of MV. These cells were analyzed by FACS to
determine the number of PMN (CD45", Ly6G*, CD11b") and
macrophage (CD45", F4/80%, CD11C") in lung tissue (A) and BAL
fluid (B). Two to three mice/group in 2 independent experiments
(for a total of 5 mice/group) were evaluated at 1-3 h. Additional
experiments were conducted at 4 h such that 6-8 mice were studied
per group. All mice were evaluated independently and the results
are expressed as mean = SEM of all animals from all experiments.
*, P<0.05; **, P<0.01; ***, P<0.001 (unpaired t-test).

(Lonza, Walkersville, MD, USA), 2 mmol glutamine,
100 IU/mL penicillin and 100 pg/mL streptomycin at 37 °C
for 6 h with 10 ng/mL of Brefeldin A (Golgi Plug, BD).

Flow cytometry

Cells were collected and washed in PBS 2% BSA plus
2.5 mmol EDTA, incubated with FcBlock (BD Biosciences,
1:1,000 dilution) and stained with CD45-PECy7, F4/80-PB,
Ly6G-Fitc, CD11b-PerCp-Cy5.5 and CD11c-APC Ab on
ice for 30’. For intra-cytoplasmic staining cells were fixed
with BD Lyse/Fix Buffer, washed, permeabilized and stained
using anti-TNFa-PE or anti-IL-6-PE (BD Biosciences).
Data were acquired using an LSR IT Sorp and analyzed by
Flowjo (Tree Star Inc., Ashland, OR, USA).

Quantitative RT-PCR

Total RNA was extracted from lung tissue using TRIzol
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reagent (Life Technologies, Carlsbad, CA, USA) and
reverse-transcribed into cDNA using a QuantiTect Reverse
Transcription kit (Applied Biosystems, Carlsbad, CA).
QRT-PCR was performed in triplicate using primer pairs
for TNFo (Mm00443260_g1) and IL-6 (Mm00446190_m1,
Applied Biosystem). Gene expression was analyzed using
the StepOne Plus RT-PCR system (Applied Biosystems)
and normalized to GAPDH.

Statistics

Comparisons between 2 groups used Student’s #-test and
between 3 or more groups one-way ANOVA with Student-
Newman-Keuls test was used for comparison between

individual groups (GraphPad Software, LA Jolla, CA).

Results

MV induces pulmonary inflammation accompanied by
changes in tissue elastance and static compliance.

Preliminary experiments were performed to identify
the minimum duration of MV required to reproducibly
trigger an inflammatory response in the lungs. Conditions
for ventilation considered protective for humans were
used: constant positive PEEP above lower inflection
point combined with Vt of 10 mL/kg. Normal ventilation
volumes were achieved at a PP of 15-20 cm of H,O with an
allowable maximal of 30 cmH,O.

Once MV was completed, the animals were extubated
and permitted to recover from anesthesia. They were
evaluated 6 h later as that time point proved optimal
for detecting changes in pulmonary inflammation in
preliminary studies and (28).

As seen in Figure 1, 4 h of MV reproducibly elicited
significant inflammatory changes in the lungs of all mice
tested. Inflammation was characterized by an influx of
PMN (identified by surface expression of CD45, Ly6G and
CD11b) into the parenchyma and BAL fluid (Figure I). The
frequency of PMN rose by ~6 fold in lung tissue and 20 fold
in BAL (P<0.05 and P<0.001, respectively). The total
number of macrophages (identified by expression of CD45,
F4/80 and CD11c) present in BAL also increased by 3—4 fold
over this period (Figure 1B, P<0.001) although their
frequency in the lung parenchyma declined (Figure 1A).

Lung function was evaluated using a FlexiVent® apparatus
at baseline (0 h) and hourly after the initiation of MV in
different experimental groups. Tissue elastance began to
rise after 1 h and reached significantly elevated levels at 2—4 h
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Figure 2 Effect of MV on lung function. Mice were mechanically ventilated as described in Figure 1. Static compliance, tissue elastance,

tissue damping and resistance were evaluated in each animal after 1-4 h of MV. Data represent the mean + SEM of 5 mice/group at 1-3 h

and 6-8 mice/group at the 4 h MV time point. *, P<0.05 (vs. baseline measurement at 0 h, unpaired 7-test).

of MV (P<0.05, Figure 2). These changes were accompanied
by a decrease in static compliance over the same period of
time (Figure 2) and were consistent with the effects of MV
observed in other studies utilizing low ventilation volumes
(29,30). By comparison, central airway resistance and lung
tissue damping did not change over time. Based on results
from the evaluation of pulmonary inflammation and function,
all subsequent studies were conducted after 4 h of MV.

