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Editorial on the Research Topic

Cross-Talk Between Inflammation and Barrier Framework at Mucosal Surfaces in the Lung:
Implications for Infections and Pathology

Inflammation at lung mucosal surfaces is required to resolve infections and preserve barrier
integrity. A carefully orchestrated optimal immune response is a desirable outcome that leads to
the resolution of infection while mounting a simultaneous reparative response to maintain the
lung homeostasis and barrier integrity during acute and chronic inflammation. However, defects
in immune regulation result in developing an aberrant immune response that causes immune
pathology and exacerbates the disease. Therefore, the targets for immune therapies against acute
and chronic inflammatory diseases in the lung require a comprehensive understanding of immune
mechanisms associated with immune dysregulation and tissue damage. In this special issue, several
original, review, and opinion articles highlighted the role of inflammation in acute infections and
chronic conditions in the lung.

The perspective article from Alcorn encapsulates the significant role of interleukin—22 (IL-22)
in promoting epithelial integrity and repair following the lung’s infectious pathogen challenge.
The pre-clinical animal models suggest that IL-22 has significant therapeutic potential in the
context of infectious diseases. While the reparative role of IL-22 has been shown broadly in the
context of epithelial repair and lung barrier integrity, the article highlights the need to further
assess the effects of IL-22 on epithelial cells in inflammatory settings, perhaps in combination with
pathogen-associated molecular patterns (PAMPs) or toxins.

The review article by LeMessurier et al. elaborates on the role of the respiratory barrier as a
safeguard and regulator of defense against influenza and Streptococcus pneumoniae. The article
highlights the role of leukocyte-epithelial as well as inter-epithelial crosstalk in the regulation
of barrier integrity during influenza infection. Furthermore, the article elaborates the role of
several host factors, such as TRAIL, interferons, and other inflammatory cytokines, in the altering
epithelial junctions and permeability, which is associated with dysregulated inflammation, leading
to the permissiveness of influenza-infected airway cells for Streptococcus pneumoniae co-infection.
Finally, the article proposes that the crosstalk at the interface of microbial pathogens and human
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host epithelium presents multiple opportunities for
the development of clinically relevant therapies during
respiratory infections.

In a mini review article by Samarasinghe and Rosch, they
described the convergence of inflammatory pathways in allergic
asthma and sickle cell diseases (SCD). Asthma and SCD share
a number of similarities in terms of the immunological factors
associated with their respective disease states. The immunologic
sequelae associated with SCD and asthma are complex but
have some overlap. The review provided a concise overview
of inflammatory pathways impacted during SCD and asthma,
and how pulmonary physiology and inflammation are impacted
during SCD and asthma comorbidity.

The original article by Allard et al. describes the role of
asthmatic bronchial smooth muscle (BSM) derived CCL5 and
its role in monocyte migration in response to the rhinovirus-
infected epithelium. Asthma exacerbations, a significant concern
in therapeutic strategies, are most commonly triggered by
viral respiratory infections, particularly with human rhinovirus
(HRV). The study assessed whether or not BSM could increase
monocyte migration induced by HRV-infected bronchial
epithelial cells. An in vitro model of co-culture of human
bronchial epithelial cells in air-liquid interface with human
BSM cells from control and asthmatic patients was developed
to address that. HRV-induced monocyte migration was
substantially increased in the co-culture model with asthmatic
BSM, compared with control BSM. However, the well-known
monocyte migration chemokine, CCL2, was not involved in
this increased migration. Instead, the recruitment was CCL5
dependent. Therefore, the findings highlighted a new role of
BSM cells in HRV-induced inflammation via CCLS5.

Gao et al.’s original research article describes bacterial porin,
OprC mediated impairment of host defense by increased quorum
sensing mediated virulence of Pseudomonas aeruginosa. P.
aeruginosa, found widely in the wild, causes infections in the
lungs and several other organs in healthy people but more often
in immunocompromised individuals. The authors reported that
oprC deletion severely impaired bacterial motility and quorum-
sensing systems, as well as lowered levels of lipopolysaccharide
and pyocyanin in P. aeruginosa. In addition, oprC deficiency
impeded the stimulation of TLR2 and TLR4 and inflammasome
activation, resulting in decreased proinflammatory cytokines
and improved disease phenotypes, such as attenuated bacterial
loads, lowered lung barrier damage, and prolonged mouse
survival. The findings summarize OprC as a critical virulence
regulator, providing the groundwork for further dissection of the
pathogenic mechanism of OprC as a potential therapeutic target
of P. aeruginosa.

The original research article by Zhang et al. describes
the Mycobacterium abscessus components and their crosstalk
with human bronchial epithelial cells (HBECs). Mycobacterium
avium complex (MAC) and Mycobacterium abscessus (MAB) are
two of the most common causative pulmonary infection agents.
The reaction between bronchial epithelia and components in the
envelope of the mycobacterial cell wall is poorly understood.

The results importantly demonstrate the role of Type I IFN in
cross-talk between NHBE cells and MAB, suggesting an immune
response by HBEC:s cells may play a central role in the imitation
of innate immunity. Furthermore, the study underscores the
importance of mycobacterial cell wall in initiating an innate
immune response.

Finally, the review article by Aguilera and Lenz discusses
the role of inflammation as a modulator of host susceptibility
to influenza, pneumococcus, and co-infections. The article
summarized the role of different leukocyte subsets and immune
sensing to pulmonary infections. Specifically, the article elegantly
summarizes the findings on alveolar macrophages, monocytes,
NK cells, and cytokine mediators IFN-y, TNF-o, IL-10 in
influenza and influenza pneumococcal infections. The article
concludes that regulation of lung innate immune responses
in susceptible populations and in the context of complex
environmental elements (such as the microbiota) are needed to
provide avenues for the development of new treatments.

The contributions in the form of original and review articles
to this Research Topic highlight the complex interplay between
pathogen and inflammation in the lung and chronic conditions
that dysregulate inflammation in a complex manner. The articles
broadly underline the significance of safeguarding the mucosal
barrier in the lung during infection or chronic inflammation by
therapeutic interventions or tailoring immune response to allow
more effective resolution of infection/inflammation and mitigate
tissue damage and immune pathology.
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Introduction: Mycobacteria are aerobic non-motile organisms with lipid rich,
hydrophobic cell walls that render them resistant to antibiotics. While there are over 150
different species of NTM, Mycobacterium avium complex (MAC) and Mycobacterium
abscessus (MAB) are two of the most common culprits of pulmonary infection. MAB
has been found to be most common in southeastern United States (Florida to Texas)
and the third most rapidly growing NTM infection. It is responsible for chronic lung
infections. Mycobacterial cell wall components initiate the interaction between bacteria
and host. The reaction between bronchial epithelia and components in the envelope of
mycobacterial cell wall is poorly understood.

Methods: A lung-on-membrane model was developed with normal human bronchial
epithelial (NHBE) cells re-differentiated at the air-liquid interface (ALl) and human
endothelial cells on a transwell® polyester membrane. Microparticles from MAB cell walls
were developed by an inhouse protocol and added to the ALI side of lung model. NHBE
cells were harvested at day 3. RNA was isolated and analyzed with RNASeq. NHBE
cells were lysed and protein assay was performed with western blot. We tested whether
lung INF-alpha expression would increase in mice treated with intratracheal MAB cell
wall particles. A paired t-test is used to compare two population means using GraphPad
Prism 7 software.

Results: RNAseq analysis identified 1759 differentially expressed genes between NHBE
cells challenged with and without MAB microparticles with FDR < 0.5. 410 genes
had a 2.5-fold change (FC) or greater. NHBE cells exposure to MAB microparticles
significantly enriched the IFN | signaling pathway. Protein overexpression of IFN |
family (2’-5'-Oligoadenylate Synthetase 1, Interferon-induced GTP-binding protein Mx1,
Interferon-stimulated gene 15) was found in bronchial epithelial cells following exposure
to MAB cell wall microparticles. IFN-a protein and gene expressions were significantly
increased in mice lung challenged with microparticles in comparison with controls.
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Mycobacteria and Bronchial Epithelial Cell Cross-Talk

Conclusion: These data strongly support the role of Type | IFN in cross-talk between
NHBE cells and MAB. They also suggest that initiating immune response by NHBE
cells may play a central role in innate immunity. Furthermore, this study underscores
the importance of mycobacterial cell wall in initiating innate immune response.

Keywords: Mycobacterium abscessus, bronchial epithelial cells, IFN, Interferon, mycobacteria

INTRODUCTION

Non-tuberculous mycobacteria (NTM) are ubiquitous organisms
responsible for clinically significant lung infections that have
increased 5-10% annually over the past two decades with
an annual burden of ~84,000 cases (1). In the United
States, Mycobacterium Avium Complex (MAC) is the most
frequently isolated species followed by Mycobacterium kansasii
and Mycobacterium abscessus (MAB) (2, 3). MAB is the most
challenging NTM to treat due to high antibiotic resistance
rates (4).

Mycobacterial cell walls contain multiple peptidoglycans
including D-glucosamine and a mycolic acid layer (5) that
initiate the interaction between bacteria and host upon inhalation
(6). Macrophages are a critical immune cell in combatting
mycobacterial infections with a significant proportion of their
response dependent on type I IFN signaling (7, 8). However, the
response of bronchial epithelial cells to mycobacterial infection is
not well-described. Normal human bronchial epithelial (NHBE)
cells express type I IFN that suppress viral replication, induce
apoptosis and enhance Th1l immunity (9). NHBE cells exposed to
MAB are known to upregulate expression of cytokine transcripts
(10). We hypothesize that NHBE cells play a vital role in
initiating the host response to MAB through production of pro-
inflammatory type I IFN cytokines. To determine the effects of
MAB exposure on NHBE production of type I IFN signaling, we
investigated the gene expression profile, and protein expression
changes in NHBE cell cultures. The immunologic effects of MAB-
cell wall microparticles in lung bronchial and immune cells were
tested in a mouse model.

METHODS
Lung-on-Membrane Model (LOMM)

Our dual chamber lung model contains normal human bronchial
epithelial (NHBE) cells re-differentiated at the air-liquid interface
(ALI) on one side and human endothelial cells (Human Lung
Microvascular Endothelial Cells, Lonza, Walkersville, MD) on
the other side of a transwell® polyester membrane cell culture
inserts (12 mm diameter, 0.4 um pore size; Corning Life Sciences,
Amsterdam, The Netherlands). NHBE cells were collected from
lungs rejected for transplant at University of Miami where
epithelial cells were isolated from upper bronchi and cultured as
previously reported (11-13). Both sides of the membrane were
coated with collagen IV from human placenta (Millipore Sigma,
St. Louis, MO, USA). 5 x 10° NHBE cells were cultured on
top of the membrane in bronchial epithelial cell growth medium
(BEGM) until cells were confluent. The cells were placed on air

and fed with ALI Media from bottom chamber thereafter. When
NHBE cells were fully differentiated and became ciliated, 2 x 10°
endothelial cells were plated on the opposite side of the transwell
membrane when membrane was upside down. The upside-down
membrane was placed into humidified incubator at 37°C, 5%
CO, for 8h to let endothelial cells to adhere. The transwell was
flipped to the original position and both cells lines were feed
with a 50:50 mixture of endothelial and epithelia cell media in
the bottom chamber and were incubated for 24h. NHBE cells
were washed and the media was changed every 2 days. Two days
after adding the endothelial cells, the lung model was used for
experiment and the media was changed every 2 days. This lung
model has been previously published (14). For the current study,
primary NHBE cells from five individuals were used to develop
LOMM. Table 1 shows demographic data and smoking history
of lung donors.

MAB Microparticle Production

MAB cell wall microparticles were isolated from a strain of MAB
with a rough colony isolated from the sputum of an 11-year old
boy with cystic fibrosis (isolate # CCUG 47942, gift from Dr.
Malin Ridell, University of Gothenburg, Sweden). MAB is grown
in Middlebrook 7H9 broth with ADC enrichment medium
(Millipore Sigma, St. Louis, MO, USA) at 37°C. When the culture
OD600 reached 1.0-1.2, cells were collected by centrifugation at
4,000 g for 10 min, washed once in PBS, centrifuged, resuspended
using a 15:1 (volume to volume) ratio of lysis buffer, sonicated
and incubated on ice for 30 min. The lysis buffer contains
137mM sodium chloride, 10 mM sodium phosphate, 2.7 mM
potassium chloride, and detergents and protease inhibitors. Lysed
cell samples were then centrifuged at 3,000 g for 5 min to remove
intact MAB cells. The supernatant was transferred to a new
tube and centrifuged for 20 min. Twenty milliliters of fresh lysis
buffer was and the pellet was resuspended by brief sonication
and centrifuged at 12,000 g for another 20 min. The pellet was
resuspended in 20 ml volume of PBS and kept at 95°C for 15 min.
After cooling to room temperature, the lysate was centrifuged at

TABLE 1 | Shows age, race, and smoking history of lung donors.

Subjects Age Race Smoking
1 60-65 European American NS
2 65-70 Latino NS
3 75-80 European American NS
4 20-25 Latino NS
5 35-40 European American NS
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12,000 g for 20 min and the pellet was washed with PBS buffer
3 times at 12,000 g for 10 min. Finally, the pellet is suspended
in Dulbecco’s Modified Eagle Medium (DMEM) and stored at
—80°C. The concentration of the microparticles is calculated by
the following equation: Final concentration = Volume of original
culture x OD600 x (2.2 x 108 bacteria/ml)/final volume. High
quality images of MAB particles were obtained by scanning
electron microscope (SEM) and proven to be non-infectious by
absence of growth of MAB in culture.

Exposure of Epithelial Cells to MAB

Microparticles

LOMM (bronchial epithelial cells side) were exposed to 100 (L
of MAB microparticles diluted to a concentration equal to a
multiplicity of infection (whole bacterium) of 10:1. Bronchial
epithelial cells were harvested 72 h after exposure.

Mouse Model Exposure to MAB

Microparticles

We used 6-week-old age C57Bl/6 male mice purchased from the
Jackson Laboratory (Bar Harbor, ME) in experiments approved
by the Animal Studies Subcommittee (IACUC) at the Miami VA
Health system. Individual mice were challenged intratracheally
every 3 days with MAB microparticles for 4 doses using a 20 G
angiocatheter inserted into the trachea. After tube placement,
microparticles were injected with the first dose injecting 50 pL
(~5 x 108 CFU) and next three doses receiving 20 L (~2 x 108
of CFU). The control group received equivalent volumes of PBS
intratracheally. Figure S1 shows the procedure and Figure S2
shows proof of correct instillation within the lung with use of
methylene blue instillation.

Mice were sacrificed on day 14 and the left lungs were
harvested for pathology after perfusion to remove blood. Lungs
were filled with 10% buffered formalin and fixed in formalin
for at least 72h before immunohistochemistry (IHC) staining.
H&E staining was used to determine inflammatory pathology.
Lungs were stained with antibodies against CD4 (rabbit, Abcam,
catalogue# ab133616), CD8 (rabbit, Abcam, #ab12512), CD68
(rabbit, Abcam, #ab12512), PD-L1(rabbit, Proteintech, #17952-
1-AP), and IFN-a (rabbit, Abcam, #ab193055) antibodies to
identify infiltrating immune cells. Lung inflammation was scored
using the three fields with the highest infiltrate’s intensity at 100X
power magnification. The area of inflammation was measured
and averaged for the three examined high power fields. The
right lungs were removed and frozen at —80°C for later protein
extraction and western blot analysis. Protein extracted from lung
tissue was performed as previously described (15).

RNAseq and Pathway Analysis

Total RNA from NHBE cells was extracted by using a Direct-
zol™ RNA MicroPrep kit (R2060, Zymo Research Zymo
Research, Irvine, CA), following the manufacturer’s protocol.
Briefly, cells were washed with PBS, lysed in TRIreagent and
RNA was purified using a Direct-zol RNA column. DNase I
treatment was performed on the column and RNA was eluted in
DNase/Rnase Free water.

RNA from mouse lungs were extracted using RNA Miniprep
Plus Kit (Zymo Research). Briefly, whole lung was homogenized
in TRI reagent and total RNA extraction was performed
following the instructions provided by the manufacturer with
additional DNase treatment. Quantity and quality of the samples
was determined by NanoDrop spectrophotometer and Agilent
Bioanalyzer 2100, respectively. Samples with RNA integrity
number > 8 were used for the analysis.

Preparation and sequencing of RNA libraries was performed
at the John P. Hussman Institute for Human Genomics Center
for Genome Technology. Briefly, total RNA quantity and quality
were determined using the Agilent Bioanalyzer. At least 300 ng of
total RNA was used as input for the KAPA RNA HyperPrep Kit
with RiboErase (HMR) according to manufacturer’s protocol to
create ribosomal RNA-depleted sequencing libraries. Sequencing
was performed on the Illumina NextSeq 500 generating ~40
million single-end 75 base reads per sample. Sequencing data
were processed with a bioinformatics pipeline including quality
control, alignment to the hgl9 human reference genome, and
gene quantification. Count data was inputted into edgeR software
(16) for differential expression analysis. Counts were normalized
using the trimmed mean of M-values (TMM) method (17)
to account for compositional difference between the libraries
and paired differential expression analysis using a generalized
linear model with sample as a blocking factor. Genes were
considered statistically different with a false discovery rate p-
value (FDR) <0.05.

Pathway enrichment analyses was performed using Enrichr
online (18) and DAVID bioinformatics resource (19) to obtain
the enriched biological processes (BPs) and pathways with genes
with a linear fold change (FC) >2.5.

Western Blotting

NHBE cells and lung tissue cells were lysed in lysis buffer
(Cell Signaling Technology, Beverly, MA) with protease inhibitor
cocktail (Cell Signaling Technology, Beverly, MA and sonicated
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FIGURE 1 | SEM image from microparticles developed from MAB. The
particles are submicron to 2 microns in size.
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FIGURE 2 | (A) Volcano plots differentiating genes of NHBE cells with and without exposure to MAB microparticles. (B) Heat map of RNA-Seq transcriptome analysis
of bronchial epithelial cells with and without exposure to MAB. Genes that were identified as significantly different between two groups with a >2.5-fold increase
(green) or decrease (red) in expression level (sample size was 5 for each group). (C,D) Representative western blot analysis of MX1, OAS1, and ISG15 expression in
bronchial epithelial cells exposed to MAB cell wall particles.

three times for 2s each with at least 1-min rest on ice
between each 2-s pulse. Samples were centrifuged at 10,000 x
g for 5min at 4°C and the supernatant was collected. Protein
concentration was determined by BCA protein assay kit from
Cell Signaling Technology.

Thirty micrograms of total protein were mixed in a
reducing sample buffer, and then electrophoresed on
a 10-15% Tris gel with Tris running buffer, blotted to
PVDF membrane, and sequentially probed with primary
antibodies  against  2’-5-Oligoadenylate ~ Synthetase 1
(OAS1), Interferon-induced GTP-binding protein Mx1
(MX1), Interferon-stimulated gene 15 (ISG15) (Proteintech
Group, Inc. Rosemont, IL). A horseradish peroxidase-
conjugated goat anti-rabbit antibody was then added,
and secondary antibodies were detected using enhanced

chemiluminescence (ECL Plus, General Electric Healthcare, and
Milwaukee, WI).

Statistical Analysis

A paired t-test is used to compare two population means using
GraphPad Prism 7 software. Results with p < 0.05 were defined
as statistically significant.

RESULTS

IFN | Signaling Pathway Genes Are
Overexpressed in NHBE Cells Following

MAB Exposure
The MAB cell wall particles (Figure 1) with a size that ranged
from less than a sub-micron to 2 pm were exposed to NHBE cells
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and RNA and protein expression was analyzed. RNAseq analysis
identified 1759 differentially expressed genes between NHBE cells
challenged with and without MAB microparticles (FDR < 0.5)
and found 410 genes had at least a 2.5-fold change (FC). Volcano
plots show marked differences in gene expression between
NHBE cells with and without exposure to MAB microparticles
(Figure 2A). Figure 2B shows the heatmap for unsupervised
clustering of the RNAseq transcriptomes according to pearson
correlation. Individual gene expression was normalized across
samples to percentages ranging from marked downregulation
(deep red) to marked upregulation (deep green).

The pathway enrichment analysis for gene differentially
expressed 2.5 fold between NHBE cells with and without
exposure to MAB microparticles. NHBE cells exposure to
MAB microparticles significantly enriched the IFN I signaling
pathway (GO:0060337) and cellular response to type I IFN
(GO:0071357) (adjusted p = 0.00001047, and p = 0.00001047
respectively) in pathway analysis (Table 2). The top upregulated
genes from the IFN I family (with FC>2.5 and FDR<0.5) were
Radical S-Adenosyl Methionine Domain Containing (RSAD2)
(FC 6.67), Myxovirus resistance 2 (MX2) (FC 5.66), Interferon
induced protein 44 like (IFI44L) (FC 4.34), Interferon stimulated
gene (ISG)15 (FC 4.34), Interferon Induced Protein With
Tetratricopeptide Repeats 1 (IFIT1) (FC 4.20), Interferon Alpha
Inducible Protein 6 (IFI) (FC 3.66), MX1 (FC 3.1), 2/-5'-
Oligoadenylate Synthetase (OAS)1 (FC 2.79), and OAS3 (FC
2.69). Figures 2C,D show confirmation of increased protein
expression of MX1, OSAIL, and ISG15 using western blot in
cultures exposed to MAB microparticles.

Overexpression of Cytokine Genes in

NHBE Cells Following MAB Exposure

Cytokine genes expression profile of NHBE cells following
exposure to MAB cell wall microparticles also showed significant
upregulation of IL368 (FC 41.3), IL36a (FC 18.4), IL36y (FC 3.2),
IL 23A (FC 3.2), ILIRL1 (FC 3.1), ILIRN (FC 3.1), and ILIRN
(FC 2.6). Chemokine profiles showed significant expressions of
CCLS5 (FC 8.8), CXCL11 (FC 3.1), CCL22 (FC 2.8), and CXCL10
(FC 2.5). We also found Matrix Metallopeptidase (MMP) 9 (FC
4) was differentially expressed between two groups.

Granulomatous Reaction in the Lungs
Following Exposure to MAB

Figure 3 shows mouse lungs developed non-caseating granuloma
after MAB microparticles challenge. The inflammatory lesions
were scored and showed significant increase in inflammation
by H&E staining with marked increase in cells staining for
macrophage marker, CD68, and PD-L1. IHC staining for IFN-
a also showed significant increasing in bronchial cells in
comparison with controls (P < 0.00001).

IFN | Signaling Pathway Genes Are
Overexpressed in Mouse Lungs Following

Exposure to MAB
RNAseq analysis identified 1759 differentially expressed genes
between NHBE cells challenged with and without MAB

TABLE 2 | The pathway enrichment analysis for gene differentially expressed 2.5
fold between NHBE cells with and without exposure to MAB microparticles.

Index Name P-value Adjusted
p-value

1 Epidermal cell differentiation 8.304e-13 9.309e-10
(GO:0009913)

2 Peptide cross-linking 5.967e-12 2.230e-9
(GO:0018149)

3 Type | interferon signaling 6.541e-8 0.00001047
pathway (GO:0060337)

4 Keratinocyte differentiation 3.683e-12 2.037e-9
(GO:0030216)

5 Epidermis development 2.621e-9 5.876e-7
(GO:0008544)

6 Regulation of nuclease activity 0.00005144 0.004436
(GO:0032069)

7 Skin development (GO:0043588) 9.947e-10 2.788e-7

8 Negative regulation of viral 1.165e-7 0.00001632
genome replication
(GO:0045071)

9 Cellular response to type | 6.541e-8 0.00001047
interferon (GO:0071357)

10 Negative regulation of viral life 5.545e-7 0.00006907

cycle (GO:1903901)

microparticles with FDR < 0.5, 1155 genes had a 2.5-fold change
(FC) or greater. Volcano plots reveal differential expression of
genes between NHBE cells with and without exposure to MAB
microparticles (Figure 4A). Figure 4B shows the heatmap for
unsupervised clustering of the RNAseq transcriptomes according
to pearson correlation. Gene expression for each gene was
normalized across samples to percentages ranging from marked
upregulation (deep red) to marked downregulation (deep blue).
Many immunogens were significantly upregulated in challenged
mice by MAB microparticles (Figure 4C). Figure4D shows
significant upregulation of IL-17a and IL-17f genes in mice lung
after exposure to microparticles.

Pathway enrichment analysis for
a FDR<0.05 differentially expressed
cells treated with saline (control) vs.
MAB microparticle challenged lungs significantly showed
gene pathway enrichment in the type I interferon pathway
(G0:0071357) and type I IFN signaling pathway (GO:0060337)
(adjusted p = 1.757¢-19, and p = 8.783e-20, respectively). The
top upregulated genes from the IFN I family were IRF1 (FC:2.54),
IFIT3 (FC:2.55), ISG15 (FC:2.56), MXD3 (FC:3), IRF8 (FC:3.05),
and MX1I (FC:3.10).

selected genes with
between mice lung
MAB microparticles.

IFN-«a Proteins Overexpression in the
Lungs Following Exposure to MAB

Expression of IFN-a in bronchial and granulomatous
inflammatory cells were significantly increased following
exposure to MAB cell wall microparticles (P < 0.00001).
Western blot analysis of IFN-o protein expression found
significant increase in microparticle challenged lung tissue (P =
0.0002) compared to negative controls (Figure 5).
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FIGURE 3 | Development of non-caseating granuloma in the mouse lung after MAB microparticle challenge. (A,B) Black arrows show granulomas in the lung (HandE
staining), (C) CDB8, (D) CD4, (E) PD-L1 staining, (F) PD-1 staining, (G) IFN-« in challenged lung, (H) IFN-a in control. White arrow shows a group of positive cells for
each staining. Magnification are x20 for all representative images. P-value shows percentage differences of lung stained cells between challenged mice and controls
(sample size 3 controls and 4 challenged mice).

DISCUSSION MAB cell walls elicit a proinflammatory reaction from NHBE
cells that likely initiates the host response to MAB infection.
Finding similar gene expression changes in mice exposed to
MAB particles confirms the bronchial epithelia response in an
intact organism.

IFN I genes play an important role in controlling viral
infections in bronchial epithelia and our study implicates
their role in the host response to mycobacterial disease.
IFIT1, ISG15, ISG20, and OAS 1,2, and 3 inhibit protein
synthesis and cell proliferation in viral infected host cells. MX1
protein inhibits viral nucleoprotein synthesis and endocytosis
(20). Given that mycobacteria are also intracellular pathogens,

This study found upregulation of 11 genes of the IFN 1 signaling
pathway, upregulation of all 3 species of IL-36 (o, f, and )
and upregulation of leukocyte chemokines in NHBE cells after
exposure to microparticles of MAB. Mouse lungs challenged
with MAB cell wall microparticles showed a granulomatous
reaction with significant upregulation of IFN 1 genes. We also
demonstrated that protein expression of MX1, OSAl, ISG15,
and IFN-a were upregulated after MAB-host interaction in in
vitro and in vivo models. IL-17a and IL-17f were upregulated
in mice lung after exposure to microparticles. These data show
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IFN response genes may also form the first layer of innate
defense in upregulating macrophage and T cell specific genes
including IL-17.

NHBE cells treated with MAB microparticles significantly
upregulated all three subtypes of IL36 (a, 8, and y). IL36 belongs
to the IL1 superfamily and is expressed by bronchial epithelial

cells. IL-36 activates the pro-inflammatory transcriptional factor
nuclear factor kappa B (NFkB), induces T Helper cell type 1
(Th1) responses by enhancing cell proliferation and IL2 secretion
(21, 22) and is implicated in the inflammatory response from skin
epithelial cells in psoriasis (23). IL36 is known to control IFN
I related gene expression in a time dependent manner (24) and
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may play a role in NHBE response to MAB cell wall components.
Our in vitro study also showed a significant upregulation in IL-
36 genes and members of the IL1 superfamily genes suggesting a
possible link between IL-36 expression from NHBE cells leading
to type I IFN gene expression via autocrine loop.

MAB exposed NHBE also produced chemokines CCL5 and
CCL22 that are strong leukocyte chemoattractants. The gene
of both chemokines were upregulated in the mice lung after
challenging with MAB cell wall microparticle. CCL5 is a potent
monocyte and macrophage attractant recruiting important
immune cells to combat mycobacterial infections. The immune
response to MAB is T cell dependent and that macrophages
develop pathologic features of mycobacterial disease known as
granulomas. We found significant granulomatous reaction in the
lung of challenged mice that could suggest functional activity
of upregulated CCL5 and CCL22. Interestingly, MMP9 is a
critical protein required to recruit macrophages and develop
well organized granulomas in M.TB infections (25). Thus, NHBE
expression of MMP may also initiate the granuloma formation
commonly seen in mycobacterial infections.

These data strongly support the role of NHBE cells in
the host defense against MAB infections. They suggest that
bronchial epithelial cells play a central role in initiating an innate
immune response producing the initial signal alerting resident
macrophages to the site of infection and producing IL36 and type
I IFN genes to add to the host defense. Furthermore, this study
underscores the importance of mycobacterial cell wall antigens in
initiating the innate immune response. Understanding the direct
impact of the IFN I genes and IL36 production by NHBE cells
during MAB infection will provide data to develop strategies to
treat or prevent NTM infections.
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Figure S1 | Development of granulomas in mouse lung. Anesthetized 8 week old

male, C57BI/6 mice (A) are injected with an 18-G IV catheter (B) to install
Mycobacterium abscessus cell wall microparticles (C) into the lung (D).

Figure S2 | Shows injection of methylene blue in trachea using the method

described in Figure S1. Lung shows blue color that confirms the
correct technique.
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! Univ-Bordeaux, Centre de Recherche Cardio-thoracique de Bordeaux, U1045, Département de Pharmacologie, CIC 1401,
Bordeaux, France, ? INSERM, Centre de Recherche Cardio-thoracique de Bordeaux, U1045, CIC 1401, Bordeaux, France,
3 CHU de Bordeaux, Service d’Exploration Fonctionnelle Respiratoire, Service de Chirurgie Thoracique, CIC 1401, Pessac,
France

Asthma exacerbations, a major concern in therapeutic strategies, are most commonly
triggered by viral respiratory infections, particularly with human rhinovirus (HRV). Infection
of bronchial epithelial (BE) cells by HRV triggers inflammation, notably monocyte
recruitment. The increase of bronchial smooth muscle (BSM) mass in asthma, a hallmark
of bronchial remodeling, is associated with the annual rate of exacerbations. The aim
of the present study was to assess whether or not BSM could increase monocyte
migration induced by HRV-infected BE. We used an advanced in vitro model of co-culture
of human BE cells in air-liquid interface with human BSM cells from control and
asthmatic patients. Inflammation triggered by HRV infection (HRV-16, MOI 0.1, 1h)
was assessed at 24 h with transcriptomic analysis and multiplex ELISA. In vitro CD14%
monocyte migration was evaluated with modified Boyden chamber. Results showed
that HRV-induced monocyte migration was substantially increased in the co-culture
model with asthmatic BSM, compared with control BSM. Furthermore, the well-known
monocyte migration chemokine, CCL2, was not involved in this increased migration.
However, we demonstrated that CCL5 was further increased in the asthmatic BSM
co-culture and that anti-CCL5 blocking antibody significantly decreased monocyte
migration induced by HRV-infected BE. Taken together, our findings highlight a new
role of BSM cells in HRV-induced inflammation and provide new insights in mucosal
immunology which may open new opportunities for prevention and/or treatment of
asthma exacerbation.

Keywords: mucosal immunology, bronchial remodeling, asthma, monocyte, rhinovirus, epithelium, smooth
muscle, co-culture

INTRODUCTION

Asthma is a chronic respiratory disease characterized by chronic inflammation, bronchial
hyperresponsiveness and bronchial remodeling. Asthma exacerbations still represent a major
concern in therapeutic strategies since they are characterized by an increase in symptoms and
a decrease in lung function that is sufficient to require a change in treatment (1). Asthma
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exacerbations have been often associated with viral respiratory
infections, with an estimated rate of 65-85% of all viral
exacerbations in children and 50% in adults being caused
by human rhinovirus (HRV) (2). HRV infection was largely
restricted to the bronchial epithelium (BE) (3). HRV infection of
BE triggered the release of a various range of mediators, such as
antiviral interferons and pro-inflammatory cytokines (4). HRV-
infected BE also produced chemokines, such as IL-25, IL-33, and
thymic stromal lymphopoietin, therefore inducing immune cell
migration toward lung tissue and subsequent inflammation (5).

HRV also presented the ability to enter and replicate
in monocytes when they are co-cultured with BE cells (6).
Monocytes are myeloid cells that give rise to macrophages,
dendritic cells (7), and fibrocytes (8). While macrophage
and dendritic cell involvement in asthma has been well-
documented, the role of monocytes themselves has not
been studied extensively, whereas several publications showed
that they are recruited after viral- or bacterial-infection
(9). Indeed, several chemokines have been shown to attract
monocytes from blood circulation. CCL2 was considered as
the main monocyte chemoattractant and has been shown
to be associated with monocyte migration in many diseases.
During viral- or bacterial-infection, increased amount of
both CCL2 and CCL5 has been observed, in serum from
asthmatic patients and these data correlate with those found
in mouse models of asthma, in whom expression level of
CCL2 in lung tissue and bronchoalveolar lavage fluids were
also enhanced compared to control mice (10). In addition
to CCL2, many other chemokines presented chemotactic
properties on monocytes such as CCL3, CCL5, or CCL7 (9,
11). Importantly, monocyte may have an important role in
HRV-induced exacerbation since sCD86, a pro-inflammatory
mediator secreted by the intermediate monocyte subset,
was highly expressed in serum of asthmatic patients under
exacerbation (12).

An important feature of bronchial remodeling was the
increase of bronchial smooth muscle (BSM) mass, which has been
correlated with decreased lung function (13, 14). Interestingly,
this enhanced BSM mass was also associated with an increased
annual rate of exacerbations (15). Moreover, the reduction
of BSM area by bronchial thermoplasty drastically decreased
the rate of exacerbations (16, 17), but its mechanisms remain
unknown. Surprisingly, the role of BSM on monocyte migration
during exacerbation has never been explored.

Therefore, the goal of the present study was to assess
whether or not BSM could increase monocyte migration
induced by HRV-infected BE. The present study showed
that HRV-induced monocyte migration was substantially
increased in the co-culture of BE with asthmatic BSM, compared
to that with control BSM. Furthermore, we determined
that the major monocyte chemoattractant CCL2 was not
involved but instead this increased migration was CCL5-
dependent. Taken together, our findings highlight a new role
of BSM cells in HRV-induced inflammation and provide
new insight in mucosal immunology which may open
new opportunities for the prevention and/or treatment of
asthma exacerbation.

MATERIALS AND METHODS
Study Populations

Patients with asthma were recruited from the “COBRA” cohort
(“Cohorte Obstruction Bronchique et Asthme”; i.e., Bronchial
Obstruction and Asthma Cohort) in the Clinical Investigation
Center of Bordeaux (CIC, Hopital Haut-Lévéque, Pessac, France)
according to GINA (1). Non-asthmatic control subjects were
recruited after surgical resection if they had normal lung
function. Bronchial specimens from all subjects were obtained
by either fiberoptic bronchoscopy or lobectomy, as previously
described (18). All subjects gave their written informed consent
to participate to the study after the nature of the procedure
has been fully explained. The COBRA study received approval
from the National Ethics Committee. Patients’ characteristics are
presented in Table 1.

Cell Culture and Co-culture Model

Primary BSM cell culture was established, as described previously
(19, 20). BSM cells (see subjects’ characteristics Table S1) were
only used from passages 2 to 5 to avoid BSM cell dedifferentiation
into myofibroblasts or fibroblasts. Cell culture purity was assessed
by immunocytochemistry using BSM-specific markers, with a
requirement of aSMA- and calponin-positive cells >90%.

BE cells were obtained from surgical specimen of control
subjects (see subjects’ characteristics Table S2), as described
previously (21). Briefly, BE cells were cultured in Pneumacult-
Ex medium (Stemcell Technologies, Vancouver, Canada). After
reaching 70% confluence, BE cells were grown on 0.4um
pore-diameter insert with Pneumacult-ALI (complemented with
hydrocortisone and heparin according to the manufacturer,
Stemcell) and cultured in air-liquid interface (ALI) for 21
days, in order to obtain a fully differentiated BE. ALI-BE
was either infected or not infected with HRV-16 (Gift from
Dr. Brian Oliver, Woolcock Institute of Medical Research,
Sydney, Australia) at a MOI of 0.1 for 1h (100 pl of DMEM
containing HRV-16, was dropped on the top of the insert
and removed after 1h). For HRV-16 infection, hydrocortisone
was removed from Pneumacult-ALl medium. Supernatant
were collected 24h after the infection. The absence of HRV

TABLE 1 | Patients’ characteristics.

Characteristics Controls Asthmatics p-value
No. of patients 32 25

Age, yr 64.48 £ 9.44 54.31 £18.19 0.08
Body mass index, kg/m? 25.34 + 4.98 26.37 £ 5.98 0.72
Treatments

LABA, No. of patients 0 24

ICS, No. of patients 0 24

OCS, No. of patients 0 5

FEV,4

Liters 2.21+£0.49 211 +£0.79 0.37
Percentage of predicted value 82.4 +24.23 78.93 £22.18 0.79
Percentage of FVC 72.45+£10.14 82.24 £156.77 0.04

Frontiers in Immunology | www.frontiersin.org

January 2020 | Volume 10 | Article 2998


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Allard et al.

Asthmatic Airways Increase Monocyte Migration

particles in the co-culture supernatant was confirmed by
digital PCR (data not shown).

The co-culture was established by adding the ALI-BE insert to
the BSM well for 1 week. Medium used for co-culture was a mix
of that used for BSM and BE (50% of DMEM supplemented with
10% FBS and 50% of Pneumacult-ALI without hydrocortisone).
The BE co-cultured with BSM were infected, as mentioned above
for BE alone. The absence of HRV particles within BSM cells
was confirmed by digital PCR (data not shown). Supernatant
were collected from three independent experiments and stored at
—80°C for further analysis. In total, 18 controls and 12 asthmatic
BSM cells were co-cultured with at least three different BE cells.

Rhinovirus Production and Infection

HRV-16 was used in this study since it represents the “major
group” (which utilize the cell surface receptor intercellular
adhesion molecule 1) and is used in a large number of
experimental studies on human primary cells. The HRV-16 was
propagated in HeLa cells with 2% serum, as previously described
(22). Hela cells were maintained in DMEM supplemented
with 10% FBS. HRV-16 titration assay was established in
Hela cells and digital PCR (Functional Genomic Centre of
Bordeaux). The absence of any mycoplasma, bacterial and
fungal contamination was confirmed by the use of PCR
and bacterial/fungal cultures (Eurofins Genomics, Germany
and Parasitology-Mycology department of Bordeaux University
Health Centre, respectively).

Monocyte Isolation

Primary monocytes were obtained from blood of asthmatic
patients (see patients’ characteristics Table S3). Briefly, peripheral
blood mononuclear cells were separated from buffy coat using
a Ficoll-gradient centrifugation method followed by a positive
depletion with CD14 microbeads. Cells were then suspended
at the adequate concentration in RPMI + Glutamax (Thermo
Fisher Scientific, Waltham, Massachusetts, USA) supplemented
with 8% FBS (Eurobio, Evry, France).

Migration Assay

Primary monocyte migration was performed using transwell
chambers (Thermo Fisher Scientific) with monocytes added to
the upper chamber and culture supernatant to the lower chamber
of 3.0 um pore-diameter inserts, pre-coated with PLL(20)-g[3.5]-
PEG(2) (SuSoS, Diibendorf, Switzerland) to prevent monocyte
adhesion. The number of migrated cells was assessed after 4h
of migration by cell counting. The effect of chemokines on
monocyte migration was assessed using neutralizing antibodies
anti-CCL2 at 5 ug/ml (Biolegend, San Diego, CA) or anti-CCL5
at 1 pg/ml (R&D) antibodies, Armenian hamster IgG isotype
control at 5pg/ml (Biolegend) or mouse IgGl1 isotype control
at 1pg/ml (Abcam, Cambridge, UK). For each experiment,
results were first normalized with control medium (DMEM/ALI
medium). Then, all the data were further normalized by
the mean of the control condition (co-culture without HRV)
and multiplied by 100 to display the results as percentage
of migration.

Monocyte migration was also assessed using micro-optical
coherence tomography (ju-OCT) (23). Briefly, it is a bio-imaging
technic producing trans-sectional images based on the sample
reflectance, with an axial and lateral resolution of 1 micron.
pw-OCT measured variation of electric field amplitude of light
scattered by the structure of the tissue. Primary BE cells seeded
on 3 um inverted transwell were placed in a customized holder
specifically designed for transwells. The reconstituted BE was
stimulated with TNF-a (100 ng/ml) 24 h before the migration
assay. Cells were imaged using the w-OCT imaging device in
its inverted configuration and rotated around 10° to minimize
direct reflection of the beam on flat surfaces. A 75W lamp was
circled with aluminum foil to transfer the heat and obtained
a temperature around 37°C near the sample. 2D images were
acquired by scanning the beam in a linear path (B-scan) over
1 mm length and 3D images were obtained by multiplying B-scan
to scan 1 x 1 mm area. Time-lapsed acquisition was made by
taking 512 two-dimensional sections every 10 min for 4 h. Typical
Fourier-domain OCT reconstruction was applied to convert raw
interferometric data to depth-resolved images that could be
processed an analyzed in Image] to obtain 3D images.

Multiplex Gene Expression Analysis

BE cells were lysed by adding 200 11 of lysis buffer RLT according
to manufacturer’s instruction (AllPrep® DNA/RNA/Protein
Mini Kit, Qiagen, Hilden, Germany), 24 h after HRV infection.
mRNA extracts were stored at —80°C and send to PARS-I
(Plateforme Analytique de Recherche en Santé-Immunologie,
Dr. Isabelle Pellegrin, Bordeaux, France) to be assessed with
nCounter® FLEX using the inflammation panel (nanoString,
Seattle, WA). Analysis was performed with nSolver™
Analysis software.

Protein Expression

Protein expression of CCL2 and IL-6 was assessed by ELISA in
supernatants (100 pl undiluted for controls and diluted 1/10
for HRV-16) following the manufacturer’s instruction (Qiagen,
Hilden, Germany). A custom Bio-Plex Assay (BioRad, Hercules,
CA) was performed to assess chemokine expression in co-culture
supernatants (50 pl undiluted) according to the manufacturer’s
instruction. Special plate reader (Bio-Plex MAGPIX™, BioRad)
and software (Bio-Plex manager) were used. The assay running
was based on the same principle as a classic ELISA, except that
all the washing steps were made with a wash station (Bio-Rad),
equipped with a magnetic field that kept the microbeads to the
bottom of the well while performing washing steps.

Statistical Analysis

All statistical tests were performed on Graphpad Prism 6 software
(Graphpad Software, San Diego, CA). Results were displayed
as mean + SEM values of repeated independent experiments.
Statistical tests used were ordinary one-way ANOVA with
Newman-Keuls or Bonferonni’s multiple comparisons test and
Wilcoxon tests. Results were considered as statistically significant
when p < 0.05.
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RESULTS We further assessed whether monocyte may cross the ALI-BE
. . . barrier. To that extent, we designed an inverted model with BE
Enhar!ced_Monocyte Migration Mediated cells seeded on the inverted sige of the insert of the transwell
by Rhinovirus-Infected BE and we used an advanced system of OCT-imaging (LOCT),
Since BE is the first line of defense against respiratory  to perform live-imaging of inflammatory cell migration for 4 h
viruses, we first sought to assess monocyte migration in  (Figure S1). While neutrophil trans-epithelial migration could
response to supernatant of HRV-infected BE cells alone, be demonstrated (Figure S1B), monocytes migration was not
cultured in ALL As anticipated, a significant increase of  observed within the time of the experiment (Figure S1C). Thus,
monocyte migration (62%) was observed with HRV-infected BE ]I subsequent migration assays were then performed using the
supernatant (Figure 1A). Since HRV infection of BE cells induce  modified Boyden Chamber.

CCL2 production (24), the major monocyte chemoattractant

protein, we assessed CCL2 mRNA and protein levels in BE . .
cell lysates. Although there was no difference in mRNA level Asthmatic Bronchial Smooth Muscle

at 24h (data not shown) a significant increase of CCL2 ~CO-culture Increased Rhinovirus-Mediated

protein was observed in HRV-infected BE (Figure 1B). We Monocyte Migration

then used an anti-CCL2 neutralizing antibody to confirm  Surprisingly, HRV infection of BE co-cultured with control
that HRV-mediated monocyte migration was dependent on  BSM did not increase monocyte migration (Figure 1C). By
CCL2. As expected, this antibody virtually abrogated monocyte  contrast, a significant 2-fold increased migration was observed

migration (Figure 1A). in HRV-infected BE when co-cultured with BSM from asthmatic
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FIGURE 1 | Asthmatic bronchial smooth muscle cell co-culture increases rhinovirus-mediated monocyte migration. (A) Monocyte migration was assessed in
response to supernatants of reconstituted bronchial epithelial cells in air liquid interface infected or not with human rhinovirus (HRV-16; at MOI 0.1 for 1 h). The effect of
CCL2 on rhinovirus-induced monocyte migration was evaluated by addition of blocking antibody (7 = 7-11 per group). (B) CCL2 proteins were assessed from
epithelial cell supernatant (n = 5 per group). (C) Monocyte migration was assessed in response to supernatants of reconstituted bronchial epithelial cells in air liquid
interface co-cultured for 1 week with bronchial smooth muscle cells from control (n = 5-9 per group) or (D) asthmatic patients (n = 5-8 per group). Data are
presented as mean 4 SEM values of three independent experiments (Wilcoxon test, #P < 0.05; ##P < 0.01; ###P < 0.001 and ordinary one way anova,
Bonferroni’'s multiple comparisons test, *P < 0.05 compare the mean of HRV+ alone with the mean of every other columns).
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patients (Figure 1D). Moreover, this migration was not related
to CCL2, since the use of an anti-CCL2 neutralizing antibody
did not alter monocyte migration, suggesting the involvement
of other chemokines (Figure 1D). Importantly, no HRV-16
particle has been detected in both co-culture supernatant and
BSM cells (data not shown) suggesting minor modification of
epithelium integrity. In order to identify potential monocyte
chemoattractants in this co-culture model, we performed a
transcriptomic analysis of BE cell lysates from the different co-
culture conditions. Several chemokines emerged as potential
actors for monocyte migration since they presented mRNA
levels significantly increased in HRV-infected BE co-cultured
with asthmatic BSM compared to that co-cultured with control
BSM: CCL2, CCL5, CCL17, CXCL1, CXCL2, CXCL5, CXCL6,
and CXCL9 (Figure 2). Whereas both CCL4 and CCL23 mRNA
levels were also increased in HRV-infected BE co-cultured with
asthmatic BSM compared to that co-cultured with control
BSM, the absolute counts were too low to be considered
as pertinent (Figure S2). Additional chemokine transcriptomic
levels were also measured but did not present any significant
difference between HRV-infected BE co-cultured with control
vs. asthmatic BSM (Figure S2). Transcriptomic analyses also
demonstrated an increased expression of genes involved in
the pro-inflammatory response, such as IL-1A, IL-6, or TNEF-
o (Figure S3A), as well as HRV-induced genes, like IFNAI,

IFNBI1, IFIT1, IFIT3, which all belonged to the interferon
pathway (Figure S3B).

The protein level of the chemokines of interest was then
measured using multiplex ELISA assay (Figures 3A-H). Since
anti-CCL2 blocking antibody was unable to alter monocyte
migration induced by HRV-infected BE co-cultured with
asthmatic BSM (Figure 1D), it was not surprising to identify no
significant difference in CCL2 protein expression (Figure 3A).
From the eight targets pre-selected from the transcriptomic
analysis, only CCL5 presented a differential protein expression
between HRV-infected BE co-cultured with asthmatic BSM
compared to that co-cultured with control BSM (Figure 3B).

Enhanced Monocyte Migration Was
CCL5-Dependent

To finally assess the role of CCL5 on monocyte migration,
we performed additional migration experiments. First, adding
recombinant CCL5 to non-infected-BE cell medium increased
monocyte migration, which was abolished using an anti-
CCL5 neutralizing antibody (Figure4A). Second, anti-CCL5
neutralizing antibody did not decrease monocyte migration
in HRV-infected-BE co-cultured with control BSM cells
(Figure 4B), whereas it abolished the increased monocyte
migration in HRV-infected-BE co-cultured with asthmatic BSM
cells (Figure 4C).
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FIGURE 2 | Asthmatic bronchial smooth muscle cell co-culture increases chemokines gene expression in bronchial epithelial cells after rhinovirus infection. (A) CCL2,
(B) CCL5, (C) CCL17, (D) CXCL1, (E) CXCL2, (F) CXCL5, (G) CXCLS6, (H) CXCL9 mRNA were quantified in epithelial cells by multiplex gene expression analysis. Data
are presented as mean + SEM values (n = 3 per group, one-way ANOVA, Newman-Keuls multiple comparisons test, *P < 0.05; **P < 0.01; **P < 0.001;
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of HRV+ alone with the mean of every other columns).

DISCUSSION of both pro-inflammatory response and monocyte migration in a
CCL5-dependent manner.
Taken together, these results showed that the BSM from asthmatic In the present study, we focused our attention on the effects of

patients increased the effects of HRV infection of the BE in terms ~ HRV infected-BE on monocytes migration. Indeed, monocytes
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are recruited in the bronchial wall of asthmatic patients after
infection (25, 26). Moreover, Shi et al. found that sCD86,
a pro-inflammatory mediator secreted by the intermediate
monocyte subset, was highly expressed in serum of asthmatic
patients under exacerbation (12). In addition, monocyte-derived
dendritic cells are sufficient and necessary to induce airway
inflammation in mouse models of asthma (27, 28). In a mouse
model of allergic airway inflammation using cockroach antigen,
the increased monocytes/macrophage infiltration was related
to subepithelial accumulation of versican and hyaluronan, two
important proteins from the extracellular matrix involved in
airway remodeling (29).

These results demonstrated the interest of using an advanced
model of co-culture, since the crosstalk between BSM and
BE cells altered the “classical” pattern of monocyte migration.
Indeed, BSM can produce chemotactic proteins and therefore
attract many inflammatory cells. In the context of asthma, BSM
may attract mast cells (30), as well as T cells (14). However,
to the best of our knowledge, there is no data regarding the
attraction of monocytes by BSM cells. Using the co-culture
model with asthmatic BSM cells, blocking CCL2 did not inhibit
monocyte migration, suggesting a role of other chemokines
in monocyte migration. Instead, transcriptomic and protein
analyses showed an increased expression of CCL5, and functional
migration assay demonstrated that the migration was CCL5-
dependent. CCL5 can bind the chemokine receptors CCRI,
CCR3, and CCR5 and monocytes express CCR1 and CCR5
on their surface (31). Whether CCL5/CCR1 axis was more
important than CCL5/CCR5 axis in monocytes recruitment
was not investigated in the present study. CCL5 is a potent
chemoattractant for monocytes, T helper cells and eosinophils
(32-34). Using a similar co-culture model, Malavia et al. showed
that secreted mediators, such as IL-8, IL-6, or CCL2, were
enhanced, especially when BE was mechanically injured with a
pipette tip to mimic epithelial disruption (35). Moreover, HRV-
induced CCL5 production by BE can also induce BSM cell
chemotaxis (36). However, all these experiments were performed
only with non-asthmatic BSM cells. Therefore, our own co-
culture model with asthmatic BSM on BE chemokine expression
and monocyte migration provided new insights regarding
the role of asthmatic BSM in HRV-induced inflammation.
Surprisingly, the co-culture system with control BSM abrogated
the monocyte migration induced by HRV infection. These
results suggest that a crosstalk between BE and BSM in healthy
subjects could moderate inflammatory signaling in response to
HRV infection whereas asthmatic BSM altered this crosstalk
toward a pro-inflammatory response. Indeed, HRV-infection of
BE co-cultured with asthmatic BSM increased the production
of pro-inflammatory mediators (IL-1A, IL-6, TNF-alpha) at
the transcriptional level compared to that co-cultured with
control BSM cells. Moreover, HRV-infected BE-co-cultured with
asthmatic BSM also increased IL-8 and IL-15 levels. By contrast,
such an experimental condition did not alter type 2 inflammation
(i.e., IL-4, IL-5).

In this study, we showed that CCL2 remained the main
monocyte chemoattractant upon HRV infection when BE was
cultured alone in ALL CCL2 was considered as the main

monocyte chemoattractant and was produced by many cell
types, including BSM (37). Constitutive or stimulated CCL2
secretion by human asthmatic BSM has already been shown
in vitro (38). BE cells were also able to produce CCL2 in
response to other respiratory virus infection (39). However, in
vitro, no effect of HRV-16 infection of BE on CCL2 production
could be found in the literature. For instance, Keininger et
al. did not observe any difference in CCL2 expression after
HRV-16 infection, unlike infection with HRV-1B (40). These
contradictory findings might be related to the infection protocol
and the multiplicity of infection used. In addition, some of these
studies used a monolayer of BE cells grown in liquid phase and
not a pseudostratified BE grown in ALI (41). Similarly, it has
been previously shown that HRV infection of such a monolayer
of primary BE cells induced CCL5 expression (42), whereas in
our hands, BE alone cultured in ALI produced CCL2. It is also
important to mention that the HRV-related increased migration
was not related to lower BE junction, since no HRV particle
was observed in both co-culture supernatants and BSM cells.
Moreover, the inflammatory response of BE was only due to
HRV-16 infection since UV-inactivated HRV-16 did not trigger
IL-6 production (Figure S4).

Several limitations can be discussed in this study. Firstly,
BE cells were only obtained from control patients. Since the
goal of the present study was to assess the role of BSM on
monocyte migration induced by HRV-infected BE, we thus
compared asthmatic and control BSM in a paired fashion.
Moreover, when we previously evaluated the effects of BE on
BSM cells, results were similar when asthmatic and control BE
cells were used (21). Furthermore, the barrier function of the BE
is compromised in asthma, which would improve the passage
of viruses across the BE (43). Secondly, this study used primary
cells, which are complex to obtain from patients and explain
why we limited the study to a low number of patients. One
can argue that we are not powered enough for non-significant
results. Thirdly, we only used monocyte from asthmatic patients.
Indeed, the current ethic protocol did not plan to use blood from
control subjects. It has been shown that intermediate monocytes
CD14M CD16% were increased in severe asthmatic patients
(44) which may impact the migration pattern of monocytes, as
well as the differential chemokine receptor expression pattern.
Fourth, we provided a mechanistic explanation for monocyte
migration but further studies are required to understand how
CCL5 production is increased in the asthmatic condition.
Finally, our in vitro findings indicated that CCL5 may
play a role in monocyte recruitment in rhinovirus-induced
asthma exacerbation. This has to be confirmed with further
in vivo or ex vivo studies.

In conclusion, this study highlighted a new role of BSM in
asthma which altered BE response against HRV infection. These
results were in agreement with the double association of, on the
one hand, the increased exacerbation rate in asthmatic patients
with increased BSM mass (15), and, on the other hand, the
decreased exacerbation rate induced by bronchial thermoplasty,
which decreased BSM mass (16, 17). However, whether or not
BSM was directly involved in HRV-induced asthma exacerbation
remained to be further elucidated.
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The underlying pathologies of sickle cell disease and asthma share many characteristics
in terms of respiratory inflammation. The principal mechanisms of pulmonary
inflammation are largely distinct, but activation of common pathways downstream of
the initial inflammatory triggers may lead to exacerbation of both disease states. The
altered inflammatory landscape of these respiratory pathologies can differentially impact
respiratory pathogen susceptibility in patients with sickle cell disease and asthma.
How these two distinct diseases behave in a comorbid setting can further exacerbate
pulmonary complications associated with both disease states and impact susceptibility
to respiratory infection. This review will provide a concise overview of how asthma
distinctly affects individuals with sickle cell disease and how pulmonary physiology and
inflammation are impacted during comorbidity.

Keywords: sickle cell disease (SCD), asthma, acute chest syndrome (ACS), respiratory infection,
pulmonary inflammation

INTRODUCTION

Red blood cells (RBCs) constitute the largest number of mobile cells in the human body (about
3 x 10'2) that perform the primary function of O, (and CO;) transportation through hemoglobin
(Hb). Alterations that occur in Hb through inherited genes can lead to a change in RBC morphology
and function leading to sickle cell disease (SCD), a common inherited disorder leading to anemia,
incidences of vaso-occlusive crises, acute chest syndrome (ACS), cumulative organ damage, and a
number of additional chronic comorbidities (1). A large number of individuals carry the sickle cell
trait, wherein a single sickle cell gene (“S”) is inherited, and are mostly asymptomatic (2). However,
a patient with two sickle genes are named to have the HbSS form of SCD, while a patient who
inherits one S gene and another abnormal hemoglobin gene (C, beta thalassemia, D, E, or O) will
have alternate types of SCD such as HbSC or HbS beta thalassemia. Patients with SCD represent
a significant health care burden in terms of cost, and despite a number of therapeutic strategies,
life expectancy in this population remains decades premature compared to that of the general
population (3-5). As the most commonly inherited blood disease, SCD affects >100,000 in the
United States and millions more worldwide (6). With 1:13 babies born with the sickle cell trait
and 1:365 patients having SCD, African Americans have the highest incidence of SCD in the U.S.
(7). The high occurrence of pulmonary complications in SCD patients has led to the consideration
of possible complications from other respiratory conditions that have similar symptomatologies,
like asthma.
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Asthma is a syndrome of the respiratory system that affects
26 million Americans and 300 million globally. Like SCD, the
incidence of asthma is predicted to continue to increase as
indicated by the 3.6% increase in prevalence since 2006 (8).
Of note is the observation that individuals with SCD have an
increased incidence of asthma when compared to the general
population. In children, the incidence of asthma diagnosis is
as high as 27% in individuals with SCD (9). Approximately
30-70% of patients with SCD also suffer from asthma (10, 11)
leading to a poorer quality of life. Like SCD, African Americans
(especially women) are more likely to have asthma and African
American children have a much higher likelihood of dying from
asthma compared to other ethnicities (12). While it is unclear
why asthma incidence is disproportionately elevated in African
American children with SCD, socioeconomic factors and perhaps
even overdiagnosis of asthma in SCD patients may contribute to
this bias. ACS, one of the most frequent complications of SCD,
is correlated with the incidence of asthma in the SCD population
(13-15). As such, gaining an understanding of the clinical and
immunological consequences of asthma in the context of SCD
is of critical importance for improving patient outcomes in this
patient group.

Asthma and SCD share a number of similarities in terms
of the immunological factors associated with their respective
disease states. Both conditions result in inflammation and
airway hyperreactivity, both conditions impact susceptibility to
respiratory infections, and both require specific interventions
to mitigate the complications associated with them. Despite the
recognition that asthma in the context of SCD likely results
in a comorbid condition distinct from the general population,
there is relatively little mechanistic insight into how these two
disease pathologies co-function. In this review we highlight the
potential immunological synergies between asthma and SCD
garnered from both clinical data and murine modeling studies
to showcase how these conditions may exacerbate each other,
thereby representing a unique comorbid condition in these high-
risk patient populations.

IMMUNOLOGIC CONSEQUENCES OF
ASTHMA IN SCD

The immunologic sequelae associated with SCD and asthma are
complex but have some overlap. Given that both asthma and
SCD impact inflammation in distinct ways, the interplay into
how these two conditions function when present in a comorbid
state raises important questions. Elevated IgE levels in children
with SCD is much more common than in the general population
and is associated with both asthma and increased morbidity in
children (9). Increased serum IgE is a well-accepted biomarker
of allergic asthma, and SCD patients have elevated IgE in sera
which may occur as a result of non-specific immune activation
in these patients, leading to a T2 bias and increased risk for
asthma as a consequence. This enhanced serum IgE availability
is also reflected in murine models, whereby the increase in total
IgE in sensitized SCD mice is significantly greater than what
is observed in sensitized wild type animals (16). Pulmonary

function testing is often utilized to distinguish allergic asthma
from other IgE mediated inflammatory conditions. Adult
patients with SCD have a high incidence, up to 80%, of abnormal
pulmonary function when tested (17). A similar, but less severe
pattern is observed in children with SCD, with ~50% of patients
having abnormal results (18). Abnormal results were more
prevalant in the asthmatic pediatric SCD patients, underscoring
applicability of pulmonary function analysis as part of making an
appropriate diagnosis of asthma in SCD patients (18). The utility
of screening for respiratory disorders such as asthma in children
and adults using pulmonary function tests has not been fully
established and current guidelines suggest routine collection of
a thorough respiratory history to identify pulmonary disease in
patients with SCD. This is of particular importance in young
children because pulmonary function tests can be unreliable
in this population. While asthma represents a major and
frequent health concern for patients with SCD, the mechanistic
factors driving the development and immunological features
of asthma in the context of SCD remain poorly elucidated
and create barriers to appropriate asthma management
in SCD patients.

Endothelial activation is considered to be a major pathway by
which sickled RBCs contribute to vaso-occlusion. Sickled RBC
binding to integrins on endothelial cells lead to injury via reactive
oxygen species that also function in a feed-forward loop to
continue to activate endothelial cells (19). This activation leads to
the infiltration of other cells such as monocytes and neutrophils
which contribute to uncontrolled cell adhesion that occurs in
blood vessels of SCD patients (20, 21). Increased levels of pro-
inflammatory cytokines such as IL-3, GM-CSF, and PGE2 have
also been noted to occur in SCD patients (22-24). Steady state
levels of TNF-a, IL-a, IL-1B, and IL-6 are all elevated in SCD
(23-25). Elevated neutrophil counts are characteristic of SCD
and can form neutrophil extracellular traps in the pulmonary
vasculature, contributing to acute lung injury resulting from
inflammatory cytokine signaling (26). Both the pulmonary and
systemic responses to inflammatory stimuli are greatly elevated
in the context of SCD with enhanced levels of TNF-a, IL-1f,
s-VCAM-1 being observed following endotoxin treatment (27).
This heightened inflammatory landscape contributes to multiple
complications of SCD, ranging from pulmonary disfunction and
infection susceptibility.

Airway inflammation is a canonical hallmark of asthma
and eosinophils may dominate as the infiltrating leukocyte in
severe allergic asthma. Endothelial activation is fundamental
to the initiation of inflammation in asthma (28) wherein
endothelial cells upregulate integrins and selectins in response
to allergenic stimuli (29) and cytokines produced in situ by
resident leukocytes (30). Markers of endothelial activation
including ICAM-1, VCAM-1, P-selection, and E-selectin are
also elevated in the context of SCD (24, 31). Similarly, IL-
3 and GM-CSF can promote the allergic milieu (32) and
support activation and survival of eosinophils in the airways
(33). While the exact role of PGE2 in the lungs of asthmatics
is still unclear, its elevation correlates with eosinophilia (34).
Common inflammatory pathways between SCD and asthma may
therefore lead to an asthma-like phenotype in patients with
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SCD (Figure 1), or indeed, increase the likelihood of asthma  a bone marrow chimeric mouse model of SCD and shortened
pathogenesis in these patients. exposures to aerosolized OVA, Pritchard et al. demonstrated
that OVA-induced allergic inflammation in these SCD mice
correlates with a heightened TH2 cytokine milieu and pulmonary
MODELING ASTHMA AND SCD IN MICE tissue resistance marked by a decrease in lung tissue elasticity
suggestive of greater alveolar occlusion (36). This trend in
While SCD is a hereditary condition, asthma development is  airway inflammation and general T2 skewing was recapitulated
dependent on genetic and environmental components. Although by Andemariam et al. using the BERK mouse model of SCD
rodents do not naturally develop asthma, asthma-like disease can ~ and a more standard model of OVA exposure (37). Of note,
be triggered in them through continuous exposure to natural — naive BERK SCD have increased levels of Ty2-type cytokines
aeroallergens or ovalbumin (OVA) (35). The possible overlap  in the bronchoalveolar lavage fluid and a higher number of
between asthma and SCD based on shared symptoms such  T-lymphocytes in the lungs (37). Airway hyperresponsiveness
as airway inflammation, hyperresponsiveness, and architectural  is a shared hallmark of SCD and asthma (38, 39), that generally
damage has created a demand for animal models of asthma  correlates with pulmonary inflammation. Despite heightened
and SCD comorbidity, although only a few have been  airway inflammation in response to OVA, BERK SCD mice
created to date using OVA and house dust mite (HDM) as  had lower airway reactivity compared to wild-type mice
triggering allergens. even at very high doses of methacholine (37), suggesting
Existing models of asthma in SCD mice after OVA  that inflammation and airway hyperresponsiveness may
sensitization and challenge suggest that mice with SCD  be disjointed in SCD.
respond more severely to allergen exposures (16, 36, 37). OVA Although OVA is a commonly used trigger to induce
exposure leads to the development of peribronchovascular  allergic asthma-like disease in mice, due to its limitations
inflammation (with active eosinophils) and inflammatory foci, as a clinically relevant aeroallergen, utilization of more
elevated serum IgE, and bronchial epithelial hyperplasia in  relevant allergens such as HDM, cockroach, fungal, and viral
BERK SCD mice to equivalent levels as wild-type controls (16).  antigens have gained popularity among investigators that model
However, more severe pathologic changes occur in SCD mice  asthma in mice (40). Most recently, Jiang et al. found no
when OVA-challenge duration is prolonged causing death in  differences between BERK SCD and wild-type mice in the
about 30% of the animals (16), suggesting that the BERK SCD  inflammatory index, airway cytokines, or HDM-specific IgE
mice may have a lower threshold for asthma exacerbation. Using  levels after HDM exposure (41). These findings are exciting

[TNFa, IL-18, 1L-6 | \

Injury/Death

FIGURE 1 | Endothelial activation by sickled red blood cells that may exacerbate asthma. Sickled red cells induce endothelial upregulation of integrins, ICAM, and
VCAM, that enhance attachment and subsequent infiltration of neutrophils and monocytes into the pulmonary tissue. Increased margination of these leukocytes
trigger further interaction with endothelial cells through the production of pro-inflammatory cytokines that together with sickled red blood cells cause endothelial cell
production of reactive oxygen and nitrogen species that can trigger blood vessel injury. Recruited cells further activate the bronchial epithelium leading to a positive
feedback loop to promote heightened inflammation and airway hyperreactivity.
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as they confirm that variation in outcome occurs based
on the antigen, route of exposure, and adjuvants in SCD
mice. Mouse models of SCD with asthma that can be used
to decipher mechanisms that underlie asthma pathogenesis
in patients with SCD is an important gap in technology
to address.

TREATMENT OF ASTHMA IN INDIVIDUALS
WITH SICKLE CELL DISEASE

Information amassed on the immunologic basis of asthma has
resulted in the development of biologics targeted for patients
with specific endotypes. However, since the efficacy of these
therapeutics are quite low, corticosteroids are used to alleviate
the symptoms during asthma attacks despite our knowledge of
the long term negative impact of steroids on human health
(42). Although the SCD-asthma comorbid condition is prevalent,
relatively little evidence based models exist for its management.
Current models for asthma management in SCD are based on
NIH guidelines for the general population and include liberal use
of inhaled steroids, despite the extensive literature recognizing
SCD patients as a uniquely susceptible and vulnerable patient
population (10, 43, 44). Use of inhaled steroids further increases
the risk of colonization of S. pneumoniae which may increase
the likelihood for the development of invasive disease to which
the SCD population is particularly susceptible (45, 46). Inhaled
corticosteroids have been proposed to be used to prevent
additional episodes of vaso-occlusive crisis in pediatric patients,
and recent studies have underscored the feasibility of this
approach in young children (47). Inhaled steroids given to non-
asthmatic patients with SCD have demonstrated considerable
promise, with significant reductions in pain and sVCAM levels
as well as inflammatory macrophage markers, underscoring the
potential for targeting inflammation to improve health outcomes
in these patients (48-50). Whether treatments for specific asthma
endotypes can be extended to patients with SCD remains unclear,
though given the underlying differences in inflammation tailored
therapeutic strategies may be required.

SCD AND ASTHMA: INDEPENDENT
PATHWAYS TO INFECTION
SUSCEPTIBILITY

Asthma and SCD both fundamentally alter susceptibility and
immune responses to respiratory infection. Patients with SCD are
overwhelmingly susceptible to multiple respiratory pathogens,
most importantly the pneumococcus (51, 52), and infectious
diseases increase the development of ACS in these patients (53—
55). The heightened sensitivity to infection is recapitulated in
the murine model of SCD, whereby the SCD mice demonstrate
dramatically enhanced susceptibility to both bacterial and
viral respiratory infections (56-58). This issue can be further
confounded by strains outside of vaccine coverage causing
invasive disease in these patients, as is the case with S.
pneumoniae (59). Immunogenic responses to vaccines in SCD
patients may also be suboptimal to confer effective protection

as the responses have been reported to wane more rapidly to
a number of serotypes included in the current pneumococcal
vaccines, an observation that has been recapitulated in murine
models of SCD (60, 61). These underscore the importance of
appropriate prophylactic strategies to mitigate infection risk in
individuals with SCD.

Similar but distinct to what is observed in the context
of SCD, allergic asthma dramatically also alters susceptibility
to multiple respiratory pathogens including both viral and
bacterial pathogens (62). However, unlike in the case of SCD,
allergic asthma has been found to confer both sensitivity and
resistance to subsequent respiratory infection, wherein outcomes
are more likely to be dependent on the type of pathogen. Asthma
exacerbations triggered by rhinoviruses and respiratory syncytial
virus, for example, can be detrimental to the host (63), while
asthma exacerbations triggered by influenza virus infection is
tolerated by the host which also exhibit reduced signs of influenza
morbidity and enhanced viral clearance (64, 65). Immune
responses to viruses in hosts with asthma may be dependent
on a multitude of factors including gender, age, virus strain
and prior exposures, endotype of asthma, and environmental
factors including pollution and nutrition. How these alterations
in pulmonary inflammation during the asthma-SCD comorbid
state differentially impact the risk of infection remains poorly
understood, though given the distinct nature of these two disease
settings, it may be anticipated that together they impact infection
susceptibility in a manner distinct from the general population.

ANTIBIOTIC EXPOSURE AND ASTHMA

Due to the propensity of patients with SCD to develop fulminant
lethal sepsis caused by S. pneumoniae, during childhood,
penicillin prophylaxis is prescribed for all children with SCD
until the age of 5 years, which has dramatically improved
mortality in this patient population prior to the advent of the
pneumococcal conjugate vaccine (66-70). There is considerable
evidence linking antibiotic exposure to the development of
childhood asthma and other allergic disease in the general
population, though there are challenges in terms of confounding
respiratory infections (71-79). Early antibiotic use is associated
with allergic asthma in young children even when accounting
for bias inherent from antibiotic prescriptions to treat early
symptoms of asthma; this is predictable as bacterial colonization
of the respiratory and gastrointestinal tract are critical mediators
that shape susceptibility to allergic airway inflammation (80-
82). These effects may be amplified in SCD patients due to the
prolonged exposure to antibiotics.

Administering penicillin to patients with SCD eliminates
several bacterial species from the nasal-oral microbiota (83).
Exposure to antibiotics early in life can have long lasting
consequences on the developing bacterial microbiome (84, 85).
Bacterial colonization of the respiratory and gastrointestinal
tract are critical mediators that can shape susceptibility to
allergic airway inflammation (82). Numerous gaps in knowledge
including alterations that may naturally occur in the microbiome
of the SCD host (86), the relative impact of long-term penicillin
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prophylaxis on the intestinal and respiratory flora of these
patients, and whether this long-term prophylaxis also impacts
the likelihood of subsequent asthma development preclude our
understanding of disease pathogenesis in SCD patients and those
that may develop asthma.

ARGININE DEFICIENCY: A COMMON
CROSSROAD IN SCD AND ASTHMA
PATHOPHYSIOLOGY

Arginine deficiency has long been recognized as an important
aspect of SCD pathophysiology (87, 88). Low arginine
bioavailability is associated with a multitude of complications
in SCD including pulmonary hypertension and vaso-occlusive
pain episodes (89-91). The decreased arginine availability in
SCD is severe enough to impact the contribution of bacterial
arginine biosynthesis and uptake pathways to virulence (57).
Due to the multiple facets of host pathophysiology, arginine
supplementation has been proposed as a therapeutic intervention
for SCD (92, 93). Arginine supplementation has been suggested
as a means by which to alleviate complications in patients with
SCD and improve overall health (94, 95). Clinical trials further
support the potential for arginine supplementation to confer
benefit in SCD individuals in terms of endothelial function
and to induce nitric oxide production during vaso-occlusive
crisis (93, 96).

Arginine deficiency is a common feature underlying the
pathophysiology of both allergic asthma and SCD (Figure 2).

Murine models of allergic asthma have demonstrated that
arginine deficiency to nitric oxide synthase (NOS) results in
deficiencies in nitric oxide, a bronchodilator, in tandem with
increased peroxynitrite, a pro-contractile molecule, both of
which contribute to airway hyperresponsiveness in the context
of asthma. Polycation secretion by eosinophils, which are
dramatically elevated in allergic asthma, can inhibit arginine
uptake via the y+ system (97, 98). In the context of SCD,
there are additional mechanisms underlying arginine deficiency
that are independent of pathways operative during asthma. The
increased hemolysis of RBCs leads to the release of cellular
arginase which can scavenge arginine prior to cellular uptake. In
the context of asthma and SCD comorbidity, heightened baseline
inflammation may lead to increased expression of both iNOS
and arginase, thereby further depleting cellular arginine pools
(99). As such, the extracellular arginase released by hemolysis
coupled with the increased pulmonary eosinophil infiltrate
inhibiting arginine uptake are likely to have an additive effect.
Likewise, the increased arginase and iNOS activity resulting
from increased levels of inflammatory cytokines inherent in
both SCD and allergic asthma, are also potentially synergistic
in terms of arginine depletion. Due to the divergence of many
of these arginine depleting pathways, it would be expected that
such deficiency may be synergistic in comorbid patients with
SCD and asthma.

The benefits conferred by arginine supplementation
may be most evident in comorbid patients with both SCD
and asthma due to the non-overlapping mechanisms of
arginine deficiency.
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FIGURE 2 | Arginine deficiencies in Sickle cell disease and asthma. Sickle cell disease and asthma share complementary and potentially synergistic mechanisms of
arginine deficiency. Many of the pathways operative extracellularly are different, while the intracellular pathways are shared.
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DISCUSSION

SCD and asthma share similar manifestations in terms of
airway hyperreactivity despite being immunologically distinct
diseases. Experimental modeling and clinical data suggest that
asthma impacts individuals with SCD in a specific manner
distinct from the general population. Laying a mechanistic
foundation for wunderstanding pulmonary complications
of sickle cell disease and how these complications can be
rationally targeted in a SCD-specific manner may provide
novel opportunities for treatment. Given the unique host
pathophysiology that underlies SCD, these individuals
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The primary function of the respiratory system of gas exchange renders it vulnerable
to environmental pathogens that circulate in the air. Physical and cellular barriers of
the respiratory tract mucosal surface utilize a variety of strategies to obstruct microbe
entry. Physical barrier defenses including the surface fluid replete with antimicrobials,
neutralizing immunoglobulins, mucus, and the epithelial cell layer with rapidly beating cilia
form a near impenetrable wall that separates the external environment from the internal
soft tissue of the host. Resident leukocytes, primarily of the innate immune branch, also
maintain airway integrity by constant surveillance and the maintenance of homeostasis
through the release of cytokines and growth factors. Unfortunately, pathogens such as
influenza virus and Streptococcus pneumoniae require hosts for their replication and
dissemination, and prey on the respiratory tract as an ideal environment causing severe
damage to the host during their invasion. In this review, we outline the host-pathogen
interactions during influenza and post-influenza bacterial pneumonia with a focus on inter-
and intra-cellular crosstalk important in pulmonary immune responses.

Keywords: co-infection, lung mucosa, epithelial cells, barrier defense, respiratory tract

INTRODUCTION

The respiratory system is divided into the upper (nasal passages, pharynx, larynx) and lower
(trachea, bronchial tree, lungs) components with a cumulative mucosal surface area that exceeds
140 m?. The entire length of the system, roughly divided into the upper respiratory tract (URT)
and the lower respiratory tract (LRT), contains a physical barrier made up of liquid and cell
layers (Figure 1). The “one/united airway concept” was proposed to underscore the importance of
considering changes that occur in the upper and lower airways concomitantly when investigating
diseases that affect the respiratory tract like rhinitis and asthma (1). Approximately 223 branches
lined with epithelial cells make up the airways (2) within the soft lung tissue that handles ~10,000 L
of inhaled air each day, placing this epithelial surface in contact with various noxious and innocuous
material including environmentally disseminated viruses and bacteria.

Frontiers in Immunology | www.frontiersin.org 32

February 2020 | Volume 11 | Article 3


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2020.00003
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2020.00003&domain=pdf&date_stamp=2020-02-04
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:amali.samarasinghe@uthsc.edu
https://doi.org/10.3389/fimmu.2020.00003
https://www.frontiersin.org/articles/10.3389/fimmu.2020.00003/full
http://loop.frontiersin.org/people/868812/overview
http://loop.frontiersin.org/people/883477/overview
http://loop.frontiersin.org/people/867986/overview
http://loop.frontiersin.org/people/379222/overview

LeMessurier et al. Respiratory Epithelium Battles Infections

p - ®) Basal epithelial cell

{:k‘ Ciliated epithelial cell

é Secretorycell

L‘g Mucus producing cell

(@) Cuboidal epithelial cell
N élveolar epithelial cell

N

“4 Smooth muscle cells

7&Dendritic cell

® |nnate lymphoid cell

piratory Tract ‘

FIGURE 1 | The cellular composition of the upper and lower respiratory tracts that serves as the primary barrier. Epithelial cells (ECs) that span the entire length of the
respiratory tract (RT) are lined with basal cells that are attached to the basement membrane. Squamous ECs make up the beginning (nasal) and ends (alveoli) of the
RT, ciliated and non-ciliated columnar epithelia makeup the upper RT and the large bronchi, while cuboidal epithelia line the small bronchi and bronchioles. Surface
liquid that overlays the ECs consists of mucus secreted from mucus producing cells, airway liquids secreted from secretory cells, neutralizing immunoglobulins, and
antimicrobials. Resident leukocytes such as dendritic cells, y8 T cells, and innate lymphoid cells line the mucosa while alveolar macrophages are found in the lower

airways and alveoli. The bronchial smooth muscle cells underlying the RT from the basal end provide structural support and elasticity to the airways.

As the primary point of contact, the epithelia of the
respiratory system can be considered the regulatory point of
immune responses at the respiratory mucosa. Made up of
several types of epithelial cells, secretory cells, goblet cells and
neuroendocrine cells, the mucosal barrier is multifunctional
providing a physical barrier, secretory barrier, and immune
defense (2, 3). Uniformity of upper and lower respiratory barrier
components ensure multiple levels of filtration of air particles to
safeguard the single-layer-thick alveolar spaces (Figure 1). When
the secretory barrier consisting of mucus, antimicrobial proteins,
neutralization antibodies, etc. is breached and epithelial cells
come into contact with invading environmental pathogens, these
cells become activated and begin communicating with resident
leukocytes to participate in the inflammatory cascade and repair
mechanisms that follow the invasion. In this review, we will
discuss our current understanding of the barrier responses to two
major respiratory pathogens, influenza A virus and Streptococcus
pneumoniae in otherwise healthy hosts.

CROSSTALK WITHIN THE MUCOSAL
BARRIER DURING INFLUENZA A VIRUS
(IAV) INFECTION

Influenza is an infectious disease caused by influenza viruses
belonging to the Orthomyxoviridae family. Of the four genera

of influenza viruses, influenza A and influenza B are known to
cause influenza in humans, with the former having a greater
propensity to cause severe disease. Between 2010 and 2017,
influenza illness in the United States affected 9-34 million
persons and killed between 12,000-51,000 annually (4). As a
segmented negative sense RNA virus, IAV is predisposed to
genetic mutations and gene reassortment, the latter of which is
supported by IAV’s proclivity for zoonotic infections. Subtypes
of TAV are based on the characteristics of surface expressed
glycoproteins hemagglutinin (HA) and neuraminidase (NA)
which also regulate viral binding and release during its life cycle
within host cells. Although IAV has been shown to infect a variety
of cell types (5), epithelial cells of both the upper and lower
respiratory tracts are its primary target for replication (6, 7).

Mechanisms of Inter-epithelial Crosstalk
During IAV Infection

Virus transmission is fundamental to IAV pathogenesis, and
while its establishment in a new host is governed by HA
molecules, environmental factors also play an important role in
the distribution of mucosal secretions (large or small droplets
and droplet nuclei) that contain infectious virions, as does
human/animal behavior (8). Once IAV reaches the mucosa of the
new host, it utilizes numerous strategies to overcome the hostile
host environment for successful infection and pathogenesis.
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The airway epithelium consists of ciliated and non-ciliated cells
overlaid by two layers of mucus (Figure 2); a bottom layer of
less viscous periciliary liquid (PCL) which allows free ciliary
movement and a top layer of gel-like mucus layer to which
inhaled matter “sticks” (9). The mucus layer is also rich in
various highly polymeric mucins (10), antimicrobial peptides
(11), neutralizing antibodies (12), etc. that serve as a biochemical
barrier to inhibit pathogen penetration (13). Most inhaled
particles never gain access to the PCL as they bind to the gel
layer and get brushed upward through the mucociliary escalator.
Similarly, surfactant proteins that are abundant in lower airway
secretions, bind to TAV and enhance viral clearance (14, 15).
Virus attachment to the respiratory epithelia will be possible only
for those infectious virions that bypass the upper gel barrier and
gain access to the sol layer beneath. Viral HA protein facilitates its
entry into the cell by binding to sialic acid receptors present on
the apical side of epithelial cells. The linkage of sialic acid to the
galactose could be either a-2,3 (recognized by avian viruses) or a-
2,6 (recognized by human viruses) (16). Since sialic acid receptors
are present as a heterogenous mix on epithelial cells in different
species (17, 18), it is unclear how IAV selects its specificity and
also why binding to sialic acids is usually limited to the URT
epithelia (19) when these receptors are available throughout the
airway epithelial barrier (17, 19, 20).

The physical manifestation of a barrier is afforded by
three types of junctional proteins in the epithelia: tight
junctions (TJ), adherens junctions (AJ), and desmosomes
(Figure 2). Of these, the role of TJs is well-characterized
during influenza virus pathogenesis. Three main transmembrane
proteins [occludins, claudins, and junctional adhesion molecules
(JAM)] are responsible for tightly sealing membranes of adjacent

cells within the TJs. Peripheral membrane protein, zonula
occludin (ZO), binds to these transmembrane proteins of the
TJs to stabilize them in the cytoskeleton and mediate signaling
(21-23). TAV infection disrupts the epithelial barrier by causing
reduced expression of occludin, claudin-4, and JAM soon after
infection (24). The non-structural protein 1 (NS1) of IAV plays
a key role in virulence as the PDZ-binding motif (PBM) of NS1
binds to the PDZ domain present in TJ proteins (25) which then
destabilizes junctional integrity through the rearrangement of
Z0-1 and occludin (25).

During an active infection, the ability for host cells to
communicate with one another is essential in order to warn
surrounding cells of the threat and to initiate immune responses
(Figure 2). Various strategies are employed by airway epithelia
for this purpose including the release of interferons (IFNs)
and other cytokines, antimicrobial peptides, nitric oxide (26),
and the more recently described extracellular vesicles (27).
The main viral countermeasure to these epithelial responses is
the induction of epithelial cell death (28). Infection-induced
production of type I IFN is known to trigger the expression
of a variety of death-associated molecules in epithelia including
Fas, TRAIL receptor, and caspases (29), causing epithelial cell
death during the early phase of infection (30). The release
of pro-inflammatory cytokines such as IL-1p initiated through
inflammasome activation by IAV (31) can lead to pyroptosis (32).
Virus-mediated epithelial cell death occurs early after infection
with >50% death within 72 h (28), and since cell death increases
permeability of the epithelial layer (33), productive infection
of the respiratory epithelium is detrimental to barrier potency.
Additionally, infected epithelia that present viral antigen-loaded
MHC-I molecules are targeted by antigen-specific CD8" T
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cells for destruction (34) which is a major mechanism of viral
clearance in the lungs (35). Interestingly however, some ciliated
and alveolar epithelial cells downregulate MHC-I and evade
CD8' T cell-mediated death to survive the IAV infection,
showcasing a mechanism used by the immune system to reduce
host pathology during influenza (36).

Epithelial cells of the lower respiratory tract terminate in the
alveoli as squamous type I and type II pneumocytes (Figure 1).
Since these cells are the primary site for gas exchange, they are
bathed in a thin layer of fluid rich in surfactant proteins to reduce
the surface tension with the adjoining capillary network of the
lungs. One of the important functions of the alveolar epithelium
is to remove fluid from the alveolar lumen with the help of ion
channels such as amiloride-sensitive epithelial sodium channels
(ENaCs), present on the apical surface of the pneumocytes (37,
38) and Na,K-ATPase present at the basolateral membranes (38,
39). Alveolar epithelia are also susceptible to IAV infection which
leads to barrier destruction (40) thereby disrupting the intricate
balance of ion transport and fluid maintenance causing edema,
hypoxemia and pneumonia (38). In fact, IAV matrix protein 2
can inhibit ENaC to cause edema and respiratory insufficiency
during influenza (41). Further evidence suggests that there is a
cumulative downregulation of ENaC, CFTR, and Na,K-ATPase
on epithelial cells during early stages of IAV infection (42).
Interestingly, type I IFNs released by epithelia during the late
phase of TAV infection, causes the upregulation of TRAIL on
alveolar macrophages (AMs) which in turn causes epithelial cell
Na,K-ATPase downregulation and edema (43). Alterations to the
airway fluid dynamics affect all neighboring cells, infected or
not, thereby influencing their functions. Similarly, epithelial cell-
derived transforming growth factor (TGF)-f can be activated by
viral NA (44) and can reduce the activity of Na,K-ATPase (45).

Epithelial-Resident Leukocyte Crosstalk
During Early 1AV Infection

The respiratory mucosal barrier contains sentinel cells comprised
of AMs, dendritic cells (DCs), y3 T-cells, and innate lymphoid
cells (ILCs) which support the antiviral immune response at
early and late phases of IAV infection as recently reviewed
by us (46). While functional responses in each of these cells
during influenza has been investigated, their interactions with
the epithelium during an ongoing infection is not fully explored.
Indirect communication between the epithelia and these resident
leukocytes by means of cytokines may be of greater significance
than direct interaction during IAV infection (Figure 2). Early
release of cytokines from the infected epithelial cells regulate
the tone of the immune response through activation of these
resident cells.

Epithelial cells become aware of virus invasion mainly through
three families of pattern recognition receptors; retinoic acid-
inducible gene-like receptor (RLRs) (47), nucleotide-binding
domain and leucine-rich-repeat-containing proteins (NLRs) (48)
and toll-like receptors (TLR) (49), which, when stimulated,
trigger the production of a variety of cytokines and chemokines
including IFNs (Figure 2). While all three types of IFNs (type I,
type II, and type III), are important in antiviral defense against

IAV, type I and III are produced by the epithelia (50). The type
I IFN receptor (IFNAR) is expressed on a variety of leukocytes
in addition to the airway epithelial cells (AECs) allowing them
to be responsive to IFNa and IFNB (51, 52). Since the type
III IEN receptor (IFNLR) is predominantly expressed on AECs,
they are the most responsive to this cytokine (53). However, the
discovery of the IFNLR on neutrophils and DCs suggests a more
broad function for this cytokine during respiratory pathogen to
protect the barrier response (54). Type II IEN is largely secreted
by natural killer (NK) cells (55) and recruited CD8' T cells
(56) in response to IAV infection, and IFNYy signals the local
macrophage populations that express the receptor IFNGR to
promote phagocytosis, reactive bursts, and the production of
proinflammatory cytokines (57).

Immediately following IAV infection, AMs contribute to the
first wave of type I and type III IFNs, which are essential for the
protection of the LRT from viral progression and dissemination
(58, 59) and the virus needs to overcome this wave of IFNs
if it is to establish a successful infection (60). Additional pro-
inflammatory cytokines produced by AMs in response to IAV
including TNFa, IFNy, IL-1a, IL-1B, and IL-18 also contribute
to enhanced viral clearance through the activation of antiviral
defense mechanisms in surrounding immune and epithelial
cells (61-64). However, a sudden and excessive production of
cytokines (as are sometimes triggered by highly virulent strains
of TAV), can cause alveolar hemorrhage, pulmonary edema,
bronchopneumonia, and acute respiratory distress syndrome
through damage to the mucosal epithelia (65-68).

The importance of AMs to all stages of respiratory immunity
during influenza was highlighted by Ghoneim et al. wherein
a virus-induced depletion of AMs in the lungs left the host
vulnerable to invading opportunistic bacteria (69). Mice deficient
in AMs are more susceptible to severe influenza due to increased
infection of type I pneumocytes and diftfuse alveolar damage (70).
One critical growth factor for the differentiation, proliferation
and activation of AMs is GM-CSF (71-73) which is largely
produced by type II alveolar epithelial cells during influenza
(74, 75) and mice deficient in GM-CSF (Csz_/_), or its
receptor (Csf2rb=/~) have increased morbidity and mortality
during influenza similar to animals that are devoid of AMs (76)
(Figure 2). Macrophages maintain environmental homeostasis
through the removal of apoptotic cells and debris. As such, AMs
are also important during the tissue repair phase that follows
an active infection by IAV through the efferocytosis of dying
epithelia and neutrophils (77). Epithelial cell proliferation and
repair after influenza is promoted by AM products such as
hepatocyte growth factor (78), TGF-a (79), and TGF-f (80).

Epithelial cell TLRs can guide the adaptive immune responses
to IAV through molding the activation of DCs (81). Serving as a
bridge between innate and adaptive immunity, DCs intersperse
the epithelial barrier to sample inhaled air through dendrites.
The majority of reports investigating the function of DCs
during influenza have focused on their interaction with immune
effectors that are recruited during the late phase of the immune
response. Therefore, very little is known about the interaction
of DCs with mucosal resident cells. Plasmacytoid DCs (pDCs)
are known to produce high amounts of type I IFN during
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IAV infection through the TLR7/MyD88 pathway (82, 83).
Human primary bronchial epithelial cells enhanced type I IFN
production and the upregulation of IFN response genes in
pDCs when co-cultured (84) showcasing crosstalk between the
structural cells and local immune cells through cytokines. Similar
crosstalk occurs between pDCs and AMs wherein pDCs control
the number and cytokine profile of the AMs (85).

The airway epithelial barrier also contains a small percentage
of y8 T cells that are considered to function in barrier defense.
In murine models of IAV infection, y8 T cells increased during
the late phase of disease (86), and produced immunoregulatory
cytokines IL-2, IL-4, and IFN-y (87). However, depletion of y3
T cells did not have any impact on viral clearance or IFN-y
production in a neonatal model of IAV infection in mice (88).
Highly pathogenic H5N1 IAV can directly activate y8 T cells
inducing the upregulation of CD69 expression and enhancing
IEN-y secretion (89). Similarly, y8 T cells produce IL-17A in
response to IAV that triggers the release of IL-33 by AECs which
in turn mediates ILC2s and Treg cells (88). These data indicate
that y3 T cells are critical in maintenance of lung homeostasis
and tissue repair during the viral clearance phase.

Additional protection and regulation to the mucosal barrier is
provided by ILCs that are characterized by the absence of both T-
and B-cell receptors. Like T-cells, ILCs have also been categorized
according to cytokine production profile (90), of which ILC2 is
the most investigated subset in the context of influenza. ILC2
is classically known to produce IL-5 and IL-13 in response to
epithelial cytokines IL-25, IL-33, and TSLP (91). Infection of wild
type as well as Ragl ~/~ mice with IAV led to ILC accumulation
in the lung (92) although there is no direct evidence that
IAV-mediated ILC accumulation is dependent on AEC-derived
cytokines. Furthermore, it has been reported that IAV infection
induced AMs to produce IL-33 which promotes IL-13-dependent
airway hyperreactivity (93). Its role in tissue homeostasis is
implied in studies wherein ILC depletion was shown to impact
lung function, epithelial integrity and tissue remodeling (92). The
high amounts of type I and type II IFNs produced during the
early phase of IAV infection have been shown to inhibit ILC2
function and proliferation (94). Conversely, IFN-y deficiency
leads to host protection through increased production of IL-5
and amphiregulin by ILC2 (94). Both NKT-cells and AMs have
also been shown to produce IL-33 in response to IAV signaling
ILCs to produce IL-5 (95), and increased levels of IL-5 during
the viral clearance phase may help recruit eosinophils to the
airway mucosal barrier (95) which can enhance cellular immune
responses (96) and perhaps necessary for tissue repair (97).

OPPORTUNISTIC STREPTOCOCCUS
PNEUMONIAE INFECTIONS

In some instances, virus-induced inflammation and dysregulated
communication with the lung framework can leave the host
vulnerable to secondary bacterial infections. This is exemplified
by the increased susceptibility of an individual with IAV infection
to the acquisition of Streptococcus pneumoniae (pneumococcus)
(98, 99), resulting in a convergence that provokes far greater
morbidity and mortality than infection with either pathogen

alone (100, 101). The host remains susceptible to S. pneumoniae
infection even after the virus itself has been cleared (102),
suggesting that a compromised immune milieu and structural
barrier contribute to increased bacterial pathogenesis. Although
IAV can enhance S. pneumoniae pathogenesis directly, for
instance by exposing cryptic binding sites through epithelial
damage (103) or by liberating sialic acid and sialylated mucin
that can be catabolized by S. pneumoniae (104), influenza
virus can also modify interactions between the epithelium and
inflammatory components, creating an environment that can be
subverted by the pneumococcus.

Impact of Influenza-Mediated Alterations
to Epithelial Crosstalk on Pneumococcal

Infection

Surface expressed TLRs on epithelial cells can sense S.
pneumoniae by recognition of numerous bacterial components,
including TLR2 agonists type 1 pilus, peptidoglycan, lipoteichoic
acid and bacterial lipoproteins, and the TLR4 agonist
pneumolysin (105-110). Although IAV is not directly recognized
by either TLR2 or TLR4, the regulation and activation of TLRs
during influenza has been shown to enhance susceptibility
to secondary bacterial infection. Increased TLR2 signaling
during TAV/S. pneumoniae co-infection results in heightened
production of IL-1B, augmenting inflammation and morbidity
(111). Additionally, TAV infection positively regulates TLR3
on pulmonary epithelial cells (112), which recognizes double-
stranded RNA and impairs the clearance of S. pneumoniae from
the lungs following activation by poly I:C (113). Stimulation
of TLR3 also leads to early production of IFNP by AECs
(114), contributing to the type I IFN response elicited during
influenza, which is a key factor in host susceptibility to secondary
pneumococcal infection, as discussed later in this review.

A crucial initial step in pneumococcal pathogenesis is bacterial
adherence to the respiratory epithelium. Initially, S. pneumoniae
establishes itself in the host by colonizing the nasopharynx,
which is considered a necessary precursor to pneumococcal
disease (115). IAV-induced epithelial cell death may expose the
basement membrane to which S. pneumoniae can bind to and
use as a shortcut to the bloodstream (116, 117). Pneumococcus
surface proteins including PavA and PavB, PfbA and PfbB,
PepO and pilus subunit RgrA all have the ability to bind
basement membrane components fibronectin, laminin, and
collagen (118-122).

From the URT, pneumococci can migrate to the lungs
and establish symptomatic infections such as pneumonia and
bacteremia (123). In a healthy individual, most wayward
pneumococci in the airways are expelled by the mucociliary
escalator before reaching the LRT (13). However, a recent IAV
infection reduces the velocity of ciliary beating and causes
death of ciliated tracheal cells, providing pneumococci an
opportunity to bind to the epithelium observed as early as 2h
after challenge in mice (116, 124). In addition to increased
access, IAV regulates binding receptors for S. pneumoniae on
the epithelial surface (Figure 3). Numerous viruses, including
IAV, can increase the prevalence of host platelet activating factor
receptor (PAFr), which binds phosphorylcholine moieties in the
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FIGURE 3 | Continuation of the mucosal damage cascade permitting opportunistic infection. A host recovering from virus-induced damage to the lung mucosa is
highly susceptible to Streptococcus pneumoniae infection possibly due to exposed binding partners on the host cells as well as an open barrier (gate) due to
significant loss of epithelial cells. A second wave of type | IFNs may help promote bacterial colonization as it negates the positive influence interleukin (IL)-17 has on the
recruitment of phagocytes. Transforming growth factor (TGF)-B produced during the late phase of influenza as a repair mechanism may also promote bacterial
adherence to the mucosal surface.

pneumococcal cell wall (125-127). The activation of latent TGFB  invasive strains like TIGR4 induce the upregulation of more
by IAV NA present in the airways during influenza primes  genes compared to strains typically associated with carriage, the
the epithelium for bacterial adherence by stimulating cells to  regulated pathways common to both colonizing and disease-
upregulate bacterial receptors such as integrins (128). In the  causingS. pneumoniae strains are those associated with the innate
absence of TGFp signaling, IAV-infected epithelial cells lose their =~ immune response, such as NFkB and MAP kinase activation,
increased vulnerability to pneumococcal colonization (129). toll receptor and cytokine signaling (139, 140) and correspond
Although invasive disease is arguably not a favorable outcome  to hypersecretion of IL-6, and IL-8 (139). Furthermore, the most
for an extracellular respiratory bacterium like S. pneumoniae  profound changes to the transcriptome following pneumococcal
where optimal infection doesn’t extend past the airways, prior  infection coincide with clearance of colonizing bacteria in
influenza can promote its migration from the lungs to the an experimental human pneumococcal carriage model (139),
bloodstream (130, 131). Under homeostatic conditions, however, ~ suggesting that transmigration to the bloodstream may be
the strict maintenance of TJs between cells in the epithelial  an unintentional consequence during the innate resolution of
and endothelial barriers prevents pneumococcal migration by = pneumococcal carriage.
physically restricting the movement of bacteria between cells . . .
and masking receptors. The disruption of TJs during influenza ~ EPithelial-Leukocyte Crosstalk During
permits S. pneumoniae to migrate from the airways to the Pneumococcal Infection
bloodstream. Pneumococci can also enter the blood from the During pneumococcal infection, IL-17 is produced by y8 T-cells
airways by transmigrating through epithelial and endothelial cells  (predominant source of IL-17 during pneumococcal pneumonia)
(132-134). Following the binding of cell wall phosphorylcholine  and later by T17 CD4" T-cells. IL-17 and a Ty 17 response at
moieties to host PAFr, pneumococci can be internalized when  the mucosal epithelium participate in pneumococcal clearance
the receptor is recycled (132, 135, 136) (Figure 3). Alternatively,  in the nasopharynx and lungs by recruiting monocytes and
invasion may be facilitated by the interaction of polymeric  neutrophils, and offer protection against reinfection (141-144).
immunoglobulin receptor (pIgR) with pneumococcal CbpA and  However, the induction of type I IFN during influenza inhibits
RrgA pillus subunit, the latter of which is involved in pIgR-  Ty17 defense during secondary pneumococcal infection and
mediated invasion of the brain microvascular endothelium,  suppresses the expression of IL-17 by pulmonary y§ T-cells,
a mechanism that may also be applicable to nasopharyngeal  resulting in impaired recruitment of these phagocytes (129,
epithelial cells (134, 137, 138). While levels of epithelial 141, 145) (Figure 3). Furthermore, type I IFN also reduces the
surface activation markers associated with bacterial defense  production of CCL2, leading to fewer recruited macrophages
EpCAM, IL-22Ral, HLA-DR, CD40, CD54, and CD107a are  in the airways during a concurrent pneumococcal infection
not altered during pneumococcal colonization of the URT,  and increased colonization of the URT (146). Mice recovering
bacterial uptake by pharyngeal epithelial cells is associated with  from influenza are also unable to mount an effective KC
strain-dependent changes to the transcriptome (139). While  and MIP-2 response following infection with S. pneumoniae,
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which stunts neutrophil recruitment (147). Macrophages and
neutrophils are major components of the innate cell response
against extracellular bacteria, controlling bacterial infection by
phagocytosis, direct killing, and recruitment/activation of other
inflammatory cells (148, 149). Early induction of type I IFN by
AMs, DCs and AECs is of fundamental importance to antiviral
immunity during influenza (150-154), but, can be detrimental
during pneumococcal infection by disrupting the recruitment of
cells that are important in controlling bacterial outgrowth (147).
Accordingly, mice lacking IFNAR signaling have fewer bacteria
in the lungs, lower levels of bacteremia and a better outcome
following IAV-S. pneumoniae co-infection (147).

Mononuclear cells and neutrophils that are recruited to the
airways during influenza contribute to damage of the respiratory
epithelium. Recruited macrophages cause significant TRAIL-
dependent apoptosis and leakage through the AECs (155).
The increase in recruited macrophages is paralleled by a loss
of AMs, hampering the hosts ability to restrict a secondary
pneumococcal infection which rapidly progresses to pneumonia
(69). Neutrophil extracellular traps released in response to IAV
are potentially damaging to the epithelium and are ineffective
against secondary pneumococcal infection (156).

Pneumococci that enter the post-influenza RT not only are
presented with an environment harboring reduced numbers
of resident macrophages (69), but also encounter lymphocytes
that are in a state of immunological exhaustion and unable
to appropriately respond to the infection (157). Type I IEN
produced by epithelial cells and others during IAV infection
causes polyclonal activation of T- and B-cells which, despite the
cells returning to a “baseline” state several days after infection,
prevents activation by subsequent exposure to type I IFN. This
state of exhaustion lasts for several days, during which the host is
particularly vulnerable to secondary infections (157).

IAV infection is not solely good news for S. pneumoniae,
with the host response to the viral infection also promoting
protection against secondary bacterial infection in some
instances. For example, while type I IFN disrupts cell recruitment
during pneumococcal infection, its induction also restricts S.
pneumoniae pathogenesis by up-regulating the expression of T]
proteins (ZO-1, claudin 4, claudin 5, claudin 18, and E-cadherin)
and decreasing PAFr levels in epithelial and endothelial lung
cells (158). Adenosine is present in the extracellular environment
during stress and inflammation, and has been shown to be
released by respiratory epithelial cells amongst others (159).
During IAV infection of mice, ATP levels in the airways are
elevated due to increased de novo synthesis and poor alveolar
fluid clearance (160, 161), which can be sequentially hydrolyzed
to generate adenosine (162, 163). The activation of Al-adenosine
receptors by extracellular adenosine decreases expression of the
PAFr on the lung epithelium (164) and promotes the recruitment
of neutrophils, monocytes and lymphocytes during influenza
(161), which contribute to protection against secondary infection
with S. pneumoniae (164, 165).

IL-22 is produced during influenza by pulmonary NK cells
(166) and RORy™ ap, and yd T cells (167) and binds IL-22Ral
on AECs and endothelial cells (168-170), an interaction that can
be antagonized by its soluble form, IL-22BP (171, 172). Human

endothelial cells respond to IL-22 by increasing production
of CCL2 and CCL20 (169), which are chemoattractants for
cells involved in the resolution of bacterial infection such as
monocytes, dendritic cells, and lymphocytes. IL-22 is critical to
epithelial repair following infection with A/PR/8/1934 (173), and
in its absence, mice sustain significantly higher lung injury and
loss of airway epithelial integrity during sublethal IAV infection
followed by S. pneumoniae co-infection (167). Administration of
exogenous IL-22 to mice with influenza causes the upregulation
of genes encoding proteins involved in cell-cell adhesion such as
Cldn24 and Pcdh15 (encoding claudin 24 and protocadherin 15,
respectively) in the lungs, and reduces systemic dissemination
of S. pneumoniae during secondary bacterial infection (174).
Interestingly, although mice lacking the IL-22 decoy IL-22BP
have significantly reduced bacterial outgrowth in the lungs
during co-infection, dissemination is unaffected (175).

Impact of IAV-Pneumococci Co-infection
on Immune Defense at the Respiratory

Barrier

The mucoepithelial barrier is one of the most important host
respiratory defenses against encroaching bacterial pathogens.
However, local damage and the inflammatory milieu occasioned
during influenza can compromise the efficacy of the physical
barrier and its interactions with other components of the
inflammatory repertoire. It is interesting that many aspects of
the post-influenza lung microenvironment known to exacerbate
pneumococcal infection, are also targeted by S. pneumoniae in
order to avoid immune clearance and establish infection. The
pneumococcal cytotoxin, pneumolysin, disrupts TJs and reduces
cilia organization and prevalence with negligible impact on
ciliary beating (117, 176). In addition, S. pneumoniae causes cell
damage and loss of planar epithelial architecture at the mucosal
surface (117, 176). Pneumococci are able to evade neutrophils
by expressing a polysaccharide capsule that also physically
reduces deposition of complement and antibodies (177, 178),
and by molecular mimicry wherein bacterial phosphorylcholine
moieties bind PAFr, preventing PAF from initiating neutrophil
phagocytosis and bactericidal activities (135, 179-181). In this
respect, IAV is a perfect partner for S. pneumoniae, providing it
with a compromised mucosal epithelial barrier that is permissive
for it to establish infection, while at the same time dampening
antibacterial host responses.

In reported in vivo models of co-infection, animals are
commonly challenged with S. pneumoniae 3-7 days after IAV,
corresponding to the most pronounced changes to morbidity
and mortality (100, 182). However, influenza still predisposes
mice to S. pneumoniae infection at later times of challenge,
and clinically there are positive correlations between influenza
and severe pneumococcal pneumonia with up to 4 weeks
separating the two infectious agents, suggesting the IAV imparts
long term effects in the host (183, 184). This is predictable,
as AV causes profound destruction of type II pneumocytes
causing impaired regeneration after disease resolution, and
also infects EpCamM&"CD24"°Vintegrin(a6p4)"8"CD200*
epithelial stem/progenitor cells thereby reducing renewal
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of cells at the respiratory barrier (185, 186). Influenza that
precedes a pneumococcal infection may also affect the immune
response during reinfection with S. pneumoniae. T17 immunity
promotes accelerated bacterial clearance in the URT following
a secondary infection with S. pneumoniae (144). Considering
that type I IFN inhibits Ty17 activation (145) and thus the
generation of memory cells, influenza may prevent Tyl17-
mediated protection against subsequent infections with the same
or heterologous pneumococcal serotypes (144, 187, 188).

TARGETING IAV AND S. PNEUMONIAE AT
THE MUCOSAL BARRIER

Clinical influenza disease commonly manifests as an
uncomplicated upper respiratory infection with fever, malaise,
headache, cough, and myalgias. Symptomatic treatment consists
of over the counter anti-inflammatory and pain medications.
The mainstay of current influenza antiviral medications are the
NA inhibitors: oseltamivir, zanamivir, and peramivir. The sialic
acid cleavage activity of NA is required for release of virions from
infected epithelial cells and also facilitates migration through the
epithelial mucin layer (189, 190). Benefit from NA inhibitors is
primarily restricted to uncomplicated disease where treatment
is instituted within the first 48 h of symptoms with a modest
reduction in duration of illness (191, 192). A recently approved
antiviral, baloxavir marboxil, acts as a selective inhibitor of
influenza cap endonuclease (193). Similar to NA inhibitors,
baloxavir marboxil has proven benefit in early treatment of
uncomplicated influenza cases (193). Additionally, there was an
observation of rapid development of resistance in outpatient
trials raising concern for its long-term usage (194). Nitazoxanide
is an antiprotozoal drug used to treat Cryptosporidium and
Giardia infections. In vitro data demonstrate antiviral activity
against influenza A and B strains (195, 196). It acts by inhibiting
influenza HA trafficking through the epithelial endoplasmic
reticulum and Golgi apparatus and preventing maturation by
blocking HA terminal glycosylation (197). A phase 2b/3 trial of
nitazoxanide in uncomplicated influenza was well-tolerated and
showed reduced symptoms and viral loads (198). A randomized
placebo-controlled phase III trial was completed in March 2019
and remains currently unpublished (196). If approved, this drug,
through its primary targeting of the virus, will also affect the
local immune responses to the virus initiated by the respiratory
epithelial cells as detailed above.

Severe influenza can lead to respiratory failure and acute
respiratory distress syndrome (ARDS) which has a mortality rate
of 27-45% (199). Epithelial barrier disruption and pronounced
pulmonary edema are hallmarks of ARDS and since there are
no directed treatments that counteract these effects at present,
and care remains predominantly supportive with mechanical
ventilation, secretion clearance, and extracorporeal membrane
oxygenation when necessary. As such, there is an evident need
for additional influenza therapies, particularly for hospitalized
patients with severe disease. As the primary site of infection,
the respiratory epithelium represents an important area of focus
for disease treatment. Fludase is a recombinant sialidase that

cleaves the sialic acid receptor for IAV on AECs preventing
viral entry into cells (200). Pre-clinical trials show broad in
vitro influenza antiviral activity and protective effects in animal
models (200, 201). In phase I and II trials, Fludase was well-
tolerated and led to decreased viral load and shedding (202,
203). However, Fludase liberation of sialic acid raises interesting
questions regarding S. pneumoniae co-infection as sialic acid has
been shown to facilitate its colonization during IAV infection
(104). S. pneumoniae infection of Fludase-treated mice with
influenza did not alter bacterial colonization or mortality (204).
The effects of continued Fludase treatment with concurrent S.
pneumoniae colonization/infection are not fully elucidated.

As detailed above, late influenza infection leads to significant
TRAIL-mediated  apoptosis  contributing to continued
pathogenesis even as the viral load subsides. Pre-clinical
data show that IAV-infected mice treated with anti-TRAIL
sera had attenuated lung epithelial apoptosis, lung leakage
and increased survival after IAV infection (155). Moreover,
anti-TRAIL treatment was able to reduce bacterial load and
protect against S. pneumoniae coinfection (205). Alternatively,
Bcl-2 inhibitors which were developed to treat certain cancers are
anti-apoptotic and have been suggested as potential treatment
for influenza. In vitro data showed decreased viral replication
and spread due to these agents (206, 207). Maintenance of the
epithelial barrier and induction of antiviral mechanisms involve
IFN signaling during influenza. Interferon-lambda treatment in
mice leads to reduced viral load and improved survival without
inducing a pro-inflammatory cytokine release (208). In another
study, IFN) treatment was able to prevent viral spread from
the nasal passages to the lungs and confer resistance to IAV
in mice for up to 6 days (209). However, in a model of IAV
and methicillin resistant Staphylococcus aureus/Streptococcal
superinfection, increased INFXA in IAV-infected mice lead to
increased bacterial burden due to decreased bacterial uptake by
neutrophils (210). It remains to be seen if any of these potential
therapies will prove beneficial in treating human influenza.

Corticosteroids are routinely used for their anti-inflammatory
properties in chronic conditions such as asthma and chronic
obstructive pulmonary disease (COPD). Because influenza and
ARDS manifests with a severe pro-inflammatory response,
appropriately blunting that response may be beneficial during
clinical illness. Additionally, corticosteroids have direct effects
on the respiratory epithelium that may be protective. In
vitro steroid treatment led to decreased epithelial permeability
through the action of claudin-8 and occludin recruitment
to TJs (211). However, corticosteroids were not found to
be of benefit to patients during IAV infections (212, 213).
A Cochrane review and another meta-analysis highlighted
significant heterogeneity in published studies and did not show
benefit but instead had a trend toward increased mortality (214,
215), and therefore, their efficacy as a therapy during influenza
remains controversial.

S. pneumoniae is typically susceptible to many commonly used
B-lactam antibiotics like penicillin. However, their resistance to
multiple antibiotic classes is growing (216). Current vaccines
for pneumococcal disease include 13-valent pneumococcal
conjugate and 23-valent polysaccharide vaccines (217). Despite
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broad immunization practices however, invasive pneumococcal
disease remains common with high morbidity and mortality.
Similar to influenza, targeting the microbe-host interaction
could provide novel treatment strategies for pneumococcal
disease. One example is S-carboxymethylcysteine (S-CMC)
which is a mucolytic agent used in COPD which has been
shown to inhibit adherence to both pharyngeal and alveolar
epithelia (218, 219).

CONCLUSION

As a mucosal organ system with a large surface area and
unremitting exposure to the external environment, protection of
the respiratory barrier is of utmost importance to human health.
Since barrier breach is a necessary first step for environmental
pathogens to gain a foothold in the RT, maintaining the integrity
of the mucosal barrier is a focus point of host defense and
redundant mechanisms/pathways may be utilized to ensure
its subsistence. Herein, we reviewed findings that pertain to
crosstalk between structural cells and local leukocytes that play
a role in immune defenses against IAV and S. pneumoniae.
Although not covered here, the endogenous microbiome is
likely to play an important role as a mediator of pulmonary
immune responses during infection. The crosstalk at the
interface of microbial pathogens and human host epithelium
presents multiple opportunities for the development of clinically
relevant therapies. Targeting host mechanisms may provide less
opportunities for the emergence of pathogen resistance, and if
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Inflammation as a Modulator of Host
Susceptibility to Pulmonary
Influenza, Pneumococcal, and
Co-Infections

Elizabeth R. Aguilera and Laurel L. Lenz*

Department of Immunology and Microbiology, University of Colorado School of Medicine, Aurora, CO, United States

Bacterial and viral pathogens are predominant causes of pulmonary infections and
complications. Morbidity and mortality from these infections is increased in populations
that include the elderly, infants, and individuals with genetic disorders such as Down
syndrome. Immune senescence, concurrent infections, and other immune alterations
occur in these susceptible populations, but the underlying mechanisms that dictate
increased susceptibility to lung infections are not fully defined. Here, we review unique
features of the lung as a mucosal epithelial tissue and aspects of inflammatory and
immune responses in model pulmonary infections and co-infections by influenza virus
and Streptococcus pneumoniae. In these models, lung inflammatory responses are a
double-edged sword: recruitment of immune effectors is essential to eliminate bacteria
and virus-infected cells, but inflammatory cytokines drive changes in the lung conducive
to increased pathogen replication. Excessive accumulation of inflammatory cells also
hinders lung function, possibly causing death of the host. Some animal studies have
found that targeting host modulators of lung inflammatory responses has therapeutic
or prophylactic effects in these infection and co-infection models. However, conflicting
results from other studies suggest microbiota, sequence of colonization, or other
unappreciated aspects of lung biology also play important roles in the outcome of
infections. Regardless, a predisposition to excessive or aberrant inflammatory responses
occurs in susceptible human populations. Hence, in appropriate contexts, modulation of
inflammatory responses may prove effective for reducing the frequency or severity of
pulmonary infections. However, there remain limitations in our understanding of how this
might best be achieved —particularly in diverse human populations.

Keywords: pulmonary inflammation, viral infection, bacterial infection, innate immunity, down syndrome

INTRODUCTION

Pulmonary disease constitutes four of the ten leading causes of death in the human population
[chronic obstructive pulmonary disease (COPD), lung cancers, pneumonias, and tuberculosis]'.
Each of these conditions is also associated with inflammatory reactions. Therefore, a better
understanding of lung biology and the control of inflammation in the lungs during infection has

potential to substantially impact human health.

Uhttps://www.who.int/news-room/fact-sheets/detail/the- top- 10- causes- of-death.
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The lungs are a vital organ that facilitate efficient transfer of
oxygen and carbon dioxide. Their large surface area is comprised
of small terminal air sacs called alveoli. In the alveoli, a single
layer of epithelial cells separates inhaled air from underlying
small capillaries. Maintenance of the alveolar structure and
function is thus crucial for proper functioning of the lungs.
Breathing exposes the upper respiratory tract and lung alveolar
surface to microbes and other environmental substances. At
an average of 15 breaths each minute, more than 10,000L
of air passes over airway mucosal surfaces in the course of
a day (1). Each liter of air contains hundreds of thousands
or even millions of microbes, thus nasal tissues and the lung
alveoli may contact upwards of 10° inhaled microbes each day
(2). Commensal microbes also inhabit these tissues (3). To
protect the lungs from overgrowth or invasion by microbes, the
upper respiratory tract is coated with a mucus layer containing
antimicrobial peptides and proteins. Mucus traps many inhaled
microbes, which are then cleared from the respiratory tract
through the activity of ciliated cells (4). The lung luminal
(environmental) alveolar surface is similarly coated with a thin
layer of liquid surfactant with dissolved proteins and lipids (3,
4). This surfactant adsorbs at the air/water interface to reduce
surface tension, maintain lung elasticity, and capture particles
from the air. Beneath the surfactant, alveolar macrophages
(AMs) patrol the apical surface of epithelial cells to engulf and
remove inhaled microbes (1). Though generally effective, certain
pathogens can overcome these upper and lower airway defenses.
Infection by such pathogens elicits innate immune cell activation
and the initiation of inflammatory responses. In this review,
we focus on these innate immune players in the context of
lung infections.

Bacterial and viral pathogens are common causes of
human pulmonary infections and will be the focus of this
review. Bacteria that commonly cause human lung infections
include Haemophilus influenzae, Staphylococcus aureus, and
Streptococcus pneumoniae (5). Viruses that commonly cause
human lung infections include Respiratory syncytial virus
(RSV) and influenza viruses (5, 6). Co-infections with these
bacteria and viruses is also common and is generally associated
with more severe disease and a higher incidence of mortality
(5). The current review provides an update and expands on
elements previously reviewed by others [e.g., (7)]. Fungal
pathogens also cause lung infections and co-infections with
bacteria or viruses—particularly in immunocompromised
individuals and individuals with polymorphisms in innate
immune detection systems (8, 9). However, due to space
limitations, fungal infections will not be further discussed in
this review.

In this review, we provide an overview of the events
that occur when innate lung defenses are overwhelmed
by viral and/or bacterial pathogens. Our focus is on
innate immune players in animal models of influenza A
virus (IAV) and/or S. pneumoniae infection, though some
relevant human subject studies are also mentioned. The
available data support the hypothesis that the nature and
magnitude of the inflammatory response contributes to host

susceptibility and thus can drive overwhelmingly severe
lung infection.

INFLAMMATORY RESPONSES TO
PULMONARY INFECTION

The healthy lung houses both epithelial and resident immune
cell populations. Resident immune cells typically found in
the healthy lung include neutrophils, monocytes, macrophages,
dendritic cells, natural killer (NK), and other innate lymphocyte
(ILC) populations, as well as B and T cells (10). Of these
cell populations, resident AMs are most abundant (Figure 1A).
When an invasive pathogen overwhelms AMs and has established
an active infection, pathogen-associated molecular pattern
(PAMPs) and damage-associated molecular patterns (DAMPs)
can engage pattern recognition receptors (PRRs) on these
cell populations (10). Ligation of PRRs leads to activation
of cellular signaling pathways and the production of soluble
interferons (IFNs) which drive expression of IFN-stimulated
genes (ISGs) that act in a cell-intrinsic manner to prevent or
limit replication of invading pathogens (10). Simultaneously,
PRR ligation induces the expression and production of cytokines
and chemokines which regulate the activation and recruitment
of additional immune and inflammatory cell populations in
the lung (10). Recognition of PAMPs by specific PRRs [e.g.,
toll-like receptors (TLRs) 2 and 4] thus has substantial impact
on disease susceptibility and pathogen transmission. In the
initial stages of infections, recruited neutrophils, monocytes, and
resident AMs are considered the primary effectors of pathogen
clearance (Figure 1). The influx of inflammatory myeloid and
other immune cells is necessary to contain and kill invasive
microbes. However, the recruitment and activities of these cells
can also impair gas exchange and cause damage to the lung
epithelium. Thus, fine-tuning of these responses is essential
for efficient pathogen clearance and to reduce host damage
associated with severe lung infections (10). When accumulation
of inflammatory cells and fluid in the lung alveoli disrupts
their ability to mediate gas exchange, the clinical condition
known as pneumonia ensues. Pneumonias occur with increased
frequency in infants, the elderly, and/or individuals who are
immunocompromised or have specific genetic conditions that
include Down syndrome? (11). This suggests these groups have
an inherent impaired ability to combat lung pathogens and/or to
constrain the inflammation associated with these infections.

INFLUENZA VIRUS INFECTION IN THE
LUNG

One of the most common viral pathogens associated with
lung disease in humans is influenza virus. Influenza virus is
a segmented RNA virus belonging to the Orthomyxoviridae
family (12). Influenza, like other RNA viruses have high genetic
variability due to poor proofreading activity during replication

Zhttps://www.cdc.gov/pneumococcal/about/facts.html.
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FIGURE 1 | Innate immune responses to viral and/or bacterial infection in the lung. (A) Uninfected lung in homeostatic state harbors resident alveolar macrophages
(AMs) and natural killer (NK) cells. (B) Influenza A virus (IAV) infection activates AMs and NK cells. Infected cells produce chemokines that recruit inflammatory
phagocytic cells (such as neutrophils) to aid in clearance. The pro-inflammatory cytokine IFNy is induced during IAV infection but has conflicting roles in animal studies.
The anti-inflammatory cytokine IL-10 is produced and plays a role in regulating lung inflammation. (C) Streptococcus pneumoniae infection also stimulates activation
of AM and NK cells. NK cells produce IFNy, which plays a protective role for the host. IL-10 is also induced and modulates the influx of neutrophils into the lung. (D)
Primary IAV infection predisposes the host to secondary S. pneumoniae infection. This co-infection drives increased bacterial burdens in the lung. Increased burdens
correlate with diminished bacterial clearance by AMs, which is attributed to stimulation of AMs by IFNy. Similar to S. pneumoniae single infection, IL-10 is also induced
during co-infection. This suppresses excessive neutrophil accumulation and subsequent lung damage.

(12). In addition, co-infection by different influenza viruses  pathogenic diversity which limits effectiveness of vaccination.
increases genetic diversity through reassortment of viral genome  Consequently, influenza viruses continue to pose a serious health
segments (12). These, and other factors result in antigenic and  risk to the human population with over 3,000,000 cases and up to
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650,000 deaths per year globally (average of 25,000-36,000 in the
US)? (6, 13).

Upon surpassing the host’s initial physical and chemical
barriers to infection (i.e., mucosal layer), influenza virus invades
and replicates in lung epithelial cells. Mucus production offers
some resistance to IAV infection, but resolution of infection
requires innate immune responses (14). Indeed, viral replication
in lung epithelial cells leads to cytokine production and
activation of AMs that contribute to the initial control of
infection (Figure 1B). Thus, mice lacking AMs had increased
pulmonary viral burdens and mortality (15, 16). However, AMs
are significantly reduced by 4 days after IAV infection (17, 18).
Such reductions may partly be driven by cytolytic NK cells, which
can recognize and target IAV-infected cells (19, 20). Indeed,
activating natural cytotoxicity (NCRs) and other receptors on NK
cells have been shown to bind IAV hemagglutinin proteins. When
these proteins are expressed at the surface of virus-infected cells,
this recognition can induce NK cells to lyse the infected target
cell (19-21). Such lysis, and possibility other NK cell effector
functions, contribute to early protection, since NK cell depletion
increases lung damage and mortality (22). Chemokines produced
by IAV-infected cells, such as CCL-1 (MCP), further protect the
host by recruiting inflammatory phagocytes that help control
infection (23, 24). Recruitment of neutrophils to the lung is
further induced by IL-1 and plays an important role in reducing
viral replication (25). Thus, effective induction of innate immune
responses is critical for host resistance to IAV.

Excessive, inflammatory cell recruitment and the induction
of a “cytokine storm” are hallmarks of more severe IAV
infection and lung disease. These responses can be exacerbated
by polymorphisms in TLRs or other PRRs. The cytokine proteins
contributing to this storm include the type I IFNS, IL-1a, IL-18,
IL-6, IL-8, IL-10, IL-15, and the only type II IFN, IFNy (25-28).
Several of these cytokines appear to be beneficial to the host by
contributing to host resistance. For example, mice deficient for
the interferon alpha/beta receptor, IFNAR, that mediates cellular
responses to type I IFNs show increased morbidity and mortality
(26, 29). However, excessive production of specific cytokines
drives excessive and detrimental inflammation. In particular,
IENy can exacerbate disease severity during IAV infection.
Indeed, mice lacking either expression of IFNy or the ligand-
binding subunit of its receptor, IFNGR1, showed increased
survival following IAV challenge (18, 30) The increased survival
in mice lacking IFNy was shown to be associated with reduced
immunopathology due to increased activity of type II innate
lymphoid cells (ILC2s), which produce IL-5 and amphiregulin
to promote tissue homeostasis (30). In this context, IL-5 elicited
eosinophils and was required for enhanced survival of the mice
lacking IFNy. In mice lacking IFNGR1, inflammatory infiltrates
and cytokine production were also reduced (18). However, in
mice lacking IFNGR1 expression viral titers were reduced at 6-
8 days after infection, whereas no differences in viral burden
were observed up to 9 days after infection in these mice (18, 30)
The reasons for this discrepancy are not clear, but could reflect
the use of different IAV strains and infection timelines in these

3 https://www.who.int/news-room/fact-sheets/detail/influenza- (seasonal).

studies. Regardless, this collective data support the conclusion
that IFNy drives increased inflammation and lung damage
during IAV infection (Figure 1B). Yet, other reports showed
therapeutic effects of administering recombinant IFNy early
during IAV infection and demonstrated important protective
roles for endogenous IFNYy against AV during a recall infection
or in mice lacking Nos2 expression (31-33). In one study, this
protection was attributed to improved NK cell responses (33).
Thus, IFNy signaling to specific cell types and/or in specific
settings can have both beneficial or detrimental roles in the
response to IAV infection.

Given the potential detrimental effects of pro-inflammatory
cytokines such as IFNy, it is not surprising that anti-
inflammatory cytokines are also key regulators of lung damage
during TAV infection. IL-10 is a key anti-inflammatory cytokine
implicated during IAV infection. A variety of immune cell
types can produce IL-10 and respond to this cytokine through
expression of the cognate receptor. IL-10 signaling activates
STAT3 and other signaling pathways to suppress production
of pro-inflammatory factors such as IL-12 and IFNy (34, 35).
In the context of murine IAV infection, IL-10 is important
for dampening the pro-inflammatory cytokine response and
subsequent pulmonary damage to increase survival of IAV-
infected mice (26) (Figure 1B). Thus, the balance of IFNy and
IL-10 responses could be a key determinant of the outcome
during IAV infection, with too little IL-10 tipping the balance to
excessive IFNy, inflammation and increased disease severity.

STREPTOCOCCUS PNEUMONIAE
BACTERIAL INFECTION IN THE LUNG

Pulmonary infections are caused by both pathobiont (ie.,
asymptomatically residing bacteria with pathogenic potential)
and pathogenic (invasive) bacterial species, such as S.
pneumoniae. S. pneumoniae (aka pneumococcus) transiently
colonizes the nasopharynx asymptomatically in healthy humans
with colonization rates highest in children®* However, this
Gram-positive pathobiont causes ~50% of otitis media cases and
is the most common cause of bacterial pneumonia in humans
(36). S. pneumoniae can also establish invasive septicemia and
meningitis with high mortality rates. In developed countries,
pneumoccocal disease rates have dropped considerably in recent
years due to vaccination. Nevertheless, nearly 900,000 people
develop pneumococcal pneumonia each year in the United States
and this remains an important cause of morbidity and mortality
globally seen in immune compromised, elderly adults and
particularly causing nearly 810,000 deaths in children under 5>,

Pneumonia occurs when a colonizing S. pneumoniae strain
gains access to the lower respiratory tract. Such access is
promoted by inflammatory events, which likely contribute to
increased density of colonizing S. pneumoniae. Consistent with
this, polymorphisms in PRRs has been associated with increased
colonization and/or invasive infection by S. pneumoniae (37,
38). Inflammation is thought to reflect an increased nutrient

“https://www.who.int/en/news-room/fact- sheets/detail/pneumonia.
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availability following inflammation-driven epithelial damage
and increased access of bacteria to adhesion receptors such
as those for platelet-activating factor (PAFr) or polymeric
immunoglobulin (pIgR), which are upregulated in response to
inflammatory cytokines (39-41). Inflammation thus increases
the density of S. pneumoniae in the nasopharynx and thus
provides an opportunity for increased aerosolization of bacteria
into the lungs (for host-derived pneumonia) and environment
(for transmission). These or other effects of inflammation
may partly explain the increased incidence of pneumococcal
pneumonia in individuals with a primary respiratory viral
infection, elderly individuals, or other populations (see further
information below) (42).

Despite the evidence that aspects of inflammation promote
S. pneumoniae colonization, murine infection models have
demonstrated protective roles for certain inflammation-
associated responses. Two studies reported that the type I
IFN response protects mice from colonization and invasive
infection following intranasal infection by a serotype 2 strain
of S. pneumoniae (43, 44). However, a third report using the
different bacterial serotype 3 strain correlated type I IFNs with
increased lung bacterial burdens (29). Whether these differing
results indicate distinct roles for type I IFNs in protection of
distinct tissues or reflect use of distinct S. pneumoniae isolates
remains unclear. IFNy also appears to protect mice against
pulmonary S. pneumoniae. Early work found that mice lacking
IFNy were more susceptible to bacteremia and mortality
following intranasal infection (45). Treatment with IL-12 was
subsequently shown to induce NK cell production of IFNy and
protect mice against pulmonary S. pneumoniae (46). However,
the overall impact of NK cells in this setting may not be beneficial
as NK cell depletion lowered lung bacterial burdens in infected
Scid mice with no effect on burdens in controls (47). NK cell
depletion likewise reduced survival of mice infected systemically
with another streptococcus strain, S. suis (48). Yet, a more recent
study using a genetic diptheria toxin (DT)-based approach
to deplete NKp46+ NK cells found that this manipulation
reduced mouse survival following pulmonary S. pneumoniae
infection (49). Effects of the DT-induced NK cell depletion
on bacterial burdens was not reported in the latter study, but
the authors showed a transfer of wildtype NK cells improved
survival in mice lacking the four-and-a-half LIM-only protein 2
(FHL2) significantly better than transfer of IFNy-deficient NK
cells. Though NK cell specific IFNy improved survival in this
setting, the impact of NK cell IFNy in wildtype mice is not yet
clear. Overall, IFNy appears to play important roles during S.
pneumoniae infection (Figure 1C).

In humans and in murine models, vaccination against
pneumococcal capsular polysaccharides or killed bacteria reduces
colonization and transmission of S. pneumoniae. In mice,
vaccine-induced protection was shown to be mediated by
antibody or T cell immune responses (50, 51). Together
with complement, opsonizing antibodies increase the ability of
neutrophils and other phagocytes to engulf and kill encapsulated
pneumococci. Consistent with the importance of neutrophils,
IL-17 production and neutrophil recruitment to the lungs
reduce bacterial burdens (52). Moreover, protection in IL-12
treated mice correlates with increased neutrophil recruitment

or survival in S. pneumoniae-infected lungs (46). Nevertheless,
excessive neutrophil recruitment can damage lung function
and increase mortality. IL-10 has been shown to dampen the
influx of these inflammatory cells, as well as production of pro-
inflammatory cytokines such as TNF-a, to reduce tissue damage
and mortality during infection (53, 54) (Figure 1C). Supporting
the interpretation that this is a key role for IL-10, mortality was
increased in mice deficient for IL-10 despite reduced bacterial
burdens in the lung and reduced bacterial dissemination (53).
Thus, therapeutic strategies that mimic or induce IL-10 may
reduce damage to lungs or other vital host tissues, though at risk
of increasing bacterial burdens.

VIRAL-BACTERIAL CO-INFECTION IN THE
LUNG

Influenza virus infection predisposes the host to severe disease
outcomes during co-infection with S. pneumoniae. In this
context, viral infection appears to both increase the incidence
and the severity of secondary bacterial infections clinically. They
are associated with high morbidity and mortality in the context
of seasonal flu and were a major correlate of death during 1918
Spanish Flu and 2009 HIN1 pandemics (55-57).

A number of studies have modeled IAV/S. pneumoniae co-
infection in mice. Importantly, IAV enhances susceptibility to
multiple S. pneumoniae serotypes with more virulent strains
exhibiting the highest susceptibility (58). Results of these
studies suggest diverse mechanisms contribute to the enhanced
susceptibility to secondary bacterial challenge following IAV
infection. These mechanisms likely include damage to the
lung epithelial barrier, which can permit increased bacterial
crossing of the epithelium and may both increase nutrient
availability and expose host adhesions such as PAFr or pIgR to
increase bacterial numbers (59-61) (Figure 1D). A recent study
additionally proposed that viral adherence to the S. pneumoniae
surface promotes adhesion to respiratory epithelia (62). Other
possible detrimental effects of IAV infection on airway physiology
include altered mucus production, reduced ciliary beating and
alteration of the host microbiome (63-66). Albeit, there have
been conflicting results regarding the impact of influenza
infection on the respiratory tract microbiome (67, 68). Yet, both
murine and recent human studies agree that an initial influenza
(or live-attenuated vaccine) exposure increases susceptibility to
secondary (or colonizing) S. pneumoniae (69, 70).

IAV-driven alteration of lung immune defenses have also
been implicated in increased susceptibility to S. pneumoniae.
Susceptibility and severity of secondary bacterial infections might
be impacted by TNF and IL-1p production, which increase
expression of S. pneumoniae adhesion receptors such as PAFr
and pIgR. However, in a mouse model system, pneumococci
administered 7 days after IAV (when reductions in viral burdens
were first observed) induced less TNF and IL1f compared to
non-IAV-infected mice (71). This study attributed increased
susceptibility to an impaired early bacterial clearance from
the lung by AMs (71). Following IAV infection, these and
other phagocytes showed reduced effectiveness at engulfing
bacteria that correlated with the onset of T cell-dependent IFNy
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production. Further, burdens of S. pneumoniae at 4h after
infection (9 days after IAV) were ~50% lower in lungs of IFNy
or IFNGR1-deficient mice than in co-infected control mice.
Genetic deficiency for IFNy or IFNGR1 or neutralization of IFNy
also improved survival from secondary pneumococcal infection.
These effects correlated with IFNy-dependent reductions in
staining for MARCO on lavaged CD11c+ cells. The MARCO
scavenger receptor was previously implicated in the engulfment
of non-opsonized S. pneumoniae bacteria by AMs (72). However,
while IFNy stimulation of myeloid cells has been associated with
increased phagocytic and bactericidal activity of other bacteria,
it has not been demonstrated that detrimental effects of IFNy
in the IAV/S. pneumoniae co-infection model were due to IFNy
targeting of myeloid cells (73-75). Still, there are other lines
of evidence supporting the notion that suppression of myeloid
cell activity is an important mechanism driving increased
susceptibility in [AV-infected animals. Specifically, the increased
susceptibility correlates with increases in expression of CD200R,
a negative regulator of myeloid cell function (63). Additionally,
co-infection induces production of anti-inflammatory IL-10
that suppresses excessive neutrophil accumulation and host
resistance (76) (Figure 1D). Type I IFNs also significantly
increased the bacterial burdens following secondary exposure to
S. pneumoniae, with little to no effect on viral burdens (29). Here,
IFNAR expression correlated with reduced production of chemo-
attractant CXCL2 and impaired recruitment of neutrophils to the
lungs. Thus, inflammatory responses elicited by IAV infection
and the induction of endogenous mechanisms for dampening
these responses may collectively impair myeloid cell antibacterial
activity to exacerbate pneumococcal infections.

INFLAMMATION AND PREDISPOSITION
TO LUNG INFECTIONS

Altered or constitutive inflammatory responses are observed
in elderly individuals and in individuals with genetic
predispositions such as Down syndrome (DS). These responses
may contribute to the high frequency and severity of IAV and S.
pneumoniae infections in these populations (11, 77-80). Indeed,
DS appears to accelerate aging-associated cellular processes and
the health phenotype of individuals with DS overlaps with that of
older non-DS individuals (81). Thus, improved understanding of
inflammatory responses to lung infections in the context of DS
may also provide insights into the causes and possible treatments
for these infections in the elderly.

In the context of DS, production of inflammatory cytokines
such as TNFa, IL-1B, IL-6, IL-8, IFNa, and IFNYy were elevated
in blood samples from DS vs. sibling donors following an
ex vivo treatment with IAV (82). In this study, expression
of anti-inflammatory IL-10 was not altered in the DS cohort
(82). However, IL-10 production was greater in DS blood cells
following an ex vivo stimulation with S. pneumoniae (83).
Thus, DS may predispose toward elevated IL-10 production
during S. pneumoniae infection, which could dampen myeloid
cell antibacterial functions and contribute to elevated bacterial
burdens in DS patients, similarly observed in mice (54). However,

IFNy was also found to be increased in individuals with DS
at specific time points following IAV stimulation (82, 84).
This correlates with a trend toward basally increased IFNy in
DS individuals. Nevertheless, elevated production of IFNy or
other cytokines could have detrimental effects on resistance as
described in the murine IAV-S. pneumoniae co-infection studies
discussed above (Figure 1). Impairment of neutrophil function
has also been shown in otherwise healthy individuals with DS
(85) Thus, altered inflammatory responses could contribute to
susceptibility to lung infections in DS (and elderly) individuals.
However, it should be noted that other non-immune mechanisms
may contribute to the susceptibility in the DS (and elderly)
populations. For example, in the context of DS congenital
abnormalities of the respiratory tract and altered ciliary function
have also been reported (86).

CONCLUSIONS

Pulmonary infections caused by bacterial or viral pathogens are
a serious clinical problem to the global human population. This
clinical problem is even more concerning for specific susceptible
groups including children, the elderly, and individuals with
underlying genetic conditions that include Down syndrome. Co-
infections of viral and bacterial pathogens can also increase
susceptibility and disease severity in the broader immune-
competent human population. Exacerbated or altered innate
immune and inflammatory responses are characteristic of the
above-mentioned susceptible groups and likely play important
roles in defining disease outcome. Conflicting results and the
difficulty of extrapolating from animal models of infection
to human therapy remain and should be considered in the
context of efforts to identify and implement specific and effective
treatments. Thus, better defining the regulation of lung innate
immune responses in susceptible populations and in the context
of complex environmental elements (such as the microbiota) are
needed to provide avenues for development of new treatments. It
is also important to keep in mind the need to appropriately tune
the immune and inflammatory mechanisms to minimize damage
to lung tissue while ensuring adequate resistance to infections by
various pathogen types.
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Inhibition of CXCR4 and CXCR7 Is
Protective in Acute Peritoneal
Inflammation

Kristian-Christos Ngamsri, Christoph Jans, Rizki A. Putri, Katharina Schindler,
Jutta Gamper-Tsigaras, Claudia Eggstein, David Kéhler and Franziska M. Konrad ™"

Department of Anesthesiology and Intensive Care Medicine, University Hospital of Tibingen, Tubingen, Germany

Our previous studies revealed a pivotal role of the chemokine stromal cell-derived
factor (SDF)-1 and its receptors CXCR4 and CXCR7 on migratory behavior of
polymorphonuclear granulocytes (PMNs) in pulmonary inflammation. Thereby, the
SDF-1-CXCR4/CXCR7-axis was linked with adenosine signaling. However, the role
of the SDF-1 receptors CXCR4 and CXCR7 in acute inflammatory peritonitis and
peritonitis-related sepsis still remained unknown. The presented study provides new
insight on the mechanism of a selective inhibition of CXCR4 (AMD3100) and CXCR7
(CCX771) in two models of peritonitis and peritonitis-related sepsis by injection of
zymosan and fecal solution. We observed an increased expression of SDF-1, CXCR4,
and CXCRY7 in peritoneal tissue and various organs during acute inflammatory peritonitis.
Selective inhibition of CXCR4 and CXCR7 reduced PMN accumulation in the peritoneal
fluid and infiltration of neutrophils in lung and liver tissue in both models. Both inhibitors
had no anti-inflammatory effects in Aog knockout animals (Asg—/-). AMD3100 and
CCX771 treatment reduced capillary leakage and increased formation of tight junctions
as a marker for microvascular permeability in wild type animals. In contrast, both
inhibitors failed to improve capillary leakage in Aog—/— animals, highlighting the impact
of the Aog-receptor in SDF-1 mediated signaling. After inflammation, the CXCR4 and
CXCRY7 antagonist induced an enhanced expression of the protective Aog adenosine
receptor and an increased activation of cAMP (cyclic adenosine mono phosphate)
response element-binding protein (CREB), as downstream signaling pathway of Aog.
The CXCR4- and CXCRY7-inhibitor reduced the release of cytokines in wild type animals
via decreased intracellular phosphorylation of ERK and NFkB p65. In vitro, CXCR4 and
CXCRY7 antagonism diminished the chemokine release of human cells and increased
cellular integrity by enhancing the expression of tight junctions. These protective
effects were linked with functional Aog-receptor signaling, confirming our in vivo data.
In conclusion, our study revealed new protective aspects of the pharmacological
modulation of the SDF-1-CXCR4/CXCR7-axis during acute peritoneal inflammation in
terms of the two hallmarks PMN migration and barrier integrity. Both anti-inflammatory
effects were linked with functional adenosine Aog-receptor signaling.
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CXCR4/CXCR7 During Acute Inflammation

INTRODUCTION

Peritonitis and peritonitis-related sepsis are still associated with a
high mortality for up to 40-60% (1). In the United States, sepsis
is more common than myocardial infarction or colon cancer
(2, 3). Despite decades of research, the underlying mechanisms
are still not understood and therefore, there is still no functional
treatment of sepsis possible (4-6). Sepsis is caused by an
overshooting answer of the immune system on the infection,
resulting in injuring its own organs. This acute pro-inflammatory
response of the body is mainly driven by polymorphonuclear
neutrophils (PMNs) as the first cells of the immune system to be
recruited to the side of inflammation (7, 8). Accordingly, PMNs
are considered as a prognostic marker for mortality in terms of
sepsis (9) as they migrate from the circulatory system into the
inflamed tissue.

Beside PMN migration, the second hallmark of sepsis
is capillary leakage (10). Tight junction proteins (TJP) are
intracellular adhesion complexes controlling paracellular
permeability and are therefore involved in maintaining tissue
homeostasis (11). More precisely, TJPs are located apically
in polarized cells and regulate the passage of water, ions and
molecules (12, 13) and are also involved in cellular signaling
(14). Inflammation and hypoxia alter the integrity of the tissue
and paracellular permeability (15-18), leading to the clinically
observed tissue edema (19, 20).

In case of inflammation, the chemokine stromal cell-derived
factor (SDF)-1 in the bone marrow decreases and PMNs are
released into the vasculature to migrate to inflamed areas
(21). SDF-1 has two receptors—CXCR4 and CXCR7—both
widely expressed on hematopoietic and non-hematopoietic cells
(22-24). Both SDF-1-receptors drive endothelial and epithelial
transmigration of leukocytes during acute inflammation
(23, 25, 26). Pharmacological inhibition of CXCR4 protects
lung tissue and keeps tissue homeostasis during acute and
chronic pulmonary inflammation by reducing infiltration of
PMNs, respectively CXCR4-positive cells (25, 27). CXCR4
blockade improved stroke-related damage and reduced the
blood-brain barrier disruption by reducing the release of
inflammatory cytokines in the ischemic region (28). Also,
CXCR7 regulated acute inflammatory and allergic-related
edema formation by stabilizing the pulmonary epithelial
barrier (29, 30).

Recent literature linked SDF-1 related signaling to a functional
adenosine Ap-receptor (25, 31). The nucleoside adenosine exerts
its functions through four different adenosine receptors. The cell
surface G protein-coupled adenosine receptors Aj, Aza, Azp,
and Aj play a central role in various inflammatory diseases
(15, 32-34). Activation of the A g-receptor plays a protective role
in terms of tissue homeostasis and maintaining cellular barrier
function during inflammation (15, 32, 35).

In contrast, patients on the intensive care unit (ICU) reveal
altered expression of adenosine receptors and compromised
ligand affinity (36, 37). Accordingly, if therapy of sepsis is linked
to functional adenosine receptor signaling, the expression level
and the functionality of the receptors should be evaluated to
adapt and elaborate an individualized therapy.

Current literature demands the identification of subgroups
of patients for a customized therapy (38, 39). In the presented
study, we investigated the specific role of the SDF-1 receptors
CXCR4 and CXCR?7 during acute inflammatory peritonitis and
peritonitis-related sepsis concerning the two hallmarks of acute
inflammation, migration of PMNs and barrier permeability.
Additional, we hypothesized that the protection through CXCR4
and CXCR?7 antagonism depends on functional A,p-receptors.
To enlarge the impact of our study, we determined these aspects
in a zymosan- and additionally in fecal-induced peritonitis.

MATERIALS AND METHODS

Animals

Mice were housed under pathogen-free conditions and on
standard light-dark cycle. Mice were male and 8-12 weeks old
(wild type: C57BL/6N; Charles River; Germany; A,p knockout
mice: Ajg-/—; kindly gift from Dr. Katya Ravid; Boston
University; School of Medicine; Department of Biochemistry;
USA). All animal protocols were approved by the Animal Care
and Use Committee of the University of Tiibingen.

Reagents

CCX771, the specific CXCR?7 antagonist (10 mg/kg body weight
[bw]; ChemoCentryx; USA), was injected subcutaneously and
the specific CXCR4 antagonist AMD3100 (10 mg/kg bw; Sigma
Aldrich; Germany) was administrated intraperitoneally (i.p.)
1h before zymosan application (zymosan-A of Saccharomyces
cerevisiae; 50 mg/kg bw; i.p. injection; Sigma- Aldrich; Germany).

Zymosan-Induced Peritonitis and Sepsis
Peritoneal inflammation was induced by zymosan application
ip. (Img per mouse; concentration: 1 mg/ml). Four hours
after zymosan administration, 5ml of PBS- were injected into
the peritoneal cavity and 3ml peritoneal fluid lavage were
retrieved. After thoracotomy, blood samples were collected
by right ventricle punctuation and the vascular system was
flushed by 3ml PBS- for blood-free organs. Peritoneal lavage
and tissue (lung and liver) samples were removed for flow
cytometry analysis and partly saved for subsequent experiments
at —80°C.

Fecal-Induced Peritonitis and Sepsis

To prepare the fecal solution, we collected fecal dry pellets
randomly from C57BL/6N male mice cages with same age and
diet. Fecal material was pooled, diluted with normal saline to a
concentration of 80 mg/ml, aliquoted and the same fecal stock
solution used for this whole project. The fecal solution was
injected intraperitoneally. After 4 h, peritoneal lavage, blood and
organs were collected as described above.

RT-PCR

Total RNA was isolated from murine peritoneum, lungs and
liver by using pegGOLD TriFast (Peqlab, Germany), and cDNA
synthesis was performed by using a Bio-Rad iScript kit (Bio-
Rad, Germany) according to the manufacturer’s directions. We
evaluated the gene expression of murine SDF-1, CXCR4, CXCR?7,
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A adenosine receptor, Ays adenosine receptor, A3 adenosine
receptor, A, adenosine receptor, CD73, TNFa, and IL6 by using
RT-PCR and the following primers: SDF-1 (5'-GAG AGC CAC
ATC GCC AGA G-3' and 5'-TTT CGG GTC AAT GCA CAC
TTG-3'), CXCR4 (5'-AGC ATG ACG GAC AAG TAC C-3' and
5-GAT GAT ATG GAC AGC CTT ACA C-3/), CXCR7 (5'-
GGA GCC TGC AGC GCT CAC CG-3' and 5'-CTT AGC CTG
GAT ATT CAC CC-3'), A; (5'-ATT GTC ACT CAG CTC CCG
C-3’ and 5'-TCA CCA GTA CAT TTC CGG GC-3'), Azp (5-
TCA ACA GCA ACC TGC AGA AC-3’ and 5-GGC TGA AGA
TGG AAC TCT GC-3'), Azp (5-GCG TCC CGC TCA GGT
ATA AA-3' and 5-CAG TGG AGG AAG GAC ACA CC-3),
Aj; (5-GGG TTC CTG TAC TTC CTC TTG G-3’ and 5-TCA
ACC TCA GCC GCT TAT CC-3), CD73 (5-GTT CTC TCT
GTT GGC GGT G-3’ and 5-GGA TGC CAC CTC CGT TTA
C-3'), TNFa (5'-GGA GCC TGC AGC GCT CAC CG-3' and 5'-
CTT AGC CTG GAT ATT CAC CC-3'), and IL6 (5'-GGA GCC
TGC AGC GCT CAC CG-3' and 5'-CTT AGC CTG GAT ATT
CAC CC-3'). Gene levels of barrier integrity related proteins were
evaluated by utilizing subsequent primers for murine occludin
(OCLDN), tight junctions proteins 1-3 (TJP 1, 2, and 3), e-
cadherin 1 (CDH1), and claudin (CLDN) 1, 3, and 5: OCLDN
(5- GTG GGA TAA GGA ACA CAT TT-3' and 5-GAC ACA
TTT TTA ACC CACTC-3'), TJP1 (5'-CCT TGG CCT AGC ATA
CAC A-3' and 5-GAA ATC GTG CTG ATG TGC C- 3'), TJP2
(5'-CAG CAA GCA GAC CCT CAT C-3’ and 5'- TCC AGC
TCA TTC CCG ATC C- 3), TJP3 (5-CGA CTA TGA GGA
CAC CGA C-3' and 5'-TGT CCC ATG ACC CAT CAG C- 3'),
CDH]1 (5'-CAG CTC CTT CCC TGA GTG-3' and 5'-GCA CCC
ACA CCA AGA TAC-3'), CLDNI1 (5- CCA CCA TTG GCA
TGA AGT GC-3' and 5'-AGA GGT TGT TTT CCG GGG AC-
3"), CLDN3 (5'-CCT ACG ACC GCA AGG ACT AC-3’ and 5'-
CTG GTA GTG GTG ACG GTA CG-3'), CLDN5 (5'- CCA CCA
TTG GCA TGA AGT GC-3" and 5'-AGA GGT TGT TTT CCG
GGG AC-3).

To reveal the gene expression of the human adenosine A;p-
receptor, IL6, and IL8, we used the following primers and
performed RT-PCR: A,p (5-ATC TCC AGG TAT CTT CTC-3’
and 5-GTT GGC ATA ATC CAC ACA G-3),IL6 (5'-CCA CCA
TCT ACT CCA TCA TCT TC-3' and 5'-ACT TGT CCG TCA
TGC TTC TC-3'), and IL8 (5-AGC ACA GCC AGG AAG GCG
AG-3' and 5'-TCA TAG CCT GTG TTG GC-3').

18S was used as house keeping gene (5'-GTA ACC CGT TGA
ACC CCA TT-3' and 5'-CCA TCC AAT CGG TAG TAG CG-3').

Microvascular Permeability

Protein extravasation into the peritoneal lavage as a marker of
capillary leakage was determined 4 h after zymosan, respectively
4h after fecal-injection by using a BCA protein assay kit
according to the standard protocol (Pierce; Thermo Fisher
Scientific; Germany). Endothelial leakage was assessed
by fluorescein isothiocyanate conjugated albumin (FITC-
albumin; A9771; Sigma-Aldrich) extravasation in separate
experiments. FITC-albumin (80 mg/kg BW) was injected
into the tail vein 30min before removal of peritoneal
lavage. FITC-albumin concentration was measured in
the lavage.

Cytokine Concentrations

The release of TNFa, IL6, CXCL1 (keratinocyte-derived
chemokine), CXCL2/3 (macrophage inflammatory protein-2),
and SDF-1la was determined in the peritoneal lavage of mice,
4h after zymosan- and fecal-injection by ELISA kits (DY406;
DY453; DY452; DY410, and DY460; R&D Systems; USA).
Zymosan-induced release of IL6 and IL8 by human H441 cells
was also detected by ELISA kits (DY206, respectively DY208;
R&D Systems; USA).

In vivo PMN Extravasation

As previously described, lungs and liver samples were
homogenized and prepared for flow cytometer staining
procedure (25, 40). Peritoneal lavage (PL), lungs and liver
samples were stained with a fluorescent antibody-mix, consisting
of CD45 (clone 30-F11; 103132; BioLegend; USA) and Ly6G
(clone 1A8; 127618; BioLegend; USA) to detect PMNs. The
detailed description of the gating process is described in
Supplemental Figure 1A. Samples were measured with a
FACSCanto II flow cytometer (BD Biosciences; USA). The
cytometer was calibrated routinely using the cytometer setup
and tracking beads (BD Biosciences; USA) recommended by
the manufacturer. BD FACSDiva software (Version 6; BD
Biosciences; USA) was employed to control the flow cytometer
settings, including the calibration procedures, and to acquire
data. Detailed data analysis was performed using Flow]Jo software
(version 7.8.2; Ashland; USA).

Western Blot Analysis

Mice were treated as described above and peritoneal tissue
from wild type and Ajp-/- animals prepared for western
blot analysis. Equivalent protein levels were determined
by a protein assay kit (Pierce; Thermo Fisher Scientific;
Germany) and loaded on SDS gels. After blotting on
polyvinyldene difluoride membranes, the rabbit polyclonal
anti-phospho NF-kB p65 (Ser536)(#3033; Cell Signaling
Technology; Germany), the rabbit polyclonal anti-phospho
ERK1/2 (Thr202/Tyr204) (#4370; Cell Signaling Technology;
Germany) and the rabbit monoclonal anti-phospho CREB
(Ser133) (#9198; Cell Signaling Technology; Germany) were
used. For analyzing the impact of CXCR4 and CXCR7 on
the formation of tight junctions 4h after zymosan and
autologous fecal administration, we used rabbit polyclonal
anti-tight junction protein (TJP)-1 (I mg/ml; Thermo Fisher
Scientific; Germany) and mouse monoclonal anti-occludin
(0.5 mg/ml; Thermo Fisher Scientific; Germany). The rabbit
monoclonal anti-GAPDH served as housekeeping protein
(G9545; Sigma-Aldrich; Germany).

Tissue Culture

In absence of a human peritoneal epithelial cell line, a
human pulmonary epithelial cell line (H441; NCI-H441;
ATCC® HTB-174™) and a human intestinal epithelial cell line
(CaCo2; ATCC® HTB-37™) was used. H441 and CaCo2 cells
were maintained in RPMI containing 10%FCS and 40 pg/ml
gentamicin in a humidified atmosphere of 5% CO, at 37°C. H441
and CaCo2 were grown confluent and stimulated with NaCl
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or zymosan 100 g/ml for 4 h. Additional groups were treated
with CCX771 (1 wM) or AMD3100 (1 M) 1h before zymosan
administration. Supernatants were secured for protein analysis.
Cells were removed and total RNA was isolated following the
manufacturer’s directions (pegGOLD TriFast; Peqlab; Germany
and Bio-Rad iScript kit; Bio-Rad; Germany).

In additional experiments, we used siRNA to knock down
the human adenosine receptor Ap (sc-29642; Santa Cruz
Biotechnology; USA) in H441 and CaCo2 cells. After the cell
monolayer achieved 50% of confluence, medium was exchanged
and cell layer transfected with jetPRIME® reagent (114-07;
Polyplus transfection; France) and adenosine A,p human siRNA
added according to the manufacturer’s instructions. 24 h after
transfection, cells were harvested and total RNA was isolated
for gene expression analysis. The success of siRNA transfection
was evaluated by detection of gene levels of the adenosine
receptor Azg  (Supplemental Figure 1B).  Non-targeting
siRNA (sc-37007; Santa Cruz Biotechnology; USA) was used
as control.

Immunofluorescence Staining
Paraffin-embedded lung sections were fixed for 10min in
acetone and methanol. After washing and fixation, lung sections
were permeabilized with 1% Triton X-100 and blocked with
5% BSA in PBS for 1h. Sections were stained with rabbit
polyclonal anti-A,p adenosine receptor (sc-28996; Santa Cruz
Biotechnology; USA), goat polyclonal anti-CXCR7 (sc-107515;
Santa Cruz Biotechnology; USA), rabbit polyclonal anti-
CXCR4 (sc-9046; Santa Cruz Biotechnology; USA), rabbit
monoclonal anti-phospho CREB (Ser133) (#9198; Cell Signaling
Technology) and goat polyclonal anti-cytokeratin 12 (sc-
17101; Santa Cruz Biotechnology; USA). For visualization,
the following secondary antibodies were employed: polyclonal
donkey anti-goat IgG Alexa Fluor 488 (A11055; Thermo
Fisher Scientific; Germany), polyclonal goat anti-rabbit
IgG Alexa Fluor488 (A11008; Thermo Fisher Scientific;
Germany), and polyclonal rabbit anti-goat IgG Alexa Fluor 546
(A21085; Thermo Fisher Scientific; Germany). For nuclei
counterstaining, we used Roti-Mount FluorCare DAPI
(HP20.1; Carl Roth; Germany). IgG controls are displayed
in Supplemental Figure 1C.

For in vitro immunofluorescence experiments, H441
and CaCo2 cells were grown on chamber slides (Sarstedt
Neumbrecht; Germany). After stimulation for 4 h with 100 ng/ml
zymosan with CXCR4- (AMD3100; 1 uM) or CXCR7-treatment
(CCX771; 1 M), cells were fixed with 4% paraformaldehyde.
After permeabilization with 1% Triton X-100, cells were blocked
for 1h with 5% BSA in PBS. Cells were stained by using
rabbit polyclonal anti-tight junction protein (TJP)-1 (1 mg/ml;
Thermo Fisher Scientific; Germany) and mono 1 anti-occludin
(0.5 mg/ml; Thermo Fisher Scientific; Germany) followed by the
secondary antibodies as described above. Rhodamin phalloidin
was used to tackle B-actin (R415; Thermo Fisher Scientific;
Germany). Images were analyzed by using ZEN software (Black
edition 2011; Zeiss; Germany) and mean fluorescence intensities
were measured by ImageJ (Version 1.49v; National Institute of
Health; USA).

Immunohistochemical PMN Detection

PMN accumulation in peritoneal tissue, lung and liver sections
was visualized via immunohistochemistry by using a Vectastain
ABC kit (PK-4000; Vector Laboratories; Germany). Sections
were blocked with Avidin solution (Vector Laboratories;
Germany) for 1h to avoid unspecific binding sites. PMNs
were stained with rabbit anti-mouse Ly-6G (clone 1A8; Abcam;
UK). Rabbit IgG was used as control (31235; Invitrogen;
USA). Sections were incubated with biotinylated anti-rabbit
IgG (BA-4000; Vector Laboratories; USA) for 1h, followed
by Vectastain ABC reagent (PK-4000; Vector Laboratories;
USA) for 30min and then incubated with DAB substrate.
Nuclear fast red (H-3403; Linaris; Germany) was used for tissue
counterstaining. Tissue slides were processed with a Leitz DM
IRB microscope (Leica) and analyzed with AxioVision v4.8.2
(Carl Zeiss Microlmaging; Germany). Neutrophil counts were
examined by enumerating the positive and therefore brown
stained cells in a masked fashion. PMN numbers were scored
from four random sections of four different tissue samples in each
group by two independent observers (41).

String Analysis

STRING is a biological database and free web resource
to identify known and predicted protein-protein networks.
The STRING database includes the information of numerous
experimental data, various computational predictions, and public
text data. Furthermore, the STRING analysis identifies molecular
partnerships and functional interactions from targets of interest
by consolidating knowledge and providing context in biological
systems (42). To generate reliable results, we set a medium
confidence (>0.400) over our analysis.

Software and Statistical Analysis

Statistical analysis was performed by using Graph Pad Prism
version 8.1 for Windows (Graph Pad Software; San Diego;
USA). For comparison between two groups statistical analysis
was done by an unpaired Students ¢-test. Differences between
the groups were evaluated by one-way ANOVA followed by
Bonferroni’s post-hoc test. Data are presented as mean = SEM
unless indicated otherwise.

RESULTS

Expression of CXCR4 and CXCR?7 in Acute

Inflammation in vivo

We evaluated gene expression of the chemokine SDF-1 and
its receptors CXCR4 and CXCR7 in various organs and
peritoneal tissue during zymosan- and fecal-induced peritonitis.
We detected a significant mRNA increase of SDF-1 in the
peritoneum and lung 4h after zymosan- (Figure 1A) or fecal-
administration (Figure 1B). Inflammation did not affect gene
expression of SDF-1 in liver tissue. Gene expression of the two
receptors CXCR4 and CXCR? rose significantly after the onset
of inflammation in the peritoneum, lung and liver tissue in both
models. To verify these findings on protein level, we evaluated the
surface expression of SDF-1, CXCR4, and CXCR? in peritoneal
tissue by immunofluorescence. According to the results of

Frontiers in Immunology | www.frontiersin.org

59

March 2020 | Volume 11 | Article 407


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Ngamesri et al

CXCR4/CXCR7 During Acute Inflammation

A
SDF-1 CXCR4 CXCR7
i i Peritoneum
Py - 10 L _1s i
H H g
-8 g3 ]
g gg 58"
g 3 g3 *
i = o
Lung Lung Lung
e o . *x » .
7 g g
& 2 £
2%y é 23, ; 23
F < <
B 24 z 4
E [ [
[3 E
A - ol o L o
Liver Liver Liver
4 8 * 8 o
i
a 3 3
g E E 4 5 4
E: g Z:
% el Hlad
o 0+ o
Zymosan - 4h Zymosan - 4h Zymosan - 4h
C
CXCR4 Cyto
4h NaCl
CXCR7 Cyto
D
2x102 * kK k 4x103 *
5 B
<& <8
& g 1x102 52 2x10°
? 5 o E
: = 2 =
0 0
Zymosan 4h Zymosan - 4h

Peritoneum Peritoneum
s ¢ g "
% i gé
2% £8
S ¥ - % 5
<3 <3
23 £3
g3 z3
] £5
E E
g o g o
Lung Lung
o saee -]
i <
I &
-1
as 83
< <
z z
z Z
£ £
=
o olem
Liver Liver
s
s ¢ 5§
- <
w o©
a £
]
< 2 o 4
<
z
! g
E €
FIP - 4h FIP - 4h

4x102
3
g
s
< E
& & 2x10 5
» a
E
> =
[
Zymosan 4h

FIGURE 1 | Expression of stromal cell-derived factor-1 (SDF-1) and its receptors CXCR4 and CXCR?7 in acute inflammation. (A) SDF-1, CXCR4, and CXCR7 mRNA
levels were evaluated in peritoneal, lung and liver tissue 4 h after zymosan (n = 8-12) or (B) fecal administration (n = 6-12). (C) Immunofluorescence detection of the
expression of SDF-1, CXCR4, and CXCRY (all green) in peritoneal tissue (Cyto; cytokeratin; red) 4 h after zymosan (63x original magnification). Images are
representatives of n = 3 experiments. Intensity was measured by Imaged. (D) The release of SDF-1a in the peritoneal cavity, in the plasma, and in the bone marrow of
wild type mice was detected by using ELISA (n = 6-12). Student’s t-test was used for statistical analysis. Data are presented as box and whisker graph with error bars
indicating the range from minimum to maximum value; *p < 0.05; *p < 0.01; **p < 0.001; ***p < 0.0001.
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gene expression, protein levels of SDF-1 and both receptors
increased after zymosan (Figure 1C). The release of SDF-1 in
the peritoneal lavage, plasma and bone marrow was assessed by
ELISA (Figure 1D). A significant rise of SDF-1 was observed in
the plasma, respectively in the peritoneal lavage of WT animals.
SDF-1 levels in the bone marrow were reduced, allowing the
zymosan-induced mobilization of PMNs into the circulation.

CXCR4- and CXCR7-Antagonism Controls

PMN Migration in Acute Inflammation
Zymosan-induced PMN migration into peritoneum, lung
and liver tissue was evaluated by using a flow cytometry-
based method. In wild type mice, zymosan increased the
PMN influx into the peritoneal lavage, lung and liver tissue
(Figure 2A). The inhibition of both receptors, CXCR4 and
CXCR7, significantly reduced the infiltration of PMNs into
the peritoneal cavity, lung and liver. To visualize these
findings and determine the PMN infiltration into the organs
quantitatively, we stained PMNs immunohistochemical so that
they appear brown and evaluated these tissue sections blinded
(Figure 2B). Four hours after zymosan application, PMN
infiltration increased in all tissues compared to untreated animals
(Figures 2C-E). Specific CXCR4 and CXCR?7 inhibition reduced
PMN infiltration in all tissues, confirming our data from flow
cytometry. These results highlight the impact of CXCR4- and
CXCR7-inhibition on the migratory behavior of PMNs during
acute inflammation.

The Anti-inflammatory Effects of CXCR4-
and CXCR7-Inhibition Are Linked to a

Functional Asg-Receptor

Following our hypothesis that the protective effects of CXCR4-
and CXCR7-antagonism in acute peritonitis are linked to Ajp-
receptor signaling, we performed experiments with A,p-/-
animals. Zymosan induced a significant rise of PMNs in the
peritoneal lavage, lung and liver tissue (Figure 2F). In these
knockout animals, the inhibition of CXCR4 and CXCR?7 did not
show any protective effects concerning PMN migration, neither
in all tissues nor in the peritoneal lavage. Blinded evaluation
of immunohistochemical slides on PMN counts confirmed our
flow cytometry data (Figure 2G). PMN infiltration is represented
in histological sections of the peritoneal (Figure2H), lung
(Figure 2I) and liver tissue (Figure 2J).

CXCR4- and CXCR7-Inhibition Initiates
Adenosine Receptor Aog Signaling During

Acute Inflammation

Our results demonstrated a link between the anti-inflammatory
effects of the inhibition of both SDF-1 receptors and functional
Ajp-receptor signaling. Now, we investigated if the inhibition
of CXCR4 and CXCR?7 influences the expression of the Ajg-
receptor. After the application of zymosan, the expression of
the Ajp-receptor was significantly reduced in wild type animals
and the inhibition of both receptors increased the expression
again to baseline levels without inflammation (Figure 3A).

To further verify this link and to exclude other influences
from adenosine signaling, we also determined the expression
of the ecto-5"-nucleotidase CD73. CD73 is critically involved
in the generation of extracellular adenosine, which plays a
pivotal role itself in acute inflammation (43). Comparable
to the expression of Ap, CD73 was significantly reduced
after the onset of inflammation and the inhibition of CXCR4
and CXCR7 increased the expression of the enzyme again to
baseline levels. We also determined the expression in Ajg-/-
animals and observed the same result as in wild type animals,
indicating that the Ajp-receptor is the critical key in this setting
(Figure 3B).

To confirm our data on protein level, we identified the surface
expression of Ayp in the peritoneal tissue by immunofluorescence
(Figure 3C). We detected a decrease of the expression of A,p after
zymosan, whereas CCX771 and AMD3100 elevated the surface
expression of A,p again.

The STRING analysis aims to collect, score and integrate
all available knowledge of protein-protein interaction and
to complement these with computational predictions of
connections. By using STRING analysis, we searched for an
association between the SDF-1-CXCR4/CXCR7-axis and the
adenosine receptor Azp. STRING analysis showed a link between
the SDF-1-CXCR4/CXCR7-axis and intracellular signaling
proteins like RELA, MAPK1, and CREB1 with TJP1. Also, the
adenosine receptor Ajp is linked with TJP1 through CREBI1
(Figure 3D). The aim of this analysis was to provide a critical
assessment of interactions from targets of interest. To get
strong results, we set a medium confidence (>0.400) over
our analysis.

To further investigate the connection between the adenosine
receptor Ajp, the phosphorylation of CREB and the SDF-1-
CXCR4/CXCR7-axis in the setting of our study, we performed
additional western blot experiments. We detected a significantly
reduced activation of CREB in the peritoneal tissue after
zymosan stimulation. Furthermore, the CXCR4 and CXCR7
inhibition augmented the activation of CREB (Figure 3E).
Additionally, fluorescence studies confirmed our western blot
results (Figure 3F). CREB is a downstream signaling pathway
of Ayp and a cellular transcription factor. The activation of
CREB initiates mainly anti-inflammatory effects, for example
stabilization of tight junction proteins (44) and inhibiting NF-
kB (45). The Ayp receptor is known to activate CREB (46).
This increased phosphorylation of CREB through the adenosine
receptor Ay may explain the anti-inflammatory effects of the
CXCR4, respectively CXCR?7 inhibition on barrier integrity in the
presented study.

To exclude any effects of the CXCR4 and CXCR?7 inhibition
on the adenosine receptors Aj, Ajs, and Az, we performed
additional RT-PCR experiments. Four hours after zymosan,
we observed a significant decrease of Ay and Az gene
expression. A; adenosine receptor expression did not alter
during zymosan-induced peritonitis. The pharmacologic
inhibition of CXCR4 and CXCR7 showed no effects on
the expression of the adenosine receptors Aj, Ajx, and Aj
(Supplemental Figure 2).
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FIGURE 2 | CXCR4 and CXCR?7 treatment dampens neutrophil migration into inflamed tissue through Agg purinergic signaling. (A) We evaluated the influx of
polymorphonuclear leukocytes (PMNSs) into the peritoneal lavage, lung and liver tissue in wild type (n = 8-12) and Aog—/— animals (F) (n = 6-12) with or without
zymosan administration by flow cytometry. Animals were treated with AMD3100 (CXCR4-antagonist) or CCX771 (CXCR7-antagonist). PMN infiltration was also shown
by immunohistochemistry, where PMNs were marked brown and counted per high power field (B,G) (1 = 16). Representative histological examination of the (C,H)
peritoneum, (D,l) lung and (E,J) liver tissue in wild type and A,g—/— animals are shown. Images are representatives of n = 3 experiments. For statistical analysis,
one-way ANOVA was used with Bonferroni post-hoc test. Data are presented as box and whisker graph with error bars indicating the range from minimum to
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FIGURE 3 | mice at indicated conditions (n = 6-8). (C) Immunofluorescence staining of the Asg-expression (green) in peritoneal tissue (Cyto; cytokeratin red) (63x
original magnification). Images are representatives of n=3 experiments. Adenosine receptor Agg fluorescence intensity was assessed by using ImagedJ. (D)
Relationship between the SDF-1 (CXCL12)-CXCR4/CXCRT7-axis, tight junction protein 1(TJP1), adenosine receptor Aog (ADORA2B) and intracellular signaling proteins
like NF-kB p65 (Rela), Mapki (ERK2), respectively cAMP response element-binding protein (CREB1) by String analysis. (E) Western blot analysis of the effects of
CXCR4 and CXCR7 antagonism on the phosphorylation of intracellular CREB in peritoneal tissue of WT. Intensity of the blots were evaluated by Imaged. (F) Detection
of phosphoCREB (green) in peritoneal tissue of WT mice (Cyto; cytokeratin red) by using immunofluorescence staining (63x original magnification). Images are
representatives of n = 3 experiments. Fluorescence intensity of phosphoCREB was assessed by using Imaged. Data are presented as box and whisker graph with
error bars indicating the range from minimum to maximum value; n = 6-12; *p < 0.05; “p < 0.01.

Inhibition of CXCR4 and CXCR?7 Stabilizes
the Capillary Leakage

To evaluate the peritonitis-induced barrier destruction, we
determined protein- and FITC-albumin extravasation into
the peritoneal cavity. Zymosan-induced a significant increase
of protein extravasation, respectively albumin, whereas the
treatment of CCX771 and AMD3100 significantly reduced
protein accumulation and therefore stabilized microvascular
permeability (Figure 4A). For the endothelial and epithelial
integrity, tight junction proteins are essential to control
paracellular diffusion of water, ions and cells. Accordingly, we
measured the expression of relevant tight junction proteins,
like occludin (OCLDN), tight junction protein 1-3 (TJP1-
3), e-cadherin (CDHI1) and claudinl, 3, and 5 (CLDNI;
CLDN3; CLDNS5). We observed a significant depression of all
analyzed tight junction proteins as inflammatory response in
the peritoneum (Figure 4B). After the inhibition of CXCR4 and
7, we detected a significant elevation almost to baseline levels
without inflammation of OCDLN, TJP1-3, CDH1, and CLDN3.
The inhibition of CXCR?7 resulted in a significant augmentation
of CLDNI1, whereas the inhibition of CXCR4 increased CLDN5.
Western blot analysis from peritoneal tissue confirmed our above
described findings for TJP1 and occludin (Figure 4C). Peritonitis
reduced both tight junction proteins and the inhibition of CXCR4
and CXCR?7 increased them again.

In Ayp-/- animals, zymosan significantly increased protein
extravasation and FITC-albumin accumulation into the
peritoneal cavity (Figure 4D). CXCR4 and CXCR?7 inhibition
were unable to prevent capillary leakage and FITC-albumin
extravasation in these knockout animals, highlighting again
the pivotal role of a functional adenosine Ajp-receptors in this
setting. Accordingly, inhibition of CXCR4 and CXCR7 did not
lead to any changes of gene (Figure 4E) and protein (Figure 4F)
expression of the tight junction proteins in Ayp—/- animals.

Specific CXCR4- and CXCR7-Inhibition
Dampens the Release of Inflammatory
Cytokines by Controlling Intracellular

Pathways

To further define the protective role of CXCR4 and CXCR7
antagonism during acute inflammatory peritonitis, we evaluated
the expression and release of inflammatory cytokines in
peritoneal tissue and peritoneal lavage. Zymosan significantly
increased gene expression of TNFa and IL6 in wild type
animals, and both inflammatory cytokines were reduced after
the administration of CCX771 and AMD3100 (Figure 5A).

Based on these results, we evaluated the release of TNFa,
IL6, and additionally CXCL1 and CXCL2/3 as the main PMN
chemoattractants, in the peritoneal cavity. Zymosan increased
all inflammatory cytokines and the inhibition of both receptors
reduced the release significantly (Figure 5B), confirming and
explaining our results from the PMN migration assay.

To identify the mechanism behind these findings, we
determined the phosphorylation and therefore activation of
the intracellular signaling proteins ERK1/2 and NF-kB p65.
ERK1/2 activates the transcription factor NF-«B, which regulates
the replication of cytokines (47, 48). Zymosan induced the
activation of ERK1/2 and NF-kB p65, whereas AMD3100
reduced mainly the activation of ERK1/2 and CCX771 mostly the
phosphorylation of the NF-kB subunit 65 (Figure 5C).

In Ap-/- animals, TNFa and IL6 gene expression increased
after inflammation and the administration of AMD3100 and
CCX771 did not lead to significant changes (Figure5D).
Correspondingly, AMD3100 and CCX771 failed to control the
release of TNFa, IL6, CXCL1, and CXCL2/3 into the peritoneal
cavity (Figure 5E) and did not influence the phosphorylation of
ERK1/2 and NF-kB p65 in the peritoneal tissue of A,g—/- mice
(Figure 5F).

Functional Inhibition of CXCR4 and CXCR7
Dampens the Inflammatory Response

During Polymicrobial Inflammation

To further verify the clinical impact of the inhibition of both
SDEF-1 receptors, we performed additional experiments with
the injection of a fecal-solution to induce a polymicrobial
inflammation. We determined PMN infiltration into the
peritoneal lavage, lung and liver tissue by flow cytometry. In wild
type mice, fecal solution led to increased PMN accumulation
in the peritoneal cavity, lung and liver tissue (Figure 6A),
whereas specific CXCR4 and CXCR?7 antagonism significantly
reduced PMN infiltration. Immunohistochemical blinded
evaluation (Figure 6B) of the peritoneal tissue (Figure 6C), lung
(Figure 6D), and liver (Figure 6E) confirmed our results.

We also investigated the second hallmark of acute
inflammation in the polymicrobial model, the microvascular
leakage. Four hours after fecal injection into the peritoneal
cavity of wild type animals, protein extravasation increased
significantly. CCX771 and AMD3100 administration dampened
protein extravasation and protected the cellular integrity
(Figure 7A). To verify the impact of CXCR4 and CXCR7 on
capillary barrier, we evaluated the expression of tight junction
proteins (Figure 7B). After polymicrobial peritonitis, all tight
junction proteins were significantly decreased. The inhibition
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(n = 4-6) were evaluated in the peritoneal cavity 4 h after NaCl or zymosan injection in wild type and (D) Axg—/— animals. Effects of AMD3100 or CCX771 on capillary
leakage were determined. (B) Gene levels of integrity-related tight junction proteins like occludin (OCLDN), tight junction protein 1, 2, and 3 (TJP1; TJP2; TJP3),
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of CXCR?7 elevated gene expression of occludin, TJP1, TJP3,
claudin 1, and 5. The selective CXCR4 antagonist ameliorated
gene levels of occludin, TJP1, TJP2, TJP3, e-cadherin 1, claudin
1, 3, and 5 in fecal peritonitis. Protein analyses confirmed the
results from gene expression with a pivotal effect of AMD3100

and CCX711 administration on the protein expression of tight
junctions (Figure 7C).

Further on, we evaluated the expression and release
of inflammatory cytokines in the peritoneal lavage. The
administration of CCX771 and AMD3100 significantly reduced
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FIGURE 7 | Impact of CXCR4 and CXCR?7 inhibition on microvascular permeability and cytokine release during polymicrobial peritonitis. (A) Protein extravasation was
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TNFa and IL6 gene expression in peritoneal tissue 4h after
the injection of autologous feces (Figure7D). The detection
of protein levels of TNFa and IL6 confirmed these findings.
Additionally, the main PMN chemoattractants CXCL1 and
CXCL2/3 were also significantly reduced after the inhibition
of both receptors, supporting our results of PMN migration
into the different organs (Figure 7E). To verify our findings,
we evaluated the phosphorylation of ERK1/2 and NF-kB p65
in peritoneal tissue during fecal-induced peritonitis (Figure 7F),
since ERK1/2 induces the activation of NF-kB p65, which
controls the transcription of inflammatory cytokines (47, 48).
Polymicrobial peritonitis activated ERK1/2 and NF-kB p65
signaling, whereas AMD3100 and CCX771 showed protective
effects on the phosphorylation of both intracellular proteins.

AMD3100 and CCX771 Enhances Barrier
Integrity and Controls Cytokine Release

in vitro

To support our data, we added in vitro experiments and
determined the impact of CXCR4 and CXCR?7 inhibition on
human epithelial cells. To visualize the effects of a pharmacolocic
inhibition of CXCR4 and CXCR7, we evaluated the protein
expression of occludin and TJP1 by immunofluorescence.
Confirming our in vivo data, immunofluorescence slides revealed
a very high expression of occludin and TJP1 on epithelial cells.
Zymosan installation reduced the expression of both proteins
and specific pharmacologic inhibition of CXCR4 and CXCR7
improved the surface presentation of occludin (Figure 8A) and
TJP1 (Figure 8B). Visual aspects were verified by the detection
of the mean fluorescence intensities (MFI) of occludin and TJP1
(Figure 8C). Furthermore, zymosan induced a strong reduction
of TJP1 gene expression, which significantly increased again
after the inhibition of CXCR4 and CXCR?7, confirming our
in vivo data (Figure 8D). Aj,p-depletion by siRNA impeded
the recovery of TJP1 expression after the treatment with both
inhibitors. Additionally, we evaluated the release of IL6 and
IL8 after zymosan stimulation. Zymosan increased the release
of IL6 and IL8 by epithelial cells. These chemokine levels
were significantly reduced after the administration of CCX771
and AMD3100 (Figure 8E). Depletion of A,p abolished these
protective effects on chemokine release (Figure 8F). These
findings confirm our in vivo data and highlight the pivotal
role of pharmacological inhibition of CXCR4 and CXCR7
in acute inflammation. The zymosan-induced reduction of
the A,p expression on H441 cells was significantly increased
after the pharmacologic inhibition of CXCR4 and CXCR7
and confirmed our previous in vivo results (Figure 8G). To
further investigate the impact of CXCR4 and CXCR?7 inhibition
on different cells, we performed additional experiments with
the human intestinal epithelial cell line CaCo2. We evaluated
the expression of occludin (Supplemental Figure 3A) and
TJP1 (Supplemental Figure 3B) by immunofluorescence.
Zymosan stimulation induced a significant reduction of both
membrane proteins and AMD3100, respectively CCX771
significantly enhanced the expression of occludin and TJP1. The
determination of the mean fluorescence intensities confirmed

our in vivo and in vitro results (Supplemental Figure 3C).
Additionally, gene levels of TJP1 were evaluated and the
inhibition of both SDF-1 receptors induced a significant
increase of TJP1 expression. Gene silencing of A,p abolished
the protective effects of CXCR4 and CXCR?7 inhibition on TJP1
expression and confirmed our previous data with H441 cells
and the Ajp-dependent anti-inflammatory effects of blocking
the SDF-1 receptors (Supplemental Figure 3D). The release of
IL8 in the supernatant of CaCo2 cells after zymosan application
was evaluated. Like our data with H441 cells, the CXCR4 and
CXCR?7 blockade reduced significantly the zymosan-induced
IL8 liberation from the CaCo2 cells (Supplemental Figure 3E).
The Ajp-depletion by gene silencing abrogated the effects of
AMD3100 and CCX771 on the release of IL8 and confirmed our
previous in vitro data (Supplemental Figure 3F). To highlight
the effects of CXCR4, respectively CXCR7 antagonism on
the expression of A,p, we performed immunofluorescence
experiments with CaCo2 cells. Zymosan stimulation decreased
the surface expression of Ap on CaCo2 cells, while the
blockade of CXCR4 or CXCR7 augmented the Ajp expression
(Supplemental Figure 3G).

DISCUSSION

The stromal cell-derived factor-1 and it’s both receptors, CXCR4
and CXCR?7, are expressed in various hematopoietic cells and
non-hematopoietic tissue (25, 49-51). It is well-known, that
SDEF-1 and the CXCR4 receptor orchestrate the hematopoietic
niche and regulate neutrophil release from the bone marrow
into the circulatory system during inflammation (21). In the
presented project, we determined the detailed role of CXCR4 and
CXCRY in acute septic inflammation concerning PMN migration
and capillary leakage. Furthermore, our study provided new
insights about the link between the SDF-1-CXCR4/CXCR7-
axis and the adenosine receptor A,g during acute
peritoneal inflammation.

In the presented study, both receptors and the chemokine
SDF-1 underwent an inflammation-related elevation of their
expression in the peritoneum, liver and lung during zymosan-
and polymicrobial-induced peritonitis. In line with our data,
current studies demonstrated an increase of CXCR4 and CXCR7
after LPS stimulation (29, 50). Additionally, CXCR4 and CXCR7
were shown to play a detrimental role in inflammatory conditions
like atherosclerosis (23), chronic hypoxia-related pulmonary
hypertension (52), and ischemic cardiac disease (53, 54).

In a model of polymicrobial sepsis, blocking CXCR4
decreased sepsis-induced mortality (55). Additionally, Gosh et al.
demonstrated that inhibition of CXCR4 reduced migration of
cells by regulating cytoskeletal remodeling (56) and CXCR4 is
considered as biomarker for peritoneal sepsis (57). Nevertheless,
data on CXCR4 and sepsis is still conflicting. Delano and
colleagues detected an increased mortality after inhibiting SDF-
1 in a model of polymicrobial sepsis (58). In the presented
study, inhibition of CXCR4 played a pivotal role in terms of
PMN influx and microvascular permeability. To our knowledge,
we are the first, who described a pivotal role of the inhibition

Frontiers in Immunology | www.frontiersin.org

69

March 2020 | Volume 11 | Article 407


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Ngamsri et al.

CXCR4/CXCR7 During Acute Inflammation

A 4h NaCl 4h Zymosan 02“04_ HHKH K KKK
¢ 3k
£
-
=
S 1x104
o
™
E F
4h Zymosan 4h Zymosan Y E—
+ AMD3100 + CCX771 Zymosan - 4h 4h 4
; CCX771 - = o =
AMD3100 - & = +
B 4h NaCl 4h Zymosan
: *% *%
4%104+
Rk ok
) é -
) o
S P 2x104{ = - =
TJP1 |- merge TJP1
4h Zymosan 4h Zymosan
+ AMD3100 + CCX771 0
3 y Zymosan - 4h 4h 4h
CCX771 - - + -
AMD3100 - - - *
D E IL6 IL6
+Ayg SIRNA
— 47 * % * kK 601 stttk 601
c * k%
S - = -
232
<3 2 530- 2 30+ é
z N = 2
ET S €
: - L = g
o
£ -
o o = Lo
IL8
IL8 ;
_*AzpSiRNA 10002 FEEE  *x 1000- M
= 67 *xxx * %k kg
a L s g
2§ :
<o 3 2 5007 2 500
Z R 2 g
ES E E
£ = =2
E g e 2
€ * L L)
o 0- 0-
Zymosan - 4h 4h 4h Zymosan - 4h 4h 4h Zymosan - 4h 4h 4h
CCX771 - -+ - CCX771 - -+ - CCX771 - -+ -
AMD3100 - - - + AMD3100 - - - + AMD3100 - - - +
FIGURE 8 | Continued
Frontiers in Immunology | www.frontiersin.org 70 March 2020 | Volume 11 | Article 407


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Ngamsri et al. CXCR4/CXCR7 During Acute Inflammation

4h Zymosan ETTT IR TT Y

4h NaCl
_ 4x10%-

% % % %

B-Actin < puor] ; % %‘
: .
A2B §

T T T T
4h Zymosan 4h Zymosan Zymosan - 4h 4h 4h
+ AMD3100 ’ + CCX771 cexXr?Tt - - o+ -

AMD3100 - - - +

FIGURE 8 | Effects of the adenosine receptor Aog blockade on permeability and cytokine release in vitro. (A) Expression of occludin (OCLDN; green) and (B) tight
junction protein 1 (TJP1; green) in human epithelial cells (3-Actin; red) 4 h after NaCl or zymosan with or without AMD3100 or CCX771 (63x original magnification).
Images are representatives of n = 3 experiments. (C) Fluorescence intensity of occludin and TJP1 was measured at indicated conditions by using Imaged (n = 8-12).
(D) TJP1 expression and the effects of CXCR4 and CXCR7 inhibition after adenosine receptor Asg knock down was evaluated (n = 8-10). (E) The inflammation-related
release of human IL6 and IL8 from epithelial cells and (F) the effects of Aog-siRNA were determined in cell supernatants at indicated conditions (n = 8-12). (G) Protein
levels of Agg (green) in human H441 cells (-Actin; red) at indicated conditions (63x original magnification). Image are representatives of n = 3 experiments.
Fluorescence intensity was measured by Imaged (n = 8-12). For statistical analysis, one-way ANOVA was used with Bonferroni post-hoc test. Data are presented as
box and whisker graph with error bars indicating the range from minimum to maximum value; *p < 0.05; *p < 0.01; **p < 0.001; ***p < 0.0001.

of CXCR7 on PMN migration into the peritoneal lavage and  enhanced the expression of e-cadherin, claudin 1, claudin 3, and
various organs and, additionally, on capillary leakage during  claudin 5 in peritoneal tissue. These findings are in line with our
acute peritonitis and peritonitis-related sepsis. These findings  previous publications from the impact of CXCR4 and CXCR7
are in line with the results of our previous publications, where  inhibition on pulmonary permeability (25, 29), where blocking
blocking CXCR4 and CXCR?7 influenced PMN migration and ~ CXCR4 and CXCR?7 stabilized and improved tight junctions
microvascular permeability in acute pulmonary inflammation  like TJP1- and occludin. Further verifying our findings about
(25, 29). the pivotal role of both SDF-1 receptors on stabilizing cellular

The string analysis, reflects protein-protein interactions in  integrity, inhibition of CXCR4 increased TJP-1, occludin, and
direct (physical) and indirect (functional) associations based on  claudin 5 in the blood/brain barrier in terms of an ischemic
the actual literature. For this project, it showed a connection  stroke and brain-specific metastasis in lung cancer (28, 61).
between SDF-1 and CXCR4/7 with the tight junction proteins  Also, the inactivation of CXCL12 stabilized endothelial tight
over the mitogen-activated protein kinases (MAPKs). ERK1/2  junction expression like TJP-1 and occludin in breast cancer
belongs to the extracellular signal-regulated kinases, which are  metastasis (63).
part of the MAPKSs. ERK1/2 activates the transcription factor NF- Phosphorylation of ERK1/2 and NF-kB during inflammation
kB. In the presented study, ERK1/2 and NF-kB p65 were activated ~ initiates the transcription of inflammatory cytokines and
in both peritonitis models. NF-kB controls the transcription of =~ chemokines, which induce the migration of neutrophils. CXCR4
various genes, that are related with the release of inflammatory ~ and CXCR?7 inhibition reduced gene transcription of cytokines
cytokines and barrier integrity (59-61). Selective antagonism  in the peritoneum and the release of TNFa, IL6, CXCLI,
of CXCR4 and CXCR7 dampened the phosphorylation and and CXCL2/3 in the peritoneal lavage. In accordance with
therefore activation of ERK1/2 and NF-kB p65, explaining the  the presented data, CXCR4 and CXCR7 blockade decreased
protective effects of CXCR4 and CXCR?7 antagonism on tight  the release of inflammatory chemokines in acute pulmonary
junction proteins. inflammation and human alcoholic hepatitis (25, 64).

The expression of tight junction proteins is dampened by In addition, signaling via adenosine and adenosine receptors
peritonitis, affecting barrier integrity and leading to tissue  decreased the cytokine release in inflammation as well (34,
edema (62). In the presented study, we show for the first time, 65, 66). Adenosine receptors influence leukocyte migration
that antagonism of CXCR4 and CXCR7 restored microvascular ~ and protect tissue from inflammatory damage (32, 67, 68).
permeability and increased the expression of essential tight = Numerous studies highlight the anti-inflammatory potential of
junctions like tight junction protein 1 and occludin in peritoneal ~ the adenosine receptor Ajp in terms of acute inflammation
tissue. Furthermore, the treatment with AMD3100 and CCX771  or ischemia-reperfusion injury. These studies show the impact
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of the expression of the A,p adenosine receptor in terms of
myocardial infarction (69, 70), in acute pulmonary inflammation
(71-73), and the expression of the receptor on the vascular
endothelium (74, 75), and on different epithelial cell lines
(32, 35, 76). Adenosine signaling stabilizes the cellular barrier
and therefore microvascular permeability by inducing actin
polymerization and changes in the cytoskeleton (77, 78). In
the presented study, inhibiting CXCR4 and CXCR?7 signaling
enhanced the expression of the adenosine receptor A,p and an
increased phosphorylation of CREB. The A,p adenosine receptor
is known to activate CREB (46). CREB is a downstream signaling
pathway of A,p and a cellular transcription factor. The activation
of CREB initiates mainly anti-inflammatory effects, for example
stabilization of tight junction proteins (44) and inhibiting NF-
kB (45). This increased phosphorylation of CREB through
the adenosine receptor A,p may explain the anti-inflammatory
effects of the CXCR4, respectively CXCR?7 inhibition on barrier
integrity in the presented study. Lack of the adenosine receptor
Ajp abrogated the protective effects of the pharmacological
inhibition of CXCR4 and CXCR7. To our knowledge, we are
the first detecting a link between the SDF-1/CXCR4/7 axis
and functional Ajg-receptor signaling in acute peritonitis. This
finding is crucial, since patients on the intensive care unit may
have altered adenosine receptor distribution and ligand affinity
(37). Accordingly, the expression of the Ajp-receptor should be
investigated before the administration of the specific CXCR4 or
CXCR?7 antagonist.

CONCLUSION

Our study identified a previously uncharacterized role of
the SDF-1 receptors CXCR4 and CXCR?7 in peritonitis and
peritonitis-related sepsis. The inhibition of both receptors
demonstrated anti-inflammatory effects on PMN-migration
and tissue integrity and therefore revealed a pivotal anti-
inflammatory role of pharmacological modulation of CXCR4
and CXCR?7 in acute septic inflammation. The anti-inflammatory
effects of the specific CXCR4 and CXCR?7 inhibition depend
on functional A,p-receptor signaling, enabling the identification
of subgroups of patients, who would take advantage of
this treatment.
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IL-22 Plays a Critical Role in
Maintaining Epithelial Integrity
During Pulmonary Infection

John F. Alcorn*

Department of Pediatrics, UPMC Children’s Hospital of Pittsburgh, Pittsburgh, PA, United States

Pulmonary infection is a leading cause of hospitalization in world. Lung damage due to
infection and host mediated pathology can have life threatening consequences. Factors
that limit lung injury and/or promote epithelial barrier function and repair are highly
desirable as immunomodulatory therapeutics. Over the last decade, interleukin—22 has
been shown to have pulmonary epithelial protective functions at the mucosal immune
interface with bacterial and viral pathogens. This article summarizes recent findings in
this area and provides perspective regarding the role of IL-22 in mucosal host defense.

Keywords: lung, interleukin, mucosa, influenza, bacteria

INTRODUCTION

Protective immune mechanisms of lung injury during infection are an important area of research
that could provide new immunomodulatory therapeutic options. Maintenance of lung epithelial
structural integrity during bacterial or viral pneumonia is of critical importance to limit lung edema
and pathogen dissemination. The function of the cytokine interleukin (IL)—22 in the lung has only
recently been elucidated and much is still to be discovered. Work over the last decade has shown
that IL-22 likely plays a role in epithelial biology during infectious diseases (1-4). IL-22 is a member
of the IL-10 cytokine family and is produced mainly by innate and adaptive T cells in response
to lung injury during infection, allergy, and fibrosis (5). IL-22 signals through a heterodimeric
receptor of IL-22Ral and IL-10R2, which is expressed on non-hematopoietic cells. Ligand binding
leads to phosphorylation of the transcription factor STAT3 and nuclear translocation to regulate
transcriptomic program in cells. IL-22 signaling is opposed by a soluble decoy receptor IL-22Ra2, or
IL-22 binding protein (IL-22BP), which is coordinately regulated with IL-22 production to regulate
IL-22 signaling. In this perspective article, the role of IL-22 in regulating the epithelial barrier in the
lung during bacterial, viral, and super-infection will be discussed.

BACTERIAL INFECTION

Bacterial infections of the lung with Gram (—) and (+) bacteria are common causes of both
community and hospital acquired pneumonia. The first description of a host defense role for IL-22
in the lung was demonstrated using the Klebsiella pneumoniae model of pneumonia (6). In that
model, neutralization of IL-22 led to failed control of bacterial infection compared with control
mice. Anti-IL-22 treatment resulted in increased bacterial burden in the lung and dissemination to
the spleen. Induction of IL-22 in response to K. pneumoniae was dependent on IL-23 production.
IL-23 is a canonical Type 17 immunity promoting cytokine. IL-22 promoted proliferation of human
bronchial epithelial cells in vitro and improved transepithelial electrical resistance, a measure
of barrier function, following scratch wounding. These data demonstrated an epithelial barrier
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protective effect of IL-22. Shortly thereafter, therapeutic delivery
of IL-22 to rat lungs was shown to improve epithelial barrier
function in a model of ventilator induced lung injury (7). IL-
22 treatment reduced lung edema and increased survival in
this model providing further evidence for IL-22 acting and an
epithelial protective cytokine.

Using the Pseudomonas aeruginosa model of lung infection,
antibody blockade of IL-22 was shown to increase infection,
lung damage, and neutrophil accumulation (8). Consistent with
this finding, exogenous IL-22 or neutralization of IL-22BP
reduced neutrophil recruitment to the lung and pathology. More
recently, IL-22-/- mice were tested in a model of P. aeruginosa
infection (9). IL-22—-/- mice had worsened lung injury when
compared with wild-type (WT) control mice. These authors also
showed that the inflammatory environment in the lung during
P. aeruginosa infection results in proteolytic degradation of IL-
22 via the neutrophil serine protease 3. Further, the P. aeruginosa
protease IV has also been shown to degrade IL-22 as a potential
virulence factor (10). These data suggest a critical role for IL-
22 in Gram (—) host defense and identify targeting of IL-22 by
pathogens as an immune evasion mechanism.

The role of the IL-22/IL-22BP axis in Gram (+) host defense
has also been shown. Deletion or antibody neutralization of IL-
22 resulted in increased lung bacterial burden and dissemination
compared with controls during Staphylococcus aureus infection
(11). These data are consistent with a barrier protective role for
IL-22 in the lung. The role of IL-22 has also been studied in
the context of Streptococcus pneumoniae infection (12, 13). IL-
22-/- mice were shown to have increased bacterial burden in
the lung compared to WT mice. Exogenous IL-22 was able to
decrease S. pneumoniae burden in the lung in WT mice. In a
second study, IL-22BP-/- mice, lacking the inhibitory receptor of
IL-22, were protected from lung injury and mortality compared
with WT mice. Further, IL-22BP-/- mouse lungs had altered
transcriptomes with a lack of oxidative phosphorylation gene
expression, which was IL-22 dependent. Macrophages from IL-
22BP-/- mice had increased glycolytic activity, suggesting that
IL-22 may regulate macrophage metabolism. While much about
the mechanisms by which IL-22/IL-22BP regulate anti-bacterial
host defense remains to be discovered, it is clear that IL-22 is of
importance in these settings.

A potential relationship between IL-22 and interferon lambda
(IFN\) has recently emerged. IFN\ is an antiviral cytokine family
that has been shown to be protective during viral infections
without pro-inflammatory effects, an important consideration
in the lung. In the K. pneumoniae model, IFNAR-/- mice
exhibited better bacterial control and improved epithelial barrier
function (14). These IFN'AR~/-mice had acute elevations in IL-22
production suggesting that IFN\ negatively regulates IL-22 in the
lung. This regulation may be bi-directional as IL-22-/- mice had
decreased IFN'\ expression in the later phases of infection. Using
IL-22-/- mice, IL-22 was shown to be critical for epithelial barrier
stability in the K. pneumoniae model, confirming aforementioned
work using IL-22 neutralization. Consistent with the findings
regarding IL-22 and IFNX cross-talk, IL-22 treatment increased
IEN) production and anti-IL-22 decreased IFNX levels in a
model of P. aeruginosa infection and in an in vitro alveolar

epithelial cell line (15). This interaction between IL-22 and
IFN\ has also been suggested in models of bacterial pneumonia
exacerbated by preceding influenza virus infection. IFNAR-/-
mice were shown to produce increased levels of IL-22 following
influenza, S. aureus super-infection (16). However, others did not
observe an increase in IL-22 following exogenous IFN\ delivery
in a similar super-infection model (17). These data suggest
a potentially complex role for IL-22 in modulating antiviral
immunity in the lung.

INFLUENZA INFECTION

Influenza virus is the cause of world-wide, annual epidemics and
can result in severe lung pathogenesis in people of all ages. Initial
study into the role of IL-22 during influenza infection produced
limited results. Antibody neutralization of IL-22 was not effective
at reducing influenza mediated morbidity or mortality in mice,
although a reductive effect on viral load was shown (18).
Shortly thereafter, influenza infection was shown to induce IL-22
production by invariant natural killer T (iNKT) cells in the lung
(19). The pro-Type 17 cytokines IL-1p and IL-23 were shown to
induce iNKT cell production of IL-22 and lead to protection from
lung epithelial damage both in vitro and in vivo. In this study, IL-
22 production was manipulated by deletion of iNKT cells and no
effect on viral load was observed. These data suggest an epithelial
protective role for IL-22 during viral infections.

These studies were then followed by a trio of studies of
influenza infection in IL-22-/- mice. Conventional natural killer
cells were shown to be a primary source of IL-22 following
influenza challenge in mice (20). IL-22-/- mice had decreased
epithelial regeneration compared to WT mice after influenza
infection. In addition, IL-22 stimulated epithelial proliferation
in vitro. Another study found similar effects on lung epithelial
repair following influenza infection (21). In that study, IL-22-
/- mice had increased lung injury, decreased lung function, and
increased pulmonary fibrosis compared with WT mice 3 weeks
following influenza infection. A third study provided additional
supportive data showing increased lung injury and decreased
epithelial integrity after influenza challenge (22). However, the
primary cellular source of IL-22 was y8T and innate lymphoid
cells in that study. All three studies failed to observe an impact on
viral burden, but were able to show an important role for IL-22
in preservation of the epithelial barrier in viral pneumonia.

Regulation of IL-22 signaling during influenza infection has
also been studied. Two studies showed that IL-22Ral is highly
expressed on airway epithelial cells prior to influenza infection
(20, 21). Following infection, expression of IL-22Ral is highly
increased in injured areas of the distal lung. TIr3 activation
by viral pathogen-associated molecular pattern molecules in
epithelial cells results in increased expression of IL-22Ral via
IFNB dependent STAT1 signaling (23). Additional pathways have
been shown to regulate IL-22Ral protein stability. Glycogen
synthase kinase 3 (GSK3p) was shown to phosphorylate IL-
22Ral and increase its protein stability (24). Further, IL-22 was
shown to inactivate GSK3p, perhaps as a feedback mechanism
to terminate IL-22Ral signaling. IL-22Ral was also shown to be
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regulated via ubiquitination by the E3 ligase FBXW12 (25). This
interaction destabilizes IL-22Ral. During infections, neutrophil
serine proteases also can degrade IL-22Ral providing another
mechanism of control of IL-22 signaling (26). Regulation of IL-
22Ral is complex and it is likely that we only have a limited
understanding at this time.

Finally, deletion of IL-22BP negative regulation of IL-22 was
shown to decrease lung inflammation and injury compared
with WT mice after influenza infection (27). Increased tight
junction protein expression was observed in vivo. Treatment
of human bronchial epithelial cells with IL-22 resulted in
increased expression of tight junction proteins and claudins,
suggesting a direct role for IL-22 in mediating epithelial barrier
integrity. Delivery of IL-22 to mice decreased influenza mediated
inflammation and lung leak. IL-22 was also shown to inhibit viral
induced expression of programmed death-ligand 1 (PD-L1) on
epithelial cells (28). PD-L1 expression is a mechanism by which
viruses evade T cell activation and clearance. In this manner,
IL-22 may also promote antiviral immunity distinct from its
barrier protective role. These data suggest that the IL-22/IL-22BP
axis may be of critical importance in prevention of infectious
lung injury.

INFLUENZA, BACTERIAL
SUPER-INFECTION

An important clinical exacerbation of influenza infection is
secondary bacterial pneumonia. In both epidemic and pandemic
seasons, bacterial super-infection is a severe complication
that leads to a need for intensive care and in some cases,
death. S. pneumoniae has classically been the most common
cause of influenza related super-infections, however over the
last decade, S. aureus has become more predominant. IL-
22-/- mice were shown to have increased bacterial burden
and mortality compared with WT mice in a model of
influenza, S. pneumoniae super-infection (22). In this model,
exogenous IL-22 delivered to WT mice decreased bacterial
dissemination, but did not affect lung bacterial load (29). IL-
22 therapy increased epithelial barrier function and decreased
lung leak. In support of these findings, deletion of IL-
22BP in mice improved outcomes of influenza super-infection
with both S. aureus and S. pneumoniae (30). Severe lung
pathology induced by influenza, S. pneumoniae infection was
significantly attenuated in IL-22BP-/- mice. Less lung leak
and increased expression of claudin proteins were observed
in IL-22BP-/- mice compared with WT mice. Finally, IL-22
treatment of air liquid interface cultures of human bronchial
epithelial cells resulted in preserved tight junction function
following injury with S. aureus. These data demonstrate
and important role for IL-22/IL-22BP in the context of
polymicrobial infection.

CORONAVIRUS INFECTION

The current COVID-19 pandemic has raised interest in
immunomodulatory therapeutics. There are no published reports
regarding lung IL-22 in coronavirus infections caused by severe

acute respiratory syndrome viruses (SARS-CoV1 or SARS-
CoV2) or middle east respiratory syndrome virus (MERS). A
recent report suggests that IL-22 may be systemically elevated
in the acute phase of SARS-CoV2 infection and may play a
role in cardiovascular injury (31). Severe SARS-CoV2 infection
is associated with development of acute respiratory distress
syndrome (ARDS) with lung hyper-inflammation and edema (32,
33). The degree of similarity between SARS-CoV2 and influenza
pathogenesis is currently unclear; however, it is likely that IL-22
plays a role in epithelial barrier integrity. Data is needed to assess
the potential for targeting the IL-22 pathway in this context.

SUMMARY

The highlighted work and those of others have shown an
emerging role for IL-22 in promoting epithelial integrity and
repair following infectious pathogen challenge in the lung.
Precise mechanisms of IL-22 action have been more elusive, as
IL-22 often has limited biologic effects on uninjured cells in
vitro. While data exist regarding the effects of IL-22 on epithelial
cells in vitro, there remains much to be discovered. It will be
important to assess the effects of IL-22 on epithelial cells in
inflammatory settings, perhaps in combination with pathogen
associated molecular patterns (PAMPs) or toxins. Evidence for
direct impact of IL-22 on immune cells is less abundant and
controversial. More work in this area is needed to determine
if IL-22 affects lymphocyte function in the absence of signaling
through lung stromal cells. Mechanisms by which IL-22 mediates
pathogen clearance, in the case of bacterial infection, are mostly
unknown. Several studies have shown that lung bacterial burden
is altered when IL-22 is manipulated, indicating that IL-22s role
is not solely focused on preventing dissemination from the lung.
It is likely that IL-22, signaling through the epithelium, impacts
host defense in several undiscovered ways. IL-22 has many
described functions outside of the lung in the gastrointestinal
tract, liver, and thymus. It is possible that IL-22 regulation of
immunity in the lung is not restricted to direct effects in lung
tissue. Focused use of floxed IL-22Ral mice should enable high
resolution study of tissue and cellular compartments where IL-
22 signaling is required during infection. Regardless, pre-clinical
animal models suggest that IL-22 has significant therapeutic
potential in the context of infectious diseases. Additional study
is required to confirm the current reports in the literature and
expand the field beyond the few pathogens mentioned herein.
Undoubtedly, studies of IL-22 in SARS-CoV2 infection would be
of great interest. Beyond pre-clinical animal models, translational
studies are now needed to determine if IL-22 can limit lung
damage and promote repair in humans. Less is known with
regard to human IL-22 production and signaling in human
infectious diseases. This area will be critical to evaluate in
human pneumonia.
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The lung is a primary organ for gas exchange in mammals that represents the largest
epithelial surface in direct contact with the external environment. It also serves as a
crucial immune organ, which harbors both innate and adaptive immune cells to induce
a potent immune response. Due to its direct contact with the outer environment,
the lung serves as a primary target organ for many airborne pathogens, toxicants
(aerosols), and allergens causing pneumonia, acute respiratory distress syndrome
(ARDS), and acute lung injury or inflammation (ALI). The current review describes the
immunological mechanisms responsible for bacterial pneumonia and sepsis-induced
ALL. It highlights the immunological differences for the severity of bacterial sepsis-induced
ALl as compared to the pneumonia-associated ALl. The immune-based differences
between the Gram-positive and Gram-negative bacteria-induced pneumonia show
different mechanisms to induce ALLI. The role of pulmonary epithelial cells (PECs), alveolar
macrophages (AMs), innate lymphoid cells (ILCs), and different pattern-recognition
receptors (PRRs, including Toll-like receptors (TLRs) and inflammasome proteins) in
neutrophil infiltration and ALl induction have been described during pneumonia and
sepsis-induced ALI. Also, the resolution of inflammation is frequently observed during
ALl associated with pneumonia, whereas sepsis-associated ALl lacks it. Hence, the
review mainly describes the different immune mechanisms responsible for pneumonia
and sepsis-induced ALI. The differences in immune response depending on the
causal pathogen (Gram-positive or Gram-negative bacteria) associated pneumonia or
sepsis-induced ALI should be taken in mind specific immune-based therapeutics.

Keywords: pneumonia, sepsis, ALI, ILCs, neutrophils, macrophages

INTRODUCTION

Lungs serve as vital organs for the gaseous exchange in the vertebrates. They have evolved from
their very primitive stage (air sacs found in the very primitive and well-armored fossil placoderm
fish Bothriolepis) to the most advanced form present in mammals depending on their habitat and
the oxygen demand. Thus, due to continuous gaseous exchange function, lungs serve as a very
easy target organ for the airborne pathogens, allergens, and other toxicants to cause pulmonary
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infections or inflammation. However, pulmonary damage may be
acute, or chronic depending on the intensity and the duration
of the exposure. For example, chronic obstructive pulmonary
disease (COPD) and allergic asthma cause chronic inflammatory
changes in the lungs. Whereas, acute microbial (bacterial or
viral) infections responsible for pneumonia or sepsis cause severe
inflammatory damage to the lungs, leading to the development
of acute lung injury/inflammation (ALI) or acute respiratory
distress syndrome (ARDS) in critically ill patients (1).

AL in response to the severe pulmonary microbial infections
occurs as a result of the immunological recognition of the
pathogen responsible for inducing a pro-inflammatory immune
response. The ALI causes severe tissue damage, and in severe
cases, irreversible pulmonary damage may lead to death.
For example, the protein-rich hydrostatic pulmonary edema
characterizing ALI causes refractory hypoxemia, stiffening of
the lungs, and difficulty to respire. Rene Laennec (invented the
stethoscope in 1861) in 1821 first described the ARDS as an
“idiopathic pulmonary edema” occurring without heart failure,
which was further modified into “wet lung or shock lung” (2, 3).
However, Ashbaugh et al. for the first time, coined the term ARDS
to describe the rapid onset of tachypnoea, hypoxemia, and the
loss of compliance after a variety of stimuli (4). Sepsis is a leading
(6-42%) cause of the ALI (5). Depending on the ALI/ARDS
cause, age, and sex of the host, the pulmonary innate immune
system plays a very significant role in the ALI pathogenesis (6).

The innate immune system serves as the first line of defense
against foreign pathogens via recognizing their pathogen-
associated molecular patterns (PAMPs) or microbe-associated
molecular patterns (MAMPs). Also, innate immune cells
recognize the damage or danger-associated molecular patterns
(DAMPs) generated during the pro-inflammatory conditions
disturbing immune homeostasis (7). The recognition of PAMPs
or MAMPs and DAMPs involves several pattern recognition
receptors (PRRs), including toll-like receptors (TLRs) and
multiple germ line encoded receptors [NOD-like receptors
(NLRs), retinoic acid inducible gene I (RIG-I)-like receptors
(RLRs), C-type lectin receptors (CLRs) and multiple intracellular
DNA sensors expressed (cGAS-STING signaling pathway, Aim 2
like receptors (ALRs)] (8-11). This induces the pro-inflammatory
immune response generating different cytokines, chemokines,
interferons (IFNs), and other molecules, including reactive
oxygen or nitrogen species (ROS or RNS) for clearing the
infection to maintain the immune homeostasis. However, the
innate immune response dysregulation during infection may
increase its severity via increasing the pathogen load due to
the ineflicient pathogen clearance or by causing increased and
irreversible organ damage in patients succumbed to sepsis (12,
13). Hence, a regulated innate immune response during both
acute and chronic infections is essential for clearing the infection.

The organ-specific innate immune response determines
infection severity. For example, the potent innate immune
response generation in the lungs during localized pulmonary
infections (pneumonia) or its dysregulation as seen in the
non-pulmonary sepsis (sepsis originating from other sources,
including the peritoneum, urinary tract, various soft tissues, and
skin)-associated acute ALI or ARDS plays a crucial role in the

disease outcome (12). Thus, the major aim of the present article is
to describe the pulmonary innate immune response responsible
for the ALI observed during bacterial pneumonia and sepsis, as
evidenced by both animal and human findings.

LUNG AS AN INNATE IMMUNE ORGAN

Lungs are the vital organs designed not only for the gaseous
exchange but also serve as a major immune organ to protect
the host from diseases caused by the pathogen inhalation
during respiration along with allergens and xenobiotics (allergic
asthma, pneumonia, sepsis-associated ALI) (12, 14). In the
early 1960s, Askonas and Humphrey showed upon intravenous
injection of pneumococcal antigens lungs potentially contribute
to developing more specific antibodies in comparison to the
rest of the lymphoid organs (15). Later on, another study
in rabbits showed that the local intranasal instillation of
pneumococcal antigen-induced the specific immunity and
pulmonary resistance to the infection without generating the
antibody (Ab)-mediated systemic immunity (16). Furthermore,
the pulmonary DNA vaccine-based immunization also induces
the local CD8T cell-based protective anti-viral (vaccinia and
influenza virus) immunity without recruiting peripheral T cells
(17). This pulmonary immune response during vaccination
can further be enhanced by the nasal administration of
the adjuvants (18). However, the pulmonary challenge with
recombinant vaccines has the potential to generate local
(lung) as well as systemic immunity against pathogens
(19). Thus, lung can induce protective immunity against
respiratory pathogens without the involvement or activation
of peripheral or systemic immunity by working as a potent
immune organ.

Lungs can be categorized into two components both from
a physiological and immunological point of view, (1) Upper
respiratory tract serving as mucosal (IgA serves as predominating
class of antibody) and glandular component, and (2) peripheral
airways without any mucosal tissue (dominated by IgG
antibody). Furthermore, the peripheral airways on the luminal
side constantly remain in contact with the Broncho-alveolar
cells (BACs, 90% of which under normal homeostasis comprise
of alveolar macrophages), and 10% of which is comprised of
lymphocytes (Figure 1). Thus, the pulmonary immune system
is separable into different compartments, which have the
potential to interact (20). Similar to the epithelial lymphocyte
compartment of the gut, a compartment of lymphocytes
residing in the respiratory tract epithelium over the epithelial
membrane and between the epithelial cells also exists. Thus,
protecting the host from invasive pulmonary infections. The
other compartment of the respiratory lymphoid cells (RLCs)
comprises of the organized lymphoid tissues lying within the
bronchial walls. This RLC compartment comprises of either
solitary lymphoid follicles (SLFs) or their aggregates resembling
the Peyer’s Patches (PPs) of the intestine (21, 22). Thus, this
bronchus-associated lymphoid tissue (BALT) is morphologically
and functionally analogous to the gut-associated lymphoid tissue
(GALT) of the intestine (23, 24). For example, receptor activator
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FIGURE 1 | Major immune cells in the mammalian lung. Lungs are potent immune organs and contain macrophages, which may be divided into alveolar
macrophages (AM) and interstitial macrophages (IMs), alveolar and bronchial epithelial cells (AECs and BECs), DCs, NK cells along with other ILCs (ILC1s, ILC2s, and
ILC3s), and adaptive immune cells (different T and B cells). Neutrophils also migrate to the lungs in response to the infection or inflammatory insult. Additionally, like
Peyer’s patches (PPs) of gut-associated lymphoid tissue (GALT), lungs also have BALT. BALT contains T cells (T cell Zone), B cells (B cell zone), and DCs. The BALT
induced in response to the infection is called iBALT.

of nuclear factor-kB and its ligand (RANKL) is a common The BALT is covered by a lymphoepithelium, and its follicle-
inducer of M cells in the lungs and gastrointestinal tracts (GITs)  associated epithelium selectively samples both soluble and
(25). M cells play a crucial role in respiratory diseases (26). particulate matter from the respiratory tract lumen (Figure 1)
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(27, 28). Of note, in humans, BALT is present only in the lungs of
kids and adolescents, and adults show BALT only during chronic
inflammatory diseases, where it is called inducible BALT (iBALT)
(Figure 1) (29). On the other hand, BALT may present in the
fetal and neonate’s lungs, depending on the antigenic stimulation
(30, 31). However, these RLCs comprising the lymphoid follicles
of the BALT in humans expand or proliferate considerably in
a group of patients suffering from recurrent respiratory tract
infections (RTIs) of unknown etiology due to the occlusion
of the bronchiolar or bronchial lumen (32). B cells are the
major immune cell population of the BALT responsible to
generate IgA (Figure 1) (20, 33). T cells comprising T cell
zone are also present in BALT. T cell zones also have DCs.
BALTs also have high endothelial venule (HEV), which serves to
transport lymphocytes and antigens to and from the circulation
(Figure 1). The IgA produced may bind to the lymphocytes
to increase their Ab-dependent cytotoxic action. The secreted
IgA also protects against viral and bacterial infections along
with the allergy. The other compartment comprises of BACs,
which can be obtained through broncho-alveolar lavage fluid
(BALF) from the peripheral airways. BALF may contain alveolar
macrophages (AMs), innate lymphoid cells (ILCs), and dendritic
cells (DCs), providing protection against pathogens, toxicants,
and allergens inhaled. These pulmonary innate immune cells
serve as antigen-presenting cells (APCs) and secrete several
cytokines and chemokines to regulate both the pulmonary
innate and adaptive immunity. Under normal healthy conditions,
BACs in BALF mainly comprises of AM (90%) and rest (10%)
are lymphocytes (14). These lymphocytes, via lymph, circulate
through the lung and patrol for potential antigen inhaled or
entered into the lung through circulation.

The pulmonary immune system matures in the postnatal
environment depending on the richness and the type of antigen
exposure to the host (34). However, during in utero embryonic
development lungs remain sterile, but during vaginal delivery,
they acquire maternal microbiota (35, 36). The pulmonary
microbiota helps in the pulmonary immune system development,
tolerance induction, and its homeostasis (Figure 1) (37, 38).
The pulmonary residential epithelial cells, ILCs, and AMs
along with other pulmonary immune cells, are essential to
maintain the steady-state in the lungs. However, their ability to
recognize different airway pathogens and allergens also induces
inflammatory changes in the lungs. Under some situations, these
pulmonary inflammatory changes are mild and resolve by itself,
but the ALI observed during bacterial pneumonia and sepsis
may prove harmful to the host depending on the severity of the
infection and the inflammatory innate immune response.

PULMONARY INNATE IMMUNE
RESPONSE DURING BACTERIAL
PNEUMONIA

According to the National Center for Health Statistics, bacterial
pneumonia and influenza comprised eighth causes of mortality
in the United States in 2014-2018 (39, 40). However, in children,
among infectious diseases, pneumonia is the single most

cause of death all over the world (41). Thus, pneumonia is
a serious life-threatening infection among the children and
older population. Pneumonia pathogenesis is a very complex
process involving the microbial invasion of the lower respiratory
tract through community or hospital spread. It may occur
through inhalation of the causal pathogen. For example,
S. pneumoniae is the most common pathogen responsible
for community-acquired pneumonia (CAP). In addition to
the S. pneumoniae, Legionella pneumophila, Mycoplasma
pneumoniae, Chlamydophila  pneumoniae, Chlamydophila
psittaci, and Coxiella burnetii are several other common
pathogens responsible for CAP (42, 43). Most hospital-acquired
pneumonia are caused by Gram-negative pathogens (Klebsiella
pneumoniae, Pseudomonas aeruginosa, etc.). The details of
CAP and hospital-acquired pneumonia (HAP) are described
somewhere else (41). The pulmonary innate immune response
during pneumonia initiates with the activation of residential
innate immune cells (AECs, AMs, etc.) inducing the neutrophil
infiltration into the lungs. Toll-like receptor 4 (TLR4) activation
induced immune response protects the experimental animals
infected with Gram-positive (Streptococcus pneumoniae) or
Gram-negative bacteria (Klebsiella pneumoniae) induced
pneumonia (44).

Neutrophil Infiltration in Lungs During

Pneumonia-Associated ALI
The mechanism of neutrophil infiltration in the lungs varies from
the process involved in other organs and has been described in
detail somewhere else (45, 46). The mechanism of neutrophil
infiltration in the lungs during ALI varies during Gram-negative
and -positive bacterial pneumonia (47). For example, during
Gram-negative bacterial (E. coli or P. aeruginosa) pneumonia,
alveolar neutrophil infiltration is mediated by CD18 or B2
integrin, whereas in Gram-positive bacterial (S. pneumoniae)
pneumonia, it is mediated by the CD29 or Pl integrin (48).
Additionally, patients with ALI show an elevated chemokine
(CXCLS8 or IL-8, CXCLI, or keratinocyte-cell derived chemokine
(KC), CXCL5, or epithelial cell-derived neutrophil-activating
peptide-78 (ENA-78), and CCL-2) levels in their BALF, which
further regulate neutrophil infiltration into the lungs (49, 50).
The CXCR2 (a chemokine receptor) binding to different
chemokines [CXCL1, CXCL8 (in humans), CXCL5, CXCL2,
CXCL3, CXCL6, and CXCL7 (in humans)] regulates the
neutrophil infiltration in the lungs (Figure 2A) (51). The lung
epithelial cells (LECs) produce the CXCL5 during bacterial
(E. coli) pneumonia that induces neutrophil infiltration in the
lungs, whereas in naive murine blood, platelets are a crucial
source of CXCL5 (51). However, CXCL5 deficiency during
E. coli pneumonia increases neutrophil influx in the lungs,
accelerates the pathogen clearance, improves pulmonary edema,
and protects the mice from severe pneumonia and, thus, the
ALI (52). CXCL5~/~ mice do not show much decrease in
CXCR2 expression on bone marrow and blood neutrophils
as compared to the wild type (WT) mice upon E. coli-
induced pneumonia, but the CXCR2 expression on neutrophils
remains unchanged during intranasal lipopolysaccharide (LPS)
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FIGURE 2 | Overview of the bacterial pneumonia-associated innate immune response responsible for ALI. (A) Gram-negative bacterial pneumonia and ALI. The PRRs
[TLRs (TLR4) and Inflammasome proteins (NLRP3)] expressed on the pulmonary innate immune cells (AECs, BECs, AMs, DCs, and NK cells) recognize
Gram-negative bacteria in the lungs. This recognition induces pro-inflammatory cytokine (TNF-a, IL-6, IL-8, and IL-18) and chemokine release. Chemokines and

pro-inflammatory cytokines induce the neutrophil infiltration in the alveoli from the pulmonary blood capillaries through their vascular endothelium via diapedesis. The
infiltrated neutrophils help in the pathogen clearance but also cause bystander inflammatory pulmonary tissue damage via damaging PECs or AECs. In the severe
pneumonia-associated AL, the vascular leakage of proteins and erythrocytes also occurs in the lungs. The pulmonary NK cells also release IFN-y, which further
enhances neutrophil infiltration and ALI. However, the increase in ILC3s at later stages increases the IL-17 level. This cytokine helps in the increased phagocytosis of
the pathogen and the resolution of the Gram-negative bacterial pneumonia-induced ALI. (B) Gram-positive bacterial pneumonia-associated ALI. The recognition of
the Gram-positive bacteria (S. aureus) induces the increased the production of chemokines and pro-inflammatory cytokines (TNF-q, IL-1B, IL-6, and IL-8), which via
binding to the corresponding receptors (CXCR2) on the neutrophils induce their diapedesis to the lung alveoli from the pulmonary vascular endothelium. Neutrophils,
along with bacterial clearance, also cause ALI. Pulmonary vascular endothelium damage also causes vascular leakage. The Pulmonary NK cells via their NCR1
interact with AMs to further increase the pro-inflammatory cytokine release, which further aggravates the neutrophil infiltration, pathogen clearance, and ALl also. The
NLRP3 also works independently of inflammasome activation via inducing the release of TFF2 and ITLN-1. TFF2 inhibits ALI and helps in its resolution, whereas
ITLN-1 clears the infection via increasing the pathogen phagocytosis. The CCL20 released from AECs increases the pulmonary ILC3 numbers, which release IL-22

that inhibits ALI and helps in its resolution.

challenge (52). In the absence of CXCL5, CXCL1, and
CXCL2 bind to the Duffy Antigen Receptor for Chemokines
(DARC) to increase the neutrophil infiltration in the lungs,
which enhances bacterial clearance, and protects the animal
from severe pneumonia (52). The levels of these chemokines
(CXCL8) affect the severity of ALI and the mortality among
patients regulating neutrophil infiltration (53). The CXCL1
regulates neutrophil infiltration and the bacterial clearance
during K. pneumoniae-induced pneumonia via regulating
the CXCL2/MIP-2 and CXCL5, and NF-kB and MAPKs
activation in the lungs (54). Thus, the pulmonary neutrophil
infiltration is crucial in the ALI induction and its resolution
(55, 56). The pulmonary residential innate immune cells
[Airway epithelial cells (AECs), macrophages, dendritic cells
(DCs), and innate lymphoid cells (ILCs)] are crucial in the
pathogenesis of bacterial pneumonia and associated ALI and
its outcome.

Airway Epithelial Cells (AECs) and PRRs
(TLRs and Inflammasomes) During

Pneumonia

AECs comprising of bronchial epithelial cells (BECs) and alveolar
epithelial cells [categorized into (1) type I AECs, which are
primarily involved in facilitating gaseous exchange and may
also recognize pathogens, and (2) type II AECs, also called
type II pneumocytes and serve as innate immune cells] serve
as a protective mechanical barrier against inhaled pathogens
responsible for pneumonia (57, 58). Type II pneumocytes also
secrete surfactant proteins on their apical side. These surfactant
proteins serve as mucins. The type II AECs secrete repair
enzymes (fibrinogen or FBG) basolaterally, which respond to
the change in osmotic pressure of the cell very quickly and
sense pore-forming toxins secreted by pathogenic bacteria (59).
The released FBG helps in the cellular response in response
to the inflammatory cell damage (60). AECs also serve as

Frontiers in Immunology | www.frontiersin.org

84

August 2020 | Volume 11 | Article 1722


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Kumar

ALI During Sepsis and Pneumonia

potent regulators of the generation of the primary immune
response against invading pathogens via releasing various
immune mediators [antimicrobial peptides (AMPs), cytokines]
and interacting directly with other immune cells (macrophages,
neutrophils, and DCs) (61). The prolonged activation of AECs
may prove harmful to the host due to the release of large
quantities of pro-inflammatory cytokines, chemokines, and their
increased cell death (necrosis or necroptosis).

During pneumonia, AECs recognize various pathogens due
to the expression of different PRRs, including TLRs [TLRI,
TLR2, TLR4, TLR5, TLR6 (Extracellular TLRs), and TLR3,
TLR7, TLR8, and TLRY9 (Intracellular TLRs)] and NLRs
comprising inflammasome (58, 62-64). The recognition of
pathogens by these PRRs serves as the first line of defense
and helps in the pathogen clearance. The downstream adaptor
molecules [myeloid differentiation primary response protein 88
(MyD88) and Toll/IL-1R domain-containing adaptor-inducing
IFN-p (TRIF)] of TLR signaling play crucial roles in bacterial
pneumonia. For example, MyD88~/~ and TRIF™/~ mice
develop severe pneumonia due to the profound bacterial
growth during Gram-negative pneumonia (K. pneumoniae, P.
aeruginosa, and E. coli) in response to the impaired immune
response, including the reduced generation of Thl immune
response (TNF-q, IL-6, and IL-8) and almost no neutrophil influx
and regulated upon activation normal T Cells expressed and
presumably Secreted (RANTES or CCL5) production (65-68).

The TRIF signaling in response to the TLR activation during
K. pneumoniae-induced pneumonia also exerts antibacterial
defense via inducing the interferon (IFN)-x03B3 in the lungs
(69). However, Toll/IL-1R Domain-Containing Adaptor Protein
(TIRAP) plays a critical role during K. pneumoniae-induced
pneumonia but not during P. aeruginosa-induced pneumonia
due to the attenuation of neutrophil sequestration, and MIP-
2, TNF-a, IL-6, and LIX (lipopolysaccharide-induced CXC
chemokine) production (70). The LIX production, neutrophil
infiltration, and bacterial clearance during P. aeruginosa-induced
pneumonia do not require TIRAP (70). The TLR2-induced
MyD88 activation is not required for the S. aureus clearance
during pneumonia and only exerts the potent inflammatory
immune response, but it plays a crucial role in P. aeruginosa
clearance (71). Thus, TLR2 activation does not have a significant
role in the pathogen clearance and survival of the mice but is only
required for the inflammatory immune response during Gram-
positive bacterial (S. pneumoniae) pneumonia (Figure 2B) (72).
The TLR2 signaling activation during Gram-positive bacterial (S.
pneumoniae) pneumonia increases the non-small cell lung cancer
cell (NSCLC) metastasis (73). Thus, Gram-positive bacterial
pneumonia may increase the metastasis of cancer cells in
cancer patients.

Inflammasomes and their component proteins also play
a crucial role in pathogen detection and clearance during
pneumonia. For example, NLRP1 (NLR Family Pyrin Domain
Containing 1) enhances the host’s resistance to pneumonia via
detecting their virulence factors [Bacillus anthracis lethal factor
(LF) protease] (74). The LF protease induces the proteasome-
mediated degradation of amino-terminal domains of NLRPB1
to liberate the carboxyl-terminal fragment, a potent caspase-1

(CASP1) activator (75). Also, the NLR Family Pyrin Domain
Containing 3 (NLRP3) activation in BECs during various
pneumonia-causing bacterial (K. pneumoniae, S. pneumoniae, S.
aureus, C. pneumoniae, and L. pneumophila) infections protects
the host from infections (Figures 2A,B) (63, 76, 77). The human
BECs also express NLRP3 inflammasome (78). The NLRP3-
mediated control of K. pneumoniae-induced pneumonia involves
the increased neutrophil infiltration, macrophage necrosis, and
the release of high-mobility group box-1 protein (HMGB-1)
(Figure 2A) (79).

The apoptosis-associated speck-like protein containing
a caspase activation and recruitment domain (CARD) or
pyrin domain (PYD) (ASC, also known as PYCARD) is an
inflammasome adapter protein required for the formation of
the absent in melanoma 2 (AIM2) and NLRP3 inflammasomes.
Inflammasome activation causes the ASC speck formation,
which forms a platform to activate caspase-1 (CASP-1).
However, NLRP3 and ASC maintain pulmonary innate immune
homeostasis during S. pneumoniae-induced pneumonia through
an inflammasome independent manner without activating the
CASP1 and CASP11 (80). During this process, they (NLRP3
and ASC) stimulate the optimal expression of several mucosal
innate immune proteins, including trefoil factor 2 (TFF2)
and intelectin-1 (ITLN-1, a secretory galactofuranose-binding
lectin) via expressing the SAM pointed domain-containing Ets
transcription factor (SPDEF), which facilitates the mucosal
defense factor genes (Figure2B) (80). SPDEF activation
involves STAT6 activation. TFF2 protects from increased
inflammatory damage via inducing decreased neutrophil
recruitment through inhibiting the endothelial vascular cell
adhesion molecule 1 (VCAMI1) expression and nitric oxide
(NO) release from macrophages via inhibiting inducible nitric
oxide synthase (iNOS) (81, 82). TFF2 also antagonizes IL-12 (a
cytokine required for inducing IFN-y production and activating
Th1l immune cells) secretion from dendritic cells (DCs) and
macrophages (83). TFF2 also serves as mucosal healers via
protecting mucosal damage, promoting cell motility, and
alveolar type 2 cell proliferation, and restores pulmonary gas
exchange after infection (84, 85). TFF2 also induces IL-25 and
IL-33 after infection to induce type 2 immunity and repair
(86). Pulmonary macrophages also utilize the TFF2/Wnt axis
to induce pulmonary epithelial cell proliferation to repair the
damage following ALI (87). ITLN-1 provides protection via
directly binding to the S. pneumoniae and representing them
to phagocytes for phagocytosis (Figure 2B) (80, 87). The BECs
express ITLN-1 and may also clear the S. pneumoniae via
phagocytosis (88-90).

Aged mice exhibit a reduced NLRP3 expression and function,
which increases their susceptibility to developing pneumonia,
ALL and mortality (91). The lower expression and function
of NLRP3 in aged immune cells (macrophages, epithelial cells,
and DCs) attribute to the increased unfolded protein responses
(UPRs), which causes a decreased inflammasome assembly and
function increasing the severity of pneumonia caused by S.
pneumoniae (92). The aging also increases the susceptibility of
the host to secondary S. pneumoniae-induced pneumonia due
to the decreased NLRP3 expression and function in the aged
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lung (93). The treatment of these aged mice with inflammasome
activators [Nigericin, which promotes potassium (KT) efflux
increases the synthesis and release of inflammasome activation-
dependent cytokines (IL-1f and IL-18)] increase their survival
and decreases their susceptibility toward pneumonia and ALIL
Furthermore, the pre-treatment of aged mice with endoplasmic
reticulum (ER) chaperone and the stress-reducing agent
tauroursodeoxycholic acid (TUDCA) decreases the pneumonia-
associated mortality among the aged mice due to the activation
of the NLRP3 inflammasome, which increases the pathogen
clearance, and lowers the infection-associated pneumonitis (92).
The aged mice also express lower levels of TLR1, TLR6, and
TLRY in the lungs, which also increases their susceptibility to
pneumonia (93).

Of note, during lethal pneumonia caused by a low dose
of serotype 3 S. pneumoniae, NLRP3 increases the incidence
of ALI and mortality due to the bacterial dissemination and
the development of the sepsis (94). Also, during S. aureus-
induced pneumonia, NLRP3 deficiency prevents the onset of
severe necrotic pneumonia via promoting bacterial clearance
(95). The NLRP3 activation by a-hemolysin during S. aureus
pneumonia induces necrotic pulmonary injury or necrotizing
pneumonia independent of IL-1f signaling (95, 96). The NLRP3
activation by a-hemolysin in innate immune cells depends
on A Disintegrin and metalloproteinase domain-containing
protein 10 (ADAM10) expression and activity (97). ADAM10
binding with a-hemolysin increases NLRP3 activation and
cell death due to the availability of ADAMI10 on the cell
surface. However, ADAMI10 protease activity does not play
a significant role in NLRP3 activation. Thus, the profound
NLRP3 inflammasome activation depending on the severity
of the infection proves harmful to the host. In addition to
the NLRP3 inflammasome, S. aureus pneumonia also activates
NLRC4 inflammasome to induce necroptosis through inhibiting
the IL-17A-induced neutrophil accumulation in the lungs and
IL-18 production (98). The deficiency of NLRC4 increases the
pulmonary neutrophil infiltration, decreases the necroptosis,
increases the pathogen clearance, and improves the host
survival. Thus, the loss of NLRC4 in both hematopoietic and
non-hematopoietic cells protects the host against S. aureus
pneumonia (98).

The murine AECs also express NLRP6 inflammasome (63).
NLRP6 activation during S. aureus pneumonia also increases
the pyroptosis and necroptosis, causing necrotizing pneumonia,
increases bacterial burden in the lungs, and decreases the
pulmonary neutrophil infiltration (99). The neutrophils isolated
from NLRP6 knockout (KO) animals exhibit an increased
NADPH-dependent reactive oxygen species (ROS) production
and increased bacterial killing. Thus, therapeutic targeting of
NLRP3, NLRC4, and NLRP4 inflammasome during Gram-
positive bacteria-induced severe pneumonia responsible for
ALI may prove beneficial to the host. An experimental study
has shown the beneficial effects (inhibition of ALI, decrease
in pro-inflammatory cytokines levels, and decrease in the
mortality) of resveratrol during K. pneumoniae-induced
pneumonia through the NLRP3 inflammasome inhibition

(100). NLRC4 activation during Gram-negative bacterial
(K. pneumoniae, P. aeruginosa) pneumonia proves beneficial
to the host via producing IL-1B, IL-17A, and neutrophil
chemoattractants (keratinocyte cell-derived chemokines, MIP-2,
and LPS-induced CXC chemokines) in the lungs (101). However,
during P. aeruginosa pneumonia, NLRC4 activation-induces
inflammatory lung damage, increases pulmonary bacterial
burden, and necroptosis (102). Hence the inhibition of NLRC4
inflammasome activation during Gram-negative pneumonia
remains a tricky scenario, and further studies will prove helpful
in the direction.

The TLR2, TLR4, and MyD88 deficiency did not alter the
host response during lethal pneumonia. Any abnormality in the
AEC function may lead to the predisposition of the host toward
pulmonary infections, including bacterial pneumonia due to the
enhanced microbial colonization. For example, patients with
allergic asthma are more prone to develop bacterial pneumonia
due to the increased pathogenic bacterial colonization, including
Staphylococcus aureus (S. aureus). It may be explained as the
higher Th2 cytokines (IL-4 and IL-13) decrease the antimicrobial
action of AECs via suppressing the synthesis of human f-
defensins 2. However, during streptococcal or pneumococcal
pneumonia, AECs also express secreted and transmembrane
(Sectm) 1, Sectmla, and Sectmlb genes due to the type 1 IFN
signaling induction in AECs via signal transducer and activator of
transcription 1 (STAT-1) activation (103). The Sectmla binds to
the neutrophils only in the presence of the infection and increases
the CXCL2 expression. Thus, Sectm1 synthesis and release by
AECs during pneumonia increase the neutrophil infiltration
into the lungs and helps to clear the infection. However, its
dysregulated synthesis may lead to the development of ALI
or ARDS.

PECs protect from K. pneumoniae-induced pneumonia via
ingesting and controlling their number through phagocytosing
them via producing the complement component C3, which
opsonizes them for phagocytosis (Figure2A) (104). CD46
recognizes the C3 opsonized K. pneumoniae for the AEC-
mediated phagocytosis or internalization (105). However, the
complement resistant strains of K. pneumoniae have been
emerged and are posing a potential threat to the host (106). The
type 1 AECs also highly express epithelial membrane protein
2 (EMP2), a tetraspan protein, which promotes recruitment of
different integrins (a6 1, «VP3) and adhesion molecules (ICAM-
1) to the lipid rafts (107). Both rodent and human type II AECs
and AMs do not express EMP2 (108). The EMP2 expression of
type 1 AECs plays a crucial role in the transepithelial neutrophil
migration into the alveoli by regulating the expression of
integrins and adhesion molecules (ICAM-1) and suppression of
caveolins during bacterial pneumonia (109). Mice lacking EMP2
show a decreased neutrophil infiltration in the alveoli and lung
injury during pneumonia. Thus, the activation of the residential
PECs as innate immune cells during bacterial pneumonia plays
a crucial role in the pathogenesis of pneumonia-associated ALI
and its outcome depending on the pathogens (Gram-positive or
Gram-negative bacteria) causing pneumonia and the associated
immune response.
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Pulmonary Innate Lymphoid Cells (ILCs)

During Pneumonia and Associated ALI

ILCs serve as immunoregulatory innate immune cells at
mucosal surfaces and play a crucial role in the pathogenesis of
inflammation and inflammatory diseases (110, 111). The details
of their development, classification, regulatory transcription
factor (TFs), and function are described somewhere else (112-
114). ILCs are divided into three major categories depending
on their effector functions and transcriptional requirements: (1)
Group 1 ILCs include type 1 ILCs, and Natural Killer (NK) cells,
(2) Group 2 ILCs or ILC2s, and (3) Group 3 ILCs or ILC3s
(114). Group 1 ILCs, including NK cells, are a rapid source of
interferon-y (IFN-y), and mice deficient in IFN-y develop more
severe K. pneumoniae or L. pneumophila-induced pneumonia
upon intratracheal inoculation of the pathogen due to impaired
IL-1 and IL-6 production, and the defective clearance of the
bacteria (115, 116).

NK cells in the lungs are present in its parenchyma in
humans and comprise 10-20% of total lung lymphocytes, and
in mice, they account for 10% of total lung lymphocytes (117,
118). Human lung NK cells are mostly CD16*CD56!°Y, and
KIR*CD57T"NKG2A™ highly differentiated NK cells are also
found in the lungs (117, 119). However, the pulmonary resident
NK cells express CD69, CD49a, and CD103, and most of them
are CD56M8PCD16~ and display a lesser mature form (120).
In mice, pulmonary NK cells protect against K. pneumoniae-
induced pneumonia via secreting IFN-y and IL-22, which launch
the bacterial growth-controlling interactions between alveolar
macrophages and NK cells (Figure 2A) (121, 122). IFN-y plays a
crucial role in the bactericidal action of alveolar macrophages and
the release of NK cell amplifying IL-12 and CXCL10 (122). The
NCR1 (natural cytotoxicity receptor 1) on pulmonary NK cells
controls their activation and the IFN-y release during the early
stages of S. pneumoniae-induced pneumonia without mediating
the pathogen recognition (123). However, NCR1 ligands are
expressed by pulmonary macrophages and DCs, which directly
interact with NK cells during the early stages of S. pneumoniae-
induced pneumonia (Figure 2B). This interaction increases their
phagocytic activity required to clear the infection and mounting
the effective immune response (Figure 2B).

Group 2 ILCs secrete Th2 cytokines [IL-4, IL-5, IL-6, IL-9, IL-
13, and Amphiregulin (Arg)] and group 3 ILCs depending on
the cytokine released, can be categorized into IL-17 secreting and
IL-22 secreting ILC3s. In addition to these cytokines, ILC3s also
secrete IL-26 (in humans), GM-CSF, and TNF-a (124). Lymphoid
tissue inducer (LTi) cells also belong to group 3 ILCs and secrete
IL-22 and IL-17. However, LTi cells have not been seen in the
lungs in homeostasis and acute inflammation (125). In human
lungs, they have also not been identified due to the lack of known
human LTi markers (126). For example, CCR6 is a marker for
mice LTi cells, but in humans, all ILC3s express CCR6, and
therefore CCR6 does not serve as a marker for human LTi cells
(127). Even tertiary lymphoid organs or follicles (TLOs or TLFs),
such as iBALT form in the lung tissues of Rorc™/~ and Id2~/~
mice, which lack LTi cells, following influenza virus infection
and inflammation (128). However, iBALT development depends

on IL-17 secreted by Th17 cells, which triggers lymphotoxin-
independent expression of CXCL13 and CCL19. Thus, LTi cells
are dispensable for the aspect of lung immunity.

Lungs are the crucial sites for all the three groups of
ILCs (125). Haemophilus influenza pulmonary infection
increases the number of IFN-y producing ILC1-like (Lin~IL-
7RoTIL-12RB2TIL-18Ra+Thet™) cells and increases the
pulmonary inflammatory immune response due to the plasticity
among pulmonary ILC2s (129). AECs or PECs or pulmonary
macrophages during pneumonia secrete IL-1p that governs the
ILC2s plasticity (130). IL-18 impacts ILC2 plasticity via inducing
the low expression of T-bet (TF) and inducing the IL-12Rf2
expression, which converts these cells into ILC1s in the presence
of IL-12 (131). The treatment with IL-12 during pneumonia
exerts a protective action via increasing the infiltration of
inflammatory cells (ILCls, NK cells, and neutrophils) and
inflammatory cytokines (IFN-y) (132, 133). The transforming
growth factor-B1 (TGF-B1) secreted by AECs or PECs primes
pulmonary ILC2s (134). Pulmonary ILC2s express TGF-BRIL.
The CD1277CD90tCCR6TRORyt" group 3 ILCs have been
identified in the lung mucosa (135). Pulmonary ILC2s are unable
to migrate efficiently within the lung tissue in the absence of
TGE-p (134). IL-33 protects against pneumonia via enhancing
bacterial clearance and improving the mortality via increasing
the neutrophil infiltration and pulmonary ILC2s number (136).
The ILC2s convert into ILC1s, which clear the pathogens. Also,
these ILC2s are crucial for IL-13-dependent differentiation of
pulmonary M2 macrophages, required for the resolution phase
of inflammation and infection (137).

The S. pneumoniae pneumonia frequently induces the group
3ILCs accumulation in the lungs, which produce IL-22 to
protect against severe pneumonia (Figure 2B). Furthermore, the
administration of TLR5 agonist (flagellin) enhances the IL-22
production from group 3 ILCs during S. pneumoniae-induced
pneumonia (Figure 2B). Studies have also shown earlier, the
protective action of mucosal (including sublingual root) flagellin
administration to mice infected with S. pneumoniae-induced
pneumonia without the activation of NLRC4 inflammasome
(138, 139). Also, the TLR5 agonist (flagellin) administration
increases the efficacy of antibiotic treatment during pneumonia
(140). The group 3 ILCs activation to produce IL-22 during
S. pneumoniae-induced pneumonia also involves the activation
of pulmonary dendritic cells (DC). Thus, the activation of
pulmonary mucosal group 3 ILCs may prove beneficial to
contain the pulmonary infection or pneumonia associated with
severe lung inflammation and ALI. The number of group 3
ILCs producing IL-17 also increases during K. pneumoniae-
induced pneumonia, which helps in the resolution of pulmonary
inflammation at later stages to prevent the development of
ALI during pneumonia (Figure 2A) (141). The release of TNF-
a increases the pulmonary ILC3s number and also acts on
AECs or PECs to synthesize CCL20. CCL20 chemoattracts ILC3s
at the site of infection and inflammation (Figure 2B). Also,
ILC3 produce IL-17A, which enhances the phagocytic uptake
and killing of the bacteria by pulmonary macrophages to clear
pneumonia (Figure 2A). Thus, ILC3s secrete IL-17A to clear
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infection during early stages and help in the resolution of the
inflammation to prevent ALI during pneumonia.

The recruitment of IL-22 producing ILC3s into the lungs of
neonate mice on exposure to commensal bacteria protects them
from neonatal pneumonia (142, 143). This protection involves
the intestinal mucosal DCs mediated sensing of commensal
bacteria. Furthermore, the murine gut microbiota comprising
segmented filamentous bacteria (Stb) controls the resistance to
the S. aureus pneumonia via enhancing the number of IL-22 and
IL-17 producing innate immune cells (144). Hence pulmonary
ILC3s protect the host from pneumonia and associated ALI
during early childhood and later in adult life. Thus, pulmonary
ILCs serve as crucial pulmonary innate immune cells to protect
against pneumonia-induced ALI and in the resolution of the lung
inflammation during pneumonia.

Pulmonary Macrophages During Bacterial

Pneumonia and Associated ALI

Pulmonary macrophages account for 90-95% of lung immune
cells at homeostasis (145). They are of two types: (1) Interstitial
macrophages or IMs (reside in lung parenchyma and highly
express CD11b but lower levels of CD11c), and (2) Alveolar
macrophages or AMs (located in airway space, express high levels
of CD11c and low levels of CD11b at their quiescent stage) in the
healthy lung (146). Both AMs and IMs express the macrophage-
specific markers [CD64 or Fc-gamma receptor 1 (FcyRI) and
MER Proto-Oncogene or Tyro-Axl-MerTK (TAM) family of
receptor Tyrosine Kinase (Mertk) is involved in efferocytosis]
(147, 148). AMs are crucial for maintaining pulmonary immune
homeostasis and host defense due to their unique location at
the interface between the pulmonary mucosa and the external
environment, and are inherently suppressive, whereas IMs
exhibit the regulatory function in the lung (149). IMs produce
high levels of IL-10 as compared to the AMs, which mainly
produce non-specific antimicrobial molecules, including NO,
TNF-a, and IFN-y (146). The steady-state AMs express CD206
(a mannose receptor, which is a C-type lectin and serves as
a PRR) and B-glucan specific receptor (Dectin-1), which are
also expressed by alternatively-activated macrophages (AAMs)
or M2 as their definitive markers (150, 151). The serum CD206
(sCD206) levels increases in the patients of community-acquired
pneumonia (CAP) with the increase in its severity [pneumonia
severity index (PSI)], which can be used for CAP prognosis (152).
Also, the infiltration of CD206% macrophages increases in the
lungs of patients with fatal pneumonia.

AMs play a crucial role in the pathogenesis of bacterial
pneumonia and associated ALL For example, AMs during Gram-
negative bacterial pneumonia produce TNF-a, which induces
granulocyte-macrophage colony-stimulating factor (GM-CSF)
in AECs that elicits proliferative signaling in AECs via
autocrine stimulation contributing to the alveolar epithelial
barrier restoration (153). However, during S. pneumoniae-
induced pneumonia infiltrating peripheral macrophages replace
the resident AMs and IMs. Also, the AM-mediated clearance
of apoptotic cells decreases their potential to phagocytose the
bacterial pathogens, which increases the bacterial burden in

the lungs (Figure 2B) (154, 155). The efferocytosis induces
the release of prostaglandin E2 (PGE2), which binds to the
prostanoid receptors EP2-EP4 activating inhibitory cAMP and
PKA pathway, which impairs the neutrophil infiltration and
induces the IL-10 release to impair the pathogen clearance (155,
156). PGE2 also impairs the S. pneumoniae intracellular killing
(ICK) by AMs via inhibiting the hydrogen peroxide (H,O3)
production (157). IL-18 produced by AMs protects against
pneumonia and ALI associated with S. pneumoniae infection
via enhancing the bacterial clearance (158). However, IL-18
proves detrimental to P. aeruginosa-induced pneumonia and
enhances its invasiveness to cause sepsis and ALI (159). Thus,
type (Gram-positive or Gram-negative) of bacterial pathogens
also determines the macrophage-mediated immune response,
including the protective or detrimental action of IL-18 released.

The transition of M1 to M2 macrophages during the late
stages of pneumonia mediates the inflammation resolution via
producing IL-4 and IL-13, which promote STAT6 activation
(160). Also, pulmonary macrophages secrete TNF-a stimulated
gene-6 (TSG-6), which helps in the ALI resolution via promoting
the M1 to M2 macrophage transition However, the efferocytosis
of neutrophils by AMs during later stages of pneumonia helps in
the resolution of lung inflammation due to expression of growth
arrest-specific 6 (Gas6), a member of vitamin K-dependent
family of proteins, which binds to its receptors Tyro3, Axl and
Mer (TAM), or Mertk (148, 160). The Mertk activation causes
ERK-mediated sarcoplasmic/endoplasmic reticulum calcium
ATPase 2 (SERCA2) expression to decrease the cytosolic Ca2*
levels, which suppresses the calcium//calmodulin-dependent
protein kinase II (148). This process decreases the mitogen
activating protein kinase (MAPK) and MK2 kinase activity
to increase the abundance of non-phosphorylated cytosolic
lipoxygenase (LOX), called 5-LOX, to enhance the production
of specialized pro-resolving mediators (SPMs) mediating
inflammation resolution (148). Thus, TSG-6 activates STAT6
to induce Gas6 expression in AMs for the ALI resolution
during pneumonia.

Lipoxin A4 release by pulmonary endothelial cells,
immigrated neutrophils, and pulmonary macrophages at
later stages of pneumonia, inhibits neutrophil infiltration,
promotes the efferocytosis of dead neutrophils by serving as
a proapoptotic signal through downregulating Mac-1 (a B2
integrin) expression, to induce the pulmonary inflammation
resolution (161-163). The lipoxin A4-induced neutrophil
apoptosis the myeloperoxidase (MPO)-induced
extracellular signal-regulated kinase (Erk) and Akt-mediated
Bcl2-associated agonist of cell death (Bad) phosphorylation along
with reducing the antiapoptotic protein myeloid cell leukemia-
1 (Mcl-1) expression, which aggravates the mitochondrial
dysfunction. This is because Mcl-1 promotes neutrophil
survival through heterodimerization and neutralization of Bcl-2
interacting protein (Bim) or Bcl-2 homologous antagonist/killer
(Bak) in the mitochondrial outer membrane (162, 164, 165).
Lipoxin A4 also enhances the pathogen (E. coli) clearance
by pulmonary macrophages through inducing the AMP
expression (161). The Mac-1 binding to its ligands (ICAM-1,
FBG, and MPO) suppresses the apoptosis (163). However, the

involves
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Mac-1-dependent phagocytosis of complement-opsonized
pathogens triggers rapid neutrophil apoptosis that depends on
NADPH oxidase-generated reactive oxygen species (ROS) and
caspase (CASP) activation (166). Lipoxin A4 also inhibits the
CXCL8 or IL-8 release from pulmonary macrophages (167).
Furthermore, Lipoxin A4 agonist, BML-111 induces autophagy
in pulmonary macrophages through suppressing MAPK 1 and
8 signaling. The autophagy of pulmonary macrophages protects
against ALI during Gram-negative bacterial pneumonia (168).
Lipoxin A4-dependent autophagy among alveolar macrophages
during pneumonia occurs independently of mTOR signaling.
Hence pulmonary AMs play a crucial role in the induction of
protective inflammatory immune during pneumonia and later
on in the resolution of the inflammation.

This resolution process occurs at the expense of local
pulmonary innate immunity comprising AMs (suppressing
phagocytosis) to predisposes the recovering host to severe
secondary pneumonia (169). This defective phagocytic function
of AMs from pneumonia recovering animals stays for at least
28 days. Even the AMs transplanted intratracheally from normal
mice to pneumonia recovered mice become paralyzed AMs,
indicating the presence of long term inflammatory innate
immune response suppression to make sure the complete
resolution of the pulmonary inflammation (169). However,
regulatory T cells (Tregs), cytokines (TGF-B1 and TNF-a),
and DAMPs (HMGB1) do not play a significant role in the
induction of paralyzed AMs during resolution of pulmonary
inflammation following pneumonia. Also, these paralyzed AMs
are not metabolically exhausted as they produce more lactate
as compared to the control AMs and produce the same
amount of TNF-a upon LPS challenge. Of note, the process
of macrophage renewal in mice recovering from pneumonia is
similar to normal mice. Thus, AMs of mice recovering from
pneumonia are defective in phagocytosis and are unable to clear
bacterial pathogens efficiently, increasing their susceptibility to
secondary pneumonia. However, these defective or paralyzed
AMs are derived from the local pulmonary macrophages in
response to the increased expression of signal regulatory protein
o (SIRPa), a regulator of tyrosine kinase-coupled signaling
processes (phagocytosis) (170-172).

SIRPa increases during the resolution phase in response
to the increased surfactant protein-D (SP-D) level. SP-D is
an agonist for SIRPo and induces the immunosuppressive
environment to produce trained but paralyzed AMs, which stay
for weeks after infection to make sure the complete resolution
of the inflammation. The increased Sirpa expression upregulates
the Mirl42 (a micro RNA regulating gene expression in
mononuclear phagocytes) expression but down-regulates Setdb2
gene (encoding a histone methyltransferase, which controls
the chemokine response during viral pneumonia) (173, 174).
The Sedtb2 down-regulation may prevent neutrophil infiltration
during the resolution phase to dampen the pneumonia-induced
ALL as indicated previously (173). Also, the Sedtb2 down-
regulation alter the pro-inflammatory phenotype of macrophages
to a reparative phenotype (175). Mir142 is also shown to regulate
immunometabolic reprogramming and favors glycolysis via
regulating fatty acid oxidation (FAO) through directly targeting

carnitine palmitoyltransferase —la (CPT1la), a key regulator of
the FA pathway (176). Thus, pulmonary macrophages play a
crucial role in the resolution of ALI associated with pneumonia.

The Interaction Between PECs and AMs During
Pneumonia and Associated ALI

The AMs highly express CD200R (an OX2 glycoprotein of the
superfamily of immunoglobulins) on their surface and its levels
are maintained by epithelial expression of IL-10 and TGF-f (177).
The PECs express ligand for CD200R called, CD200 on their
apical side. The CD200R-CD200 interaction on AMs inhibits
their pro-inflammatory action during pneumonia that prevents
the induction of ALI (177). The CD200-CD200R interaction
increases AAMs or M2a phenotype via cAMP-response element-
binding protein-C/EBP-beta signaling and upregulates TGF-8
expression (178). Also, M2a (anti-inflammatory or regulatory)
macrophages generated in the presence of IL-4 and IL-13
also express CD200R in humans (179, 180). The CD200-
CD200R interaction inhibits the downstream signaling pathway
comprising of the ERK1/2 signaling pathway required for
macrophage activation downstream of IFN-y signaling through
Janus-associated kinase (JAK)/STAT-1 activation (181). The
CD200~/~ mice develop ALI during pneumonia due to the
increased pro-inflammatory function of macrophages and a
decrease in the resolution of inflammation (177). Also, the
AMs attached to the alveolar wall form connexin 43 (Cx43)-
containing gap junction channels with the airway epithelium
during bacterial pneumonia and intercommunicate through
synchronized Ca?* waves, through utilizing the epithelium as
the conducting pathway (182, 183). This interaction further
supports the anti-inflammatory role of PEC-AM interaction.
As mice with AM-specific knockout of Connexin-43 show an
increased neutrophil infiltration into the pulmonary alveoli and
increased pro-inflammatory cytokine levels in BALF during
Gram-negative bacterial (P. aeruginosa) pneumonia (182, 183).
Thus, the interaction between PECs and AMs controls the
inflammatory outcome of the pulmonary infections, including
pneumonia leading to the development of ALI and its resolution.

PULMONARY INNATE IMMUNE
RESPONSE DURING BACTERIAL SEPSIS

Sepsis leads to the pulmonary inflammation that does not
resolve and leads to the development of ALI or ARDS, causing
irreversible damage to the lungs (12). Earlier studies have shown
that the sepsis is responsible for more than 210,000 cases
of ALI/ARDS in the US alone/annually, causing over 74,500
deaths (184, 185). The sepsis-associated ALI//ARDS has a higher
mortality rate as compared to the ALI occurring due to other
causes (186). The sepsis-associated ALI/ARDS may initiate on
any side, including direct lung injury due to the pulmonary
epithelial damage or indirect damage comprising the endothelial
cell damage (187, 188). The neutrophil infiltration plays a crucial
event in this outcome, and the recruitment of neutrophils into
the lungs depends on the expression of E-selectin [CD62E
or endothelial-leukocyte adhesion molecule 1 (ELAM-1), or
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leukocyte-endothelial cell adhesion molecule-2 (LECMA-2)]. E-
selectin does not express on unstimulated endothelium, but
its expression increases on pulmonary vascular endothelium
due to the impact of pro-inflammatory cytokines and induces
neutrophil infiltration in sepsis-induced ALI (Figure 3) (189).
The immunohistochemical analysis has shown an increased
expression of CD62E or E-selectin in the pulmonary
microvasculature in sepsis-associated fatalities. The pulmonary
intravascular, interstitial and intra-alveolar leukocytes strongly
express very late antigen-4 or VLA-4 (CD49d/CD29) or
a4Plintegrin in sepsis-associated casualties. The ICAM-1
(CD54) is highly expressed on the pulmonary endothelial cells,
pulmonary macrophages, and lymphocytes in sepsis-associated
fatalities (Figure 3). The pulmonary epithelial damage during
ALI/ARDS seen in patients with pneumonia-associated sepsis
may be indicated by an elevation of surfactant protein-D (SP-D).
However, but these patients have low levels of von Willebrand
factor (VWF) and IL-6, and IL-8, which are the markers of
endothelial damage (Figure 3) (190). The pulmonary epithelial
damage seen during direct sepsis-associated ALI is more severe
as compared to the indirect non-pneumonia-mediated sepsis
(190). However, the damage to the endothelium during direct
sepsis-associated ALI is less severe. The pulmonary Bla cells
exert a protective role in cecal-ligation and puncture (CLP)-
induced sepsis via inhibiting neutrophil infiltration and MPO
production in the lungs (Figure3) (191). The CXCR2~/~
mice exposed to peritoneal sepsis show a decreased pulmonary
damage due to the low neutrophil infiltration in the lungs, and
the increased CXCL10 expression in the peritoneum (192).
CCL-3 or macrophage inflammatory protein-loe (MIP-1a)
also mediates sepsis-induced ALI via promoting neutrophil
infiltration, pulmonary vascular leakage, and early mortality
(Figure 3) (193). The following sections highlight the pulmonary
innate immune response during sepsis-induced ALI//ARDS.

PECs During Sepsis and Associated ALI

The generation of pro-inflammatory molecules (cytokines, ROS,
and RNS) and hypoxia damage the pulmonary epithelial barrier
during sepsis-induced ALI (Figure 2) (194, 195). This damage to
the pulmonary epithelium alters its barrier function and induces
the fluid and protein leakage into the alveolar space. The injury
to both type I and II AECs during sepsis can easily be assessed
in both plasma and pulmonary lavage fluid by the presence
of several biomarkers as described previously (194, 196). The
pulmonary epithelial damage and increase in its permeability
during sepsis involve the change in actin organization (197).
The PECs damage due to actin reorganization during sepsis
does not include MAPK signaling or the alterations in the
tight junction (TJ) proteins. The PECs (BECs and AECs) of the
septic lung show an increased avp3 integrin, but its inhibition
during sepsis-associated ALI needs to study as it may increase
the endothelial permeability and thus the sepsis-associated ALI
(198, 199). The later (proliferative or fibroproliferative stage
observed during the second week of sepsis) stages of ALI during
sepsis involves the transformation of the damaged epithelial cells
to fibroblast-like cells (epithelial-mesenchymal transition), which

requires mitochondrial ROS and hypoxia-inducible factor-1la
(HIF-1a) (200).

The PECs express a higher Fas level during sepsis-
associated ALI, and the increased infiltration of FasL expressing
inflammatory immune cells in the lungs occurs (201). The
apoptotic death of PECs during non-pulmonary sepsis (sepsis
originating outside the lungs or in the absence of pulmonary
infection) involves Fas-FasL interaction, and the Fas inhibition
protects their apoptotic cell death via diminishing lung tissue
TNF-a, IL-6, IL-10, IEN-y, IL-12, and CASP-3 activity (202).
The BECs show an increased expression of both C3aR and
C5aR during sepsis (203). An increased intrapulmonary or intra
alveolar C5a level during sepsis may cause severe ALI via binding
to the C5aR1 or C5aR, which induces an increased neutrophil
infiltration into the septic lung and cytokine/chemokine storm
(Figure 3) (204, 205). The infiltrated neutrophils in the lungs
during ALI/ARDS have a distinctive phenotype and are resistant
to apoptosis, and exhibit an enhanced phosphoinositide 3-
kinase-dependent (PI3K)-dependent respiratory burst (206). A
human study has also indicated the infiltration of less apoptotic
neutrophils in the lungs of Sepsis-associated ALI/ARDS patients
(207). Hence neutrophils migrated to the lungs during sepsis-
associated ALI exert more damaging effects to the lungs as
compared to bacterial pneumonia (Figure 3).

The apoptosis of neutrophils enhances the resolution of the
inflammation that is lost in the sepsis-associated ALL. However,
the cyclin-dependent kinase (CDK) inhibitor, called AT7519
enhances the apoptosis of infiltrated neutrophils during sepsis-
associated ALI or ARDS, can be used as a mediator of initiating
the resolution phase of inflammation during sepsis-associated
ALI (208). Of note, mechanisms causing ALI and resolution
of inflammation occur in parallel during sepsis-associated
ALI/ARDS. The first resolution step involves the reestablishment
of the alveolar-capillary barrier and the migration of AT-
II epithelial cells to replace injured AT I epithelial cells,
following the proliferation of tissue-resident progenitor cells
(187). However, the uncontrolled inflammatory process causing
severe ALI overpowers the resolution process, which causes
irreversible damage during Gram-negative bacteria (Klebsiella
pneumoniae)-induced sepsis as indicated by accumulation of
the lungs with apoptosis-resistant neutrophils and elevation
of pro-inflammatory cytokines (IL-1a, TNF-a) in BALF (12).
Furthermore, keratinocyte growth factor (KGF) treatment
induced the resolution in PECs in vitro and in vivo in mice,
but it failed in phase II clinical trial and aggravated the ALI
(209-211). Thus, due to severe PEC damage during sepsis-
induced ALL it is more damaging and irreversible as compared
to the ALI observed during bacterial pneumonia only without the
development of sepsis.

ILCs During ALI/ARDS Observed During
Sepsis

There is a doubt regarding the presence of ILCls in naive
lungs or during homeostasis. However, their number increases
during Haemophilus influenzea infection. It occurs due to the
phenotypic change in lung-resident ILC2s in response to the
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the sepsis-induced ALI. The increase in pulmonary ILC2s also occurs.

FIGURE 3 | receptors. The profound release of complement component C5a during sepsis induces the inflammatory damage, and the death of PECs during sepsis
causes sepsis-associated ALI. The PECs death/damage increases the SP-D, but Vwf levels decrease. The increase in the IL-10 levels in the lungs at later stages of
sepsis impairs the bactericidal action of AMs along with inducing a defective efferocytosis. The defective efferocytosis among AMs further increases the ALI. The
necrotic death of AMs (indicated by the cytosolic HMG-B1) at later stages of sepsis further aggravates the ALI. The neutrophils infiltrated into the lung alveoli during
sepsis are apoptosis-resistant and aggravate the ALI due to their increased pro-inflammatory action on lung tissues. B1a cells inhibit neutrophil infiltration and, thus,

downregulation of T1/ST2, GATA3, IL-5, and IL-13 expression
(125). ILC2s represent the majority of ILCs in both mouse
and human (30% of all ILCs in adult human lungs) lungs
(212, 213). Although Lungs have a low number of ILC2s in
the steady-state, and it increases only during pulmonary allergic
diseases. Lungs have both NCR' and NCR™ ILC3s during a
steady state. Lin-CD127+TRORytTILC3s comprise 30% of ILCs
in mice, and the majority of them also co-express CCR6. These
can be activated with IL-23 and IL-18 in vitro to produce
IL-22 and IL-17A (135). The human lungs also have ILC3s
(Lin~CD127tCRTh2~CD117") expressing RORyt. During S.
pneumoniae lung infection, the depletion of ILC3s protects
the host from ALI due to inhibition of IL-22 and IL-17A
production (135).

The systemic levels of ILCs (ILCls and ILC3s) significantly
decrease in patients with sepsis in comparison to the control
group due to their increased apoptotic death (214). The HLA-
DR expression increases in the ILCs of the septic patients
without any effect on their capacity to produce TNF-a in
response to the TLR agonists. The apoptotic cell death among
ILCs (ILCls, ILC2s, and ILC3s) occurs due to the increase
in CASP3 level and activity within <24h of sepsis diagnosis
(214). However, no significant decrease in systemic ILC2s
occurs during the early stages of sepsis despite the increase
in CASP3 activity. It may be attributed to the sphingosine-1-
phosphate (S1P)-dependent migration of ILC2s to distant organs,
including lungs (215). The plasma S1P-1 level decreases with
the severity of the sepsis (216). The ILC2 migration to the
lungs in response to SIP occurs due to increased expression
of S1P receptors (S1PRs, S1P1-SIP5) (217). A study in CLP-
induced sepsis has shown the increase in ILC2s in the peritoneum
and small intestine along with the increased IL-13 and IL-33
levels in the peritoneal lavage fluid (PLF) within 24 h post sepsis
development (218).

Patients with sepsis show increased plasma IL-33 levels (218).
Many investigators have suggested different roles of pulmonary
ILC2s during sepsis, depending on the experimental model. For
example, increased IL-33 levels (released by epithelial cells of the
lungs) in CLP-induced sepsis in mice cause sepsis-induced ALI,
and IL-33 inhibition causes a decrease in sepsis-associated ALI
due to the decreased neutrophil and monocyte infiltration into
the lungs (219). This IL-33 dependent ALI during sepsis also
occurs via IL-5 upregulation in pulmonary ILC2s, and the IL-
5 neutralization decreases the neutrophil infiltration, and ALI
during sepsis (219). Thus, an increased activation of pulmonary
ILC2s during CLP-induced sepsis may contribute to the sepsis-
associated ALL. However, another study has shown the protective
effect of the pulmonary ILC2s during sepsis-induced ALI via
preventing the endothelial cell damage in response to the IL-33

released, which via binding to the ST2 receptor, mediates the
ILC2 expansion (220).

The pulmonary ILC2s produce IL-9, which prevents CASP1
activation and the pyroptosis of pulmonary endothelial cells. It
reduces the sepsis-associated ALI severity. The pulmonary ILC2s
increase within the first 12 h of the sepsis development along with
an increase in the peritoneal ILC2s (220). However, in another
study, the ILC2s (as measured by the production of IL-5 and IL-
13) pre-activation via intra-tracheal IL-33 administration before
the lethal S. aureus sepsis protects the host from ALI and death
via pulmonary eosinophilia induction, which clears the pathogen
from the lungs and suppresses neutrophilia (221). However,
without IL-33 pre-treatment, S. aureus is unable to induce ILC2
proliferation and function. Hence ILC2s play both beneficial
and detrimental roles in ALI and sepsis-associated mortality
depending on their activation stage. It will be interesting
to investigate the impact of sepsis-associated ALI in people
previously affected with parasitic infections causing a rise in
pulmonary ILC2s and eosinophilia. Thus, pulmonary ILCs are
crucial innate immune cells of the lungs, but their relevance to
the sepsis-induced ALI/ARDS is a topic for the research and
future immunomodulatory therapeutics. However, a decrease in
the systemic ILC population is well-described even during the
early phase of the sepsis.

Alveolar Macrophages (AMs) and
Sepsis-Induced ALI//ARDS

The pro-inflammatory mediators released from AMs play a
crucial role in the sepsis-induced ALI via inducing neutrophil
infiltration into the lungs (Figure 3). The interstitial-to-vascular
chemotactic gradient establishment facilitates the emigration
of the vascular neutrophils in the lung alveoli (Figure 3)
(222, 223). The bacterial peritonitis-induced sepsis activates
AMs and neutrophil infiltration in the lung alveoli (Figure 3).
The neutrophil infiltration in the lung alveoli occurs via
pulmonary transendothelium in response to the AM activation
during sepsis (Figure 3) (224). The NADPH oxidase activation
in the pulmonary endothelium generates superoxide anion
in response to the AM activation that plays a crucial role
in the transendothelial neutrophil migration during sepsis-
associated ALI (224). These neutrophils are less prone to
apoptotic cell death and play a significant role in the sepsis-
induced severe ALI (Figure 3). Furthermore, these infiltrated
neutrophils block pulmonary microcirculation due to their
prolonged entrapment in the capillaries inducing the dead space,
which further aggravates the sepsis-induced ALI (Figure 3) (225).
These neutrophils express Mac-1 (CD11b/CD18), and the Mac-
1 inhibitor decreases the incidence of disturbing pulmonary
microcirculation and the sepsis-induced ALI. Also, the impaired
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phagocytic activity of AMs during late stages in response to
the released IL-10 during abdominal sepsis further enhances the
incidence and the severity of sepsis-induced ALI (Figure 3) (226).

The impaired efferocytosis by AMs during the late stages of
sepsis further increases the severity of ALI/ARDS due to the
accumulation of dead neutrophils and other pulmonary cells
(Figure 3) (227). However, the IFN-B treatment reverses the
impaired AM function in response to the IL-10 at the late
stage of sepsis and decreases the severity of sepsis-associated
ALI/ARDS and the associated mortality (228). The HMG-B1
release in the cytosol of AMs during the late sepsis indicates
their necrotic cell death, which further increases the ALI
severity (Figure 3) (229). The macrophages endocytose HMG-
Bl during sepsis (230). The HMG-B1 promotes pyroptosis of
macrophages and endothelial cells by delivering the LPS via the
receptor for advanced glycation end products (RAGE) into the
cytosol, which destabilizes phagolysosome and induces CASP11
activation during lethal sepsis (231).

The CASP11 is the important inflammasome component,
and HMG-BI is known to activate NLRP3 inflammasome and
the IL-1B release. The CASP11 activation causes pyroptosis
via cleaving gasdermin D (GSDMD) into amino-terminal
GSDMD (N-GSDMD) and carboxy-terminal GSDMD (C-
GSDMD) (232, 233). The N-GSDMD is responsible for the
pyroptosis. The increased lipid peroxidation (LPO) in the sepsis-
associated ALI has been observed (12). This increased LPO
further activates CASP11, and thus, the GSDMD to cause the
pyroptosis of AMs and infiltrated monocytes and macrophages
in a phospholipase C gamma 1 (PLCG1)-dependent manner
(234). Also, the inflammatory IL-1p reduces the cyclic adenosine
monophosphate (cAMP) and transcription factor cAMP
response element-binding (CREB) in lung endothelial cells (235).
This CREB blockage inhibits the VE-cadherin transcription,
which induces pulmonary vascular endothelial damage to
aggravate pulmonary vascular leakage and sepsis-associated
ALL Also, the treatment with rolipram (a drug inhibiting
the type 4 cyclic nucleotide phosphodiesterase-mediated
(PDE4-mediated) hydrolysis of cAMP) prevents sepsis-induced
pulmonary vascular injury and thus the ALI via preserving the
CREB-mediated VE-cadherin expression (235). Of note, the
deficiency of neutrophils before sepsis also impairs the monocyte
and macrophage infiltration in the lungs during both early and
late stages and thus inflammatory process (236).

The iNOS induction in AMs during sepsis also causes
protein leakage in the lungs and sepsis-induced ALL The AM
depletion attenuates the sepsis-induced increase in pulmonary
microvascular protein leak and MPO activity that depends on
the activation of iNOS (237). The increased nitric oxide (NO-)
and MPO levels in BALF and lung homogenate of mice subjected
to K. pneumoniae B5055-induced sepsis has been reported on
all days in an experimental study (12). Furthermore, microRNA-
199a (miR-199a) upregulation in AMs during Gram-negative
bacterial sepsis also aggravates the sepsis-induced ALI, which
can be prevented by the activation of sirtuin 1 [SIRT1 (Silent
information regulator 2 homolog 1), an NAD"-dependent class
III protein deacetylase or histone deacetylase regulating cell
growth, differentiation, stress resistance, oxidative damage, and

metabolism] (238, 239). The induction of miR-199a in AMs
during sepsis increases the release of pro-inflammatory cytokines
(IL-1B, IL-6, and TNF-a), the MPO activity, ALL and the high
levels of CASP3, Bax and lowers the Bcl-2 levels (238). The
miR-199a inhibition during sepsis decreases the release of pro-
inflammatory cytokines from AMs, MPO activity, the incidence
of vascular leakage from pulmonary endothelium. The SIRT1
activation during sepsis also prevents the sepsis-induced ALI via
inhibiting the NLRP3 inflammasomes in AMs and pulmonary
vascular endothelial cells, which prevents the release of pro-
inflammatory mediators (ICAM-1 and HMG-B1), disruption of
tight and adherens junctions as indicated by the reduced lung
claudin-1 and vascular endothelial-cadherin expression (240,
241).

The sepsis-associated altered AM function predisposes
these mice to severe pulmonary infections and increases
their mortality when challenged with Gram-negative bacteria
(P. aeruginosa) due to the IL-1 receptor-associated kinase-
M (IRAK-M) upregulation, which causes sepsis-associated
immunosuppression at later stages (242). IRAK-M-mediated
impaired TNF-a and iNOS expression in AMs is associated
with the reduced acetylation and methylation of specific histones
(AcH4 and H3K4me3) and reduced binding of RNA polymerase
IT to the promoters of these genes (243). However, the TLR2
and TLR4 levels remain the same in septic lungs as compared
to the control group (242). Of note, diabetic rats show milder
sepsis-associated ALI due to the impaired activation of nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-
kB), increased suppressor of cytokine signaling 1 (SOCS1),
and decreased MyD88 mRNA, and thus the decreased MyD88
downstream signaling in response to the TLR stimulation on
AMs (244). The decreased AM activation in diabetic rats inhibits
neutrophil infiltration, cyclo-oxygenase II (COX-II) expression
and activity, and the pulmonary edema. The low incidence of
sepsis-induced ALI has been also observed in patients with
diabetes developing sepsis (245-248). However, a recent clinical
study indicates that diabetes does not have any impact on sepsis-
associated mortality and the 60-days mortality of ALI/ARDS
(249). Diabetes may reduce the incidence of the sepsis-induce
ALI/ARDS but not the associated mortality. Further studies in
the direction and the establishment of AMs role in clinical
patients of sepsis with diabetes about the ALI may prove helpful
in a patient-specific therapeutic approach.

Hence sepsis leads to the severe ALI as compared to the
ALI seen in pneumonia only patients. Furthermore, sepsis
causes prolonged immunosuppressive stage in the lungs, which
increases the chances of developing severe secondary pulmonary
infections (hospital-acquired or community-acquired). For
example, the pulmonary alveolar macrophages decrease in
number in patients recovered from sepsis and show defective
phagocytic function against bacterial pathogens (E. coli and .
aureus), which are frequently responsible for hospital-acquired
pneumonia (169). This defective number of pulmonary alveolar
macrophages stays at least for 6 months. These clinical findings
(severely compromised phagocytic activity of AMs) have further
been confirmed in mice subjected to secondary pneumonia
caused by E. coli or S. aureus (169). These macrophages from
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patients recovering from sepsis also showed increased SIRPa
expression. However, the outcome of sepsis-associated ALI may
also depend on several other chronic inflammatory conditions,
including type 2 diabetes mellitus (T2DM). Further studies are
urgently required in the field due to the high mortality of sepsis
patients due to the Sepsis-induced ALI/ARDS.

CONCLUSION

Pneumonia and sepsis, both are associated with the onset of
ALI/ARDS. However, the pneumonia-associated ALI is less
severe and often resolves once the infection has cleared. But this
resolution of ALI during sepsis has not been observed. However,
the pneumonia-associated ALI resolution leaves a long-lasting
impact on the host immune response to future infection. This
resolution of ALI involves the transforming growth factor-f
(TGEF-B) generation and the activation of pulmonary regulatory
T cells (Tregs) inducing the immunosuppressive environment in
the lungs (169). It causes the induction of paralyzed pulmonary
macrophages and DCs, which are defective in the phagocytosis
of the pathogen but further secrete TGF-B responsible for
the Tregs accumulation. These paralyzed DCs express an
increased amount of transcription repressor called B lymphocyte-
induced maturation protein-1 (Blimp-1) but a lower amount
of interferon regulatory factor 4 (IRF4). Blimp-1 is essential
for tolerogenic DCs. Thus, the increased expression of Blimp-1
induces a tolerogenic phenotype of DCs. Whereas, IRF-4 is for
expressing the molecules required for the antigen presentation,
and its lower level in paralyzed DCs decrease their antigen
presentation potential.

The immunosuppressive environment in the lung following
the resolution of ALI-associated with pneumonia further
disposes the host to acquire secondary pulmonary infection.
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associated with pneumonia and the patients recovered from
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Pseudomonas aeruginosa, found widely in the wild, causes infections in the lungs
and several other organs in healthy people but more often in immunocompromised
individuals. P aeruginosa infection leads to inflammasome assembly, pyroptosis, and
cytokine release in the host. OprC is one of the bacterial porins abundant in the
outer membrane vesicles responsible for channel-forming and copper binding. Recent
research has revealed that OprC transports copper, an essential trace element involved in
various physiological processes, into bacteria during copper deficiency. Here, we found
that oprC deletion severely impaired bacterial motility and quorum-sensing systems,
as well as lowered levels of lipopolysaccharide and pyocyanin in P aeruginosa. In
addition, oprC deficiency impeded the stimulation of TLR2 and TLR4 and inflammasome
activation, resulting in decreases in proinflammatory cytokines and improved disease
phenotypes, such as attenuated bacterial loads, lowered lung barrier damage, and
longer mouse survival. Moreover, oprC deficiency significantly alleviated pyroptosis in
macrophages. Mechanistically, oprC gene may impact quorum-sensing systems in
P aeruginosa to alter pyroptosis and inflammatory responses in cells and mice through
the STAT3/NF-kB signaling pathway. Our findings characterize OprC as a critical virulence
regulator, providing the groundwork for further dissection of the pathogenic mechanism
of OprC as a potential therapeutic target of P aeruginosa.

Keywords: Pseudomonas aeruginosa, oprC, virulence, pyroptosis, STAT3/NF-«B

INTRODUCTION

The Gram-negative bacterium Pseudomonas aeruginosa is an important opportunistic pathogen
that causes severe major cause of acute and chronic lung diseases in mammals. P. aeruginosa
is the primary cause of acute and chronic lung infection, resulting in high mortality in patients
with underlying conditions, such as cystic fibrosis (1). Upon P. aeruginosa infection, the pattern
recognition receptors (PRRs) on the cell membrane of hosts recognize the corresponding
pathogen-associated molecular patterns (PAMPs), such as lipopolysaccharide (LPS) and flagellin
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(2). Activated PRRs, including toll-like receptors (TLRs) and
Nod-like receptors (NLRs), facilitate inflammasome assembly,
caspase autocleavage, and mature IL-1B formation, as well as
a type of rapid inflammatory cell death termed pyroptosis (3).
Gasdermin D (GSDMD) is found as the pyroptosis executioner,
which is activated by both caspase-1 and caspase-11/4/5 cleavage
(4). Upon GSDMD activation, the pore in the plasma membrane
causes cell lysis due to GSDMD oligomerization and ultimately
IL-1 release, which is a highly inflammatory event (5).

Pseudomonas aeruginosa is notoriously resistant to antibiotics,
which is facilitated by multiple factors including the highly
impermeable outer membrane, the multiple drug efflux system
(6, 7), mobile genetic elements (MGE) (8), etc. Furthermore,
the list of multidrug-resistant (MDR) P. aeruginosa strains is
rapidly growing, and new antibiotic development is urgently
needed. Therefore, a thorough understanding of the pathogenic
mechanisms of its virulence factors and their interactions with
the host is required in order to invent new therapeutic strategies
to control the infections by the MDR P. aeruginosa strains (9).
These bacteria can survive under various growth conditions
with vesicles from their outer membrane (OMV). A previous
study (10) described the proteomic profiles of OMVs of P.
aeruginosa biofilms and found that the outer membrane proteins
OprC, OprD, OprE, OprE OprH, and OprG were significant
components of the OMV. OprC is one of the outer membrane
porins responsible for channel-forming and copper binding (11).
Then, researchers focused on the relationship between MDR
and OprC in P. aeruginosa and revealed (12-14) that OprC
was unrelated to meropenem, ceftazidime susceptibility, and
imipenem diffusion.

Recent studies showed that the oprC expression level is
involved in copper homeostasis (15). The essential trace element
copper is the cofactor of oxidoreductases in P. aeruginosa. The
copper enzymes, such as cytochrome c oxidase, lysyl oxidase, and
ferroxidase, possess crucial physiological functions. Although
copper is generally bound to proteins, an excess of free copper is
harmful to the cell due to its redox properties (16). To maintain
copper homeostasis, organisms generate a set of cytoplasmic
copper-sensing regulators and transporters, including OprC.
Research has shown that OprC-bound Azurin (a copper-
containing redox protein released by P. aeruginosa) is essential
for copper transport under copper-limited conditions (17).

Here, we analyzed how oprC deficiency affects P. aeruginosa
pathogenicity compared to the wild type strain. We noticed
that oprC deficiency reduced quorum sensing potential and
impaired motility in the bacterium. Furthermore, infection by
oprC deficiency strain diminished inflammasome activation,
cytokine secretion, and transcription factor activity, as well as a
significantly lower pyroptosis in host cells. Our findings revealed
a novel crucial function of oprC in controlling pathogenic
virulence activity, providing a basis to further advance the
pathogenesis details of oprC.

MATERIALS AND METHODS

Mice
C57BL/6] mice (6-8 weeks) were obtained from the Jackson
Laboratory (Bar Harbor, ME, USA). All animal studies were

approved by the Institutional Animal Care and Use Committee
(IACUC) of the University of North Dakota and were performed
in accordance with the animal care and institutional guidelines.
The experimental procedures for animals, including treatment,
care, and endpoint, strictly followed the Animal Research:
Reporting in vivo Experiment guidelines (18).

Cell Lines

Murine macrophage MH-S cells were obtained from the
American Type Culture Collection (Manassas, VA, USA) and
were cultured in Roswell Park Memorial Institute 1640 Medium
(Thermo Fisher Scientific, Waltham, MA, USA) supplemented
with 10% fetal bovine serum and antibiotics (penicillin and
streptomycin) incubated in a 5% CO; environment at 37°C (19).

Inhibitor Treatment

STAT3 inhibitor V, stattic (sc-202818), and BAY (sc-202490)
were obtained from Santa Cruz Biotechnology, USA. Stattic
inhibits the activation of the STAT3 transcription factor by
blocking phosphorylation and dimerization events. Stattic was
resuspended in dimethyl sulfoxide (DMSO) to generate a 50 mM
stock solution. A working solution (500 wM) was generated by
diluting the stock solution in PBS (final concentration of DMSO:
1%). MH-S cells were treated with 10 wM of the specific STAT3
Inhibitor V, stattic, 30 min before infection. PBS/DMSO was
added to each untreated well in order to perform vehicle controls
(final concentration of DMSO, 1% in PBS). BAY inhibits the
activation of NF-kB and the phosphorylation of Ik-Ba. BAY was
dissolved in DMSO to generate a 10 mM stock solution and
diluted (1:1,000) in fresh medium before use. MH-S cells were
treated with 10 WM BAY for 1h before infection. DMSO was
added to each untreated well as vehicle controls (20).

Bacteria Preparation and Infection

Experiments

The wild type P. aeruginosa strain PAO1, the AoprC mutant,
and the complemented strain (AoprC/p-oprC) were described
previously (17). Bacteria were grown for about 16 h in LB broth
at 37°C with 220 rpm shaking. The bacteria were pelleted
by centrifugation at 5,000g. Cells were changed to antibiotic-
free medium and infected by bacteria in a multiplicity of
infection (MOI) of a 10:1 bacterium-cell ratio for 2h. Mice
were anesthetized with 45 mg/kg ketamine and intranasally
instilled 2 x 107 clonal-forming units (CFU) of PAOL1 in 50 pL
phosphate-buffered saline. Mice were monitored for symptoms
and killed when they were moribund (18).

ELISA and LDH Assay

Mouse TNF-a, IL-6, and IL-18 uncoated ELISA kits from
Invitrogen (San Diego, CA) were used to measure cytokine
concentration. Pierce LDH Cytotoxicity Assay Kit was used
for the quantification of LDH released from the cell. Culture
supernatants were collected at the indicated times after
infection for ELISA and LDH analysis in accordance with the
manufacturer’s instructions (21).

Frontiers in Immunology | www.frontiersin.org

August 2020 | Volume 11 | Article 1696


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Gao et al.

oprC Dampens Host Immunity

Immunoblotting

Mouse Abs against p-p65 (p-NFkB p65 Antibody [Ser 536]:
sc-136548), ASC (ASC Antibody [B-3]: sc-514414), caspase-
1(caspase-1 p10 Antibody [M-20]: sc-514), and B-Actin (B-Actin
Antibody [C4]: sc-47778) were obtained from Santa Cruz
Biotechnology (Dallas, TX). Rabbit Abs against p65 (NF-
kB p65 [DI14E12] XP® Rabbit mAb #8242), STAT3 (Stat3
[D3Z2G] Rabbit mAb #12640), and p-STAT3 (Phospho-Stat3
[Tyr705] [D3A7] XP® Rabbit mAb #9145) were obtained
from Cell Signaling Technology (Danvers, MA). Gasdermin-D
(Anti-GSDMD antibody [EPR19828] ab209845) was obtained
from Abcam. NLRC4 (Cat# PA5-88997) was obtained from
Invitrogen (Carlsbad, CA). NLRP3 Rabbit pAb (Cat# A12694)
was obtained from ABclonal (Woburn, MA). The samples
derived from cells and lung homogenates were lysed in
RIPA buffer, separated by electrophoresis on SDS-PAGE gels,
and transferred to nitrocellulose transfer membranes (GE
Amersham Biosciences, Pittsburgh, PA). Proteins were detected
by western blotting using primary Abs at a concentration of
1:200 (Santa Cruz Biotechnology) or 1:1,000 (Cell Signaling
Technology, Abcam, Invitrogen, and ABclonal) and were
incubated overnight. Labeling of the first Abs was detected
using relevant secondary Abs conjugated to HRP (Rabbit anti-
Mouse IgG [H+L] Secondary Antibody, HRP; Goat anti-Rabbit
IgG [H+L] Secondary Antibody, HRP, Invitrogen), which were
detected using ECL reagents (GE Health) (22).

RNA Isolation and Quantitative Reverse

Transcription-PCR

Total RNA was extracted using TRIzol (Invitrogen) according
to the manufacturer’s instructions. For the mRNA assay, a
total of 2 pg of DNA-free RNA was subjected to first-
strand cDNA synthesis using the High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems). The qRT-PCR assay
was performed using PowerUp™ SYBR™ Green Master Mix
(Applied Biosystems) and gene-specific primers (synthesized by
Integrated Eurofins Genomics) in a CFX Connect Real-Time
PCR Detection System (Bio-Rad). The separate well 2~ 24 cycle
threshold method was used to determine the relative quantitative
expression of individual mRNAs. Mammalian mRNAs were
expressed as the fold difference to B-actin. Bacterial nRNAs were
expressed as the fold difference to 16S (23, 24).

Histological Analysis

Lung tissues of three independent mice were fixed in 10%
formalin (Fisher Scientific), soaked in 30% sucrose, and then
embedded in optimal cutting temperature (OCT) compound.
Six-micrometer sections were cut, stained by standard H&E
protocol, and examined for differences in morphology after
infection. The lung injury score for each sample was determined
by neutrophil accumulation in the alveolar and interstitial space,
formation of hyaline membranes, presence of proteinaceous
debris in the alveolar space, and thickening of the alveolar wall.
Each of these parameters was scored on a scale of 0 (absent) to 3
(severe) and summed to generate the lung injury score (25, 26).

Swimming and Swarming

LB containing 0.3% (wt/vol) Difco agar (BD) was used for the
swimming test. BM2 (62 mM potassium phosphate buffer [pH
7], 2mM MgSOy, 10 wM FeSOy, 0.4% [wt/vol] glucose, and 0.1%
[wt/vol] casamino acids) containing 0.5% (wt/vol) Difco agar was
used for the swarming test. One microliter overnight LB cultures
were introduced into the center of the agar plate by puncturing
into the agar but without touching the base of the plates. The
plates were incubated at 37°C for 24 h with the right side up. The
diameter of the motility trace was measured (27).

Twitching

LB medium supplemented with 1% (wt/vol) agar was inoculated
by a tip stabbed through the agar to the agar-plastic interface,
with 1 uL of cultures grown in LB broth. After 60 h of incubation,
twitching motility was determined by measuring the diameters of
the twitching zones stained by a 0.1% crystal violet solution (28).

Measurement of Pyocyanin Production
Bacteria cultures were grown at 37°C, 220 rpm. Supernatants
were collected after centrifugation at 10,000 rpm for 10 min
and then filter sterilized. 4.5mL of chloroform was added to
7.5 mL of supernatant and vortexed. Samples were centrifuged for
10 min at 10,000 rpm. The resulting blue layer at the bottom was
transferred to a new tube. 1.5 mL of 0.2 M HCl was added to each
tube and vortexed. Samples were centrifuged for 2 min at 10,000
rpm, and 1 mL from the pink layer was transferred to cuvettes.
Spectrophotometric measurements were done at 520 nm. 0.2 M
HCI was used as a blank. Pyocyanin concentration (uL/mL) was
calculated by multiplying the value at 520 nm with 17.072 and
then multiplying it again by 1.5 (27).

Immunofluorescence

Collected lungs were embedded in OCT and were immediately
frozen. Six-micrometer sections were cut using Leica CM1520
Cryostat. OCT was removed from cryosections in PBS, and
the samples were fixed using 4% paraformaldehyde in PBS
(pH 7.4) for 10min at room temperature. Permeabilization
and blocking were done in 5% BSA in PBS containing 0.25%
Triton X-100. The expression of Claudin-1, ZO-1, TLR4,
NLRP3, NLRC4, ASC, caspase-1, p-STAT3, and p-NFkB p65 was
determined by immunofluorescence. Abs Claudin-1 (Invitrogen,
Cat# 71-7800), ZO-1 (Proteintech, Cat# 66452-1-1g), TLR4
[Santa Cruz Biotechnology, TLR4 Antibody (25): sc-293072],
NLRP3 (ABclonal, Cat# A12694), NLRC4 (Invitrogen, Cat#
PA5-88997), ASC (Santa Cruz Biotechnology, ASC Antibody
[B-3]: sc-514414), caspase-1 (Santa Cruz Biotechnology, caspase-
1 pl0 Antibody [M-20]: sc-514), p-NFkB p65 (Santa Cruz
Biotechnology, p-NFkB p65 Antibody [Ser 536]: sc-136548), and
p-STAT3 (Cell Signaling Technology, Phospho-Stat3 [Tyr705]
[D3A7] XP® Rabbit mAb #9145) were used as primary
antibodies at a 1:100 dilution. Goat anti-Rabbit I1gG (H+L)
Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor 488
(Cat# A-11034, Invitrogen), or Goat anti-Mouse IgG (H+L)
Cross-Adsorbed Secondary Antibody, Alexa Fluor 594 (Cat# A-
11005, Invitrogen) was used at a 1:1,000 dilution as secondary
antibodies. Cell nuclei were stained with DAPI solution
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(1 ng/mL DAPI in PBS). Slides were visualized with an Olympus
FV3000 confocal laser scanning microscope. Quantification
analysis was performed by Fiji (19).

LPS Quantification Assay

Bacteria cultures were grown at 37°C, 220 rpm, until an OD600 of
0.5 was reached. Supernatants were collected after centrifugation
at 10,000 rpm for 10min and then filter sterilized. Diluted
supernatants (1:4) were used for LPS measurement by Pierce LAL
Chromogenic Endotoxin Quantitation Kit (Cat#88282 Thermo
Scientific) in accordance with the manufacturer’s instructions.

Protease Assay

Bacteria were grown at 37°C, 220 rpm overnight. Supernatants
were collected after centrifugation at 4,000 rpm for 30 min.
0.1 mL azocasein solution (30 mg dissolved in 1 mL water), 3mL
phosphate buffer (50mM, pH 7.5), and 0.1 mL supernatant
were mixed and incubated at 37°C for 1 h. Adding 0.5 mL 20%
trichloroacetic acid (TCA) to stop the reaction. Supernatants
were collected by centrifugation at 12,000g for 10 min. Two
hundred microliters supernatants were added to the microtiter
plate for absorbance measurement at 366 nm (29).

Alginate Assay

After bacteria had been cultured in 37°C shaker overnight,
bacterial cultures were mixed with equal volume of 0.85%
saline and centrifugated at 4,000 rpm for 30 min to collect the
supernatants. The supernatants were mixed with equal volume
of 2% cetylpyridinium chloride. The precipitates were collected
by centrifugation at 4,000 rpm for 30 min. The precipitates were
dissolved in 1M HCI solution, precipitated with isopropanol,
and dissolved again in the 0.85% saline. Fifty microliters samples
were mixed with 200 pl of borate-sulfuric acid reagent (10 mM
H3BO3 in concentrated H,SOy4) and 50 pl of carbazole reagent
(0.1% in ethanol) before incubation at 100°C for 10 min. Two
hundred microliters of supernatants were transferred to the
microtiter plate and absorbance at 550 nm was determined
spectrophotometrically (30).

Rhamnolipid Assay

Bacteria were grown in 5mL LB-MOPS medium (dissolve 25 g
LB powder and 10g MOPS in 1L deionized water, adjust
pH to 7.2 using NaOH) overnight at 37°C, 220 rpm. After
centrifugation at 4,000 rpm for 30 min to collect supernatants,
IN HCI was added to 4 mL supernatants to adjust pH to 2.3.
Mixing 4 mL supernatant with 4 mL ethyl acetate and vertexing
vigorously. After centrifugation at 500 rpm for 1 min, the upper
phases were transferred to new tubes and evaporated to dryness.
Methylene blue solution (Cat#1808, Sigma-Aldrich) was diluted
1:25 in deionized water and was adjusted to 8.6 pH by adding
15 pl 50mM borax buffer. Four milliliters chloroform and
400 pl diluted methylene blue solution were added to the
tubes containing the dry extracts and vortexed vigorously. After
incubation at room temperature for 15min, 1 mL chloroform
phase and 500 1 0.2 N HCI were added to 2 mL microcentrifuge
tube and vortexed 20 s. The tubes were centrifuged at 500 rpm for
1 min. Two hundred microliters upper phases were transferred

to the microtiter plate for absorbance measurement at 638 nm
against an 0.2 N HCl blank (31).

Growth Curves

The bacteria cultures were diluted when an ODgg value of 0.05
was obtained. The growth curves were performed in polystyrene
microtiter plates by adding 100 pL cultures and incubated at
37°C. The optical densities at ODggo were recorded every 1 h (32).

Flow Cytometry

Single cells were obtained from lungs digested by collagenase.
The cells were stained for 1 h with abs PE Rat Anti-Mouse F4/80
(BD Pharmingen Cat# 565410), PE/Cy7 Anti-Mouse/Human
CD11b (BioLegend Cat# 101215), PerCP/Cyanine5.5 Anti-
Mouse CD45 (BioLegend Cat# 103132), and FITC Anti-Mouse
Ly-6G/Ly-6C (Gr-1) (BioLegend Cat# 108406) diluted in PBS at a
1: 1,000. For compensation, single stained samples were set. Cells
were analyzed on BD FACSymphony (BD). Data were generated
using FlowJo V10 (Treestar, Stanford, CA).

Statistical Analysis

Survival differences and growth curves were analyzed by the
Kolmogorov-Smirnov test. In all other cases, one-way ANOVA
with a post-hoc Tukey test was performed. For all statistical
analyses, the statistical package R 3.6.0 was used.

RESULTS

oprC Deficiency Impacts Bacterial Motility

To investigate the effects of oprC deficiency on bacterial
physiologic and/or pathogenic characteristics, we compared the
swarming, swimming, and twitching motility between PAOI,
AoprC, and AoprC/p-oprC strains (17). Supplemental Figure 1
shows decreased mRNA expression of AoprC compared to
PAOL1 (p = 2.10e-05) and AoprC/p-oprC (p = 6.90e-10) strains.
Swarming of P. aeruginosa is a multicellular motility action
relating to the quorum-sensing system (QS) (33-35). QS signals
may modulate the expression and production of hundreds of
virulence factors and regulate multiple downstream effects (36).
As shown in Figure 1A, AoprC lost the dendritic branch features
on BM2 swarming plates, and the diameter of the swarming zone
was reduced by more than three quarters compared to PAO1 and
complemented strains. We examined the swimming motility on
swimming plates to assess the individual cell motility by rotating
flagella (37). The swimming zone diameter of AoprC was half
of that of the WT strain (Figure 1B). Next, we also examined
the twitching motility related to type IV pili (37). Figure 1C
illustrates decreased twitching motility of AoprC compared to
PAO1 (p = 7.54e-03) and complemented strains (p = 3.65e-
03). However, no apparent change in growth was induced by the
oprC-deficient mutation (Figure 1D). Altogether, these findings
suggest that oprC-deficient mutation impaired bacterial motility.

oprC Is Involved in Virulence Regulation

The QS system is highly involved in competence, antibiotic
production, biofilm formation, bacterial motility, and virulence
factor secretion (36, 38). Given the bacterial motility changes of
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FIGURE 1 | Altered bacterial motility in the AoprC strain. After the bacteria were incubated at 37°C for 24 h, (A) swarming motility (7 = 3) and (B) swimming motility
(n = 3) were assessed in a BM2 plate containing 0.5% agar and an LB plate containing 0.3% agar, respectively. (C) Twitching motility (n = 3) after incubating for 60 h
at 37°C. (D) Bacterial growth curves (n = 4) on LB media are shown. Error bars represent the mean =+ s.d. Kolmogorov-Smirnov test was performed for bacteria
growth curves analysis. One-way ANOVA with a post-hoc Tukey test was performed for comparison of means of groups in other cases.
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FIGURE 2 | AoprC exhibited increased toxin production and upregulated virulence-related gene expression. (A,B) The expression levels of quorum-sensing and
virulence genes were assessed by qRT-PCR (n = 3-4). (C) Quantification of pyocyanin production in P aeruginosa (n = 3). (D) Quantification of LPS production in

P aeruginosa (n = 3). (E) Exoproteases activity of bacteria determined by the azocasein assay (n = 6). Error bars represent the mean + s.d. One-way ANOVA with a
post-hoc Tukey test was performed for comparison of means of groups.

AoprC, we reasoned that QS system might be affected by the  mutation significantly downregulated the expression of multiple
deletion mutation. We then measured expression levels of the QS system genes: lasR (p = 2.20e-03), lasI (p = 2.43e-03), rhIR
genes known to be involved in the QS system. The oprC-deficient  (p = 6.22¢-06), rhll (p = 1.09e-05), and rhIAB (p = 6.19e-04;
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FIGURE 3 | AoprC infection decreased mouse mortality and lung damage following P, aeruginosa infection. (A) C57BL6 mice were intranasally challenged with wild
type PAO1, AoprC, and complemented strain at 2 x 107 CFU in 25 L PBS; moribund mice were killed to obtain survival data (n = 6). (B) Bacterial burdens in the
BALF were determined 24 h after bacterial infection (n = 6). (C) Representative images of immunofluorescence staining of the lungs infected with bacteria for
Claudin-1 co-stained with ZO-1 and DAPI (n = 3). Arrowheads show the membrane localization of Claudin-1. Scale bars, 20 um. (D) Representative histological views
of the lungs of mice 24 h after intranasal infection with bacteria by H&E staining (insets show the enlarged views) (n = 3). Arrows show examples of neutrophil
infiltration areas. Scale bars, 50 um. (E) Quantification of leukocytes, macrophages, monocytes, and neutrophils numbers per 30,000 cells collected from lung
infected with bacteria for 24 h. Error bars represent the mean =+ s.d. Kolmogorov-Smirnov test was performed for survival curves analysis. One-way ANOVA with a
post-hoc Tukey test was performed for comparison of means of groups in other cases.

Figure 2A). In addition, the expression of major virulence genes,  interaction. In an acute lung infection model, the oprC-
such as exoS, lasB, plcH, and foxA, in the mutant strain was  deficient mutation completely protected the mice from death
significantly decreased compared to PAO1 (Figure 2B). Next,  after infection compared to the PAO1 and the complemented
we examined QS regulated virulence factors (38), pyocyanin  strain (p = 0.021, Figure 3A). Mice infected with AoprC
(PCN), LPS, exoproteases, alginates, and rhamnolipids. PCN,  strain showed only lethargy within 12h post-infection but
a blue-green pigment mediating tissue damage and necrosis  recovered within 24h post-infection, resulting in no death.
during lung infection, is one of the exotoxins secreted by P.  Bacterial burdens were markedly decreased in the AoprC
aeruginosa (39). PCN secretion was drastically reduced in AoprC  strain-challenged group compared to the PAO1l group at
(p = 6.34e-07) compared to PAO1 and was reversed by oprC ~ 24h post-infection in bronchoalveolar lavage fluid (BALF; p
complementation (Figure 2C). LPS, also known as lipoglycans = 8.46e-03), blood (p = 