Sup ODNss reduce MV-induced pulmonary inflammation

As described in the introduction, previous studies showed
that Sup ODN treatment could limit the extent/duration of
systemic and local inflammation (24-26,31,32). To evaluate
whether this therapy could prevent the pulmonary damage
associated with MV, 50 pg of Sup ODN A151 in 20 pL
of PBS was instilled into the lungs of experimental mice
upon intubation. This dose and route was previously found
to be safe and effective in the treatment of pulmonary
silicosis (25,26). Sup ODN treatment significantly reduced
the inflammation induced by MV. As seen in Figure 3,
administration of Sup ODN but not control ODN resulted
in a 3-5 fold decrease in the number of PMN migrating
into the lung parenchyma and BAL of mice after MV
(P<0.05 for both parameters, Figure 3A4,C). Similarly, MV-
induced changes in the frequency of macrophage in BAL
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and lung returned towards normal in Sup ODN treated
mice (P<0.05, Figure 3B,D).

Effect of Sup ODN on cytokine production and pulmonary

mechanics

Another measure of MV-induced pulmonary damage is the
production of the pro-inflammatory cytokines TNFa and
IL-6 (11,12). Changes in these cytokines were evaluated
by monitoring pulmonary mRNA levels. As expected,
MV increased the amount of TNFa and IL-6 mRNA by
2-5 fold when compared to control mice (Figure 4, P<0.05).

To determine whether the anti-inflammatory activity
of Sup ODN extended to inhibiting cytokine production,
their mRNA levels were compared in naive, MV and MV
plus Sup ODN treated animals. Treatment with Sup (but
not control) ODN returned cytokine mRNA levels to
nearly background levels (Figure 4). To clarify whether
PMN and/or macrophage were responsible for these
changes, the presence of TNFa and IL-6 was evaluated
by intra-cytoplasmic staining (Figure 5 and Figure SI).
As seen in Figure 5, treatment with Sup ODN inhibited
the activation of PMN and macrophage as reflected by a
significant decline in the absolute number of cells secreting
TNFa and IL-6 (P<0.05, Figure 5).

Finally, the effect of treatment on pulmonary function
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lung parenchyma (A,B) or BAL fluid (C,D) of mice that had been mechanically ventilated for 4 h. Some groups were treated intra-tracheally

with 50 pg of Sup or control ODN immediately after intubation. ANOVA showed significant differences between the four groups (P<0.01-

0.0001). Whereas Sup ODN treatment significantly reduced the accumulation of PMN and macrophage when compared to MV alone, Cont
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Figure 4 Effect of Sup ODN on cytokine mRNA levels in Iung tissue. Total mRINA was prepared from lung tissue and the level of IL-6 and
TNFa mRNA determined by qRT-PCR normalized to GAPDH. ANOVA showed significant differences between the four groups (P<0.01
and P<0.05). Data represent the mean = SEM of 4-6 independently studied mice/group. *, P<0.05; **, P<0.01.

© Journal of Thoracic Disease. All rights reserved.

jtd.amegroups.com

7 Thorac Dis 2016;8(9):2434-2443



Journal of Thoracic Disease, Vol 8, No 9 September 2016

A IL-6

**

~

**

ii

nalve MV + Sup MV + Cont

w

N

-

No. of cytokine
secreting PMN x10°

o

0

TNFa

Ll

naive MV + Sup MV + Cont

—
o o) o
n )

No. of cytokine
N B

secreting me x10°

N

2439

oo}

'—'—'.—-—.

w
)

N
"

—_
L

T

No. of cytokine
secreting PMN x10°

na|ve MV+Sup MV + Cont
ODN ODN
D TNFa
*k *%
60 F'—H_\
o 2
£ x
=
S o404
g E
- 2
© % 20. -
o 6 —
Z 9
1]
0

MV+Sup MV + Cont
ODN ODN

nai've MV

Figure 5 Effect of Sup ODN on the productlon of pro-lnﬂammatory cytokines by pulmonary PMN and macrophages. PMN and

macrophages were isolated from the lung parenchyma of mice treated as described in Figure 3. The number of PMN and macrophages
activated to produce IL-6 (A,B) or TNFa (C,D) was determined by FACS with intra-cytoplasmic staining. ANOVA showed significant
differences between the four groups (P<0.05-0.0001). Data represent the mean + SEM of 6-8 independently studied mice/group from 2

experiments. *, P<0.05; **, P<0.01; ***, P<0.001.

was evaluated by FlexiVent®. Sup ODN treatment had no
effect on static compliance or resistance but significantly
increased tissue damping and elastance (P<0.05, Figure 6).

Discussion

When MYV is substituted for normal breathing, lung
expansion is achieved through the application of external
positive pressure. This can traumatize fragile alveoli
particularly when higher inflation pressures are used (e.g.,
to re-open atelectatic regions of the lungs) (33). The
interventions associated with the study of MV (including
intubation and measurements of lung function) might
increase the immune response characterized by the
accumulation of inflammatory cells that release cytokines
and chemokines (1,29,34). Conversely, inhaled anesthetics
including the isoflurane used in this work can have anti-
inflammatory and anti-apoptotic effects (35,36). Thus, the
use of isoflurane might have delayed the onset or reduced
the magnitude of MV-elicited changes in inflammatory cell
activation/migration in the lungs.

Previous in vitro and in vive studies demonstrated that
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mechanical deformation rapidly alter the phosphorylation of
proteins in pulmonary parenchyma and immune cells, and
that these changes could persist after MV was discontinued
(37,38). In clinical settings, VILI can contribute to organ
failure and increased mortality in patients with pre-existing
lung disease (39,40). Efforts to avoid MV-induced lung
damage currently rely on lowering Vt (<12 mL/kg of
ideal body weight) and PP (<30 cmH,0) so that they are
just sufficient to maintain adequate gas exchange (41,42).
However, MV-induced lung damage can develop even when
low Vt are used (16,43). Indeed, Vaneker ez 4l. reported that
even the low ventilation volumes used to preserve tissue
integrity still induced the release of cytokines (including IL-6
and TNFa) and the migration of leukocytes into the lung (43).

The central goal of this study was to determine whether
preventive treatment with Sup ODN A151 could ameliorate
the pulmonary inflammation induced by MV in a murine
model. A151 was selected for study because it mimics
the immunosuppressive activity of telomeric mammalian
DNA. A151 is composed of the same repetitive TTAGGG
motifs present in telomeres. These have been shown to
down-regulate the signaling pathways triggered in immune

7 Thorac Dis 2016;8(9):2434-2443
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Figure 6 Effect of Sup ODN on lung function. Mice were mechanically ventilated as described in Figure 2. Static compliance, tissue

elastance, tissue damping and resistance were evaluated independently in each animal after 4 h of MV. ANOVA showed significant

differences in measures of tissue damping and tissue elastance between the four groups (P<0.0001). Data represent the mean + SEM of 4

mice per treatment group compared to 10 naive mice. *, P<0.05 (vs. baseline measurement at 0 h).

cells during the course of injurious inflammatory and
autoimmune responses (19,25,26,32,44,45). Previous studies
showed that Sup ODN A151 inhibited the production of
pro-inflammatory cytokines and chemokines by interfering
with the phosphorylation of STATs 1, 3, 4 and AIM2 (19-24).
This included blocking/reducing activation of the innate
immune system elicited by exposure to Toll-like receptor
(TLR) ligands, and effect that persisted for up to 1 week
in vivo. Of interest, evidence suggests that the immune
activation induced by MV is at least partially mediated via
TLRs 9 and 4 (46,47).

This work utilized the lung protective ventilator setting
typically employed when MV is administered to patients.
Consistent with previous reports, even these low Vt
triggered an inflammatory response in mice after 4 h (43).
The resultant migration/activated of macrophages and
PMN into the lung and/or BAL fluid are a hallmark of
many inflammatory lung diseases including VILI. Of
particular note, we observed a doubling in the number of
PMN in the lungs after 1 h of MV and a further increase
through 4 h (Figure 1).

PMN are cellular elements of the innate immune
system that help protect the lungs by phagocytosing
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pathogens and cell debris. PMN circulate in the blood and
are attracted to inflamed tissue by chemoattractants and
cytokines. Upon activation, PMN are a potent source of
toxic antimicrobial peptides, proteases, oxidants and other
pro-inflammatory mediators that can cause tissue damage
(48,49). Considerably less is known about the activation
of tissue resident macrophages through MV. They have
been reported to contribute to tissue homeostasis and limit
pulmonary inflammation by reducing the influx of PMN (50).
In the current study, pulmonary macrophages were
identified based upon their phenotype (CD45, F4/80 and
CD11c¢). Four hours of MV stimulated and activated these
cells and higher numbers were recovered from the BAL
fluid (Figure I). Preliminary studies indicated that this effect
persisted for 3 days after which the number of macrophages
in the lung parenchyma returned to normal. Macrophages
were activated by MV as reflected by a 2-3 fold increase in
the cell fraction producing TNFa and IL-6 when compared
to control group (Figure 5).

Lung function was monitored by the forced oscillation
technique using a FlexiVent® apparatus. Tissue elastance
rose significantly while static compliance decreased after 4 h,
consistent with MV having a negative impact on mechanical
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Journal of Thoracic Disease, Vol 8, No 9 September 2016

lung function. Airway resistance remained constant, but
both, tissue damping and elastance increased in mice
treated with Sup or control ODN, suggesting low-level
edematous changes in distal lung tissue. As no such effects
were observed when Sup ODN was instilled in the absence
of prolonged MV, we hypothesize that MV worsened the
effect of PBS delivery on lung function.

Our findings show that Sup ODN treatment significantly
reduced the influx of inflammatory cells into the lungs and
their production of pro-inflammatory cytokines, effects
expected to reduce VILI (34). No clinically detectable
adverse events (e.g., labored breathing, hemorrhage,
infection, death) were observed in follow up periods ranging
from 6-48 h, consistent with reports that Sup ODN are safe
in rodents and non-human primates (18,22). Findings in this
murine model support the further assessment of Sup ODN
for the prevention/treatment of VILI. It is appreciated that
only clinical studies will be required to determine whether
Sup ODN treatment is of benefit to patients requiring
prolonged MV (as in intensive care settings).
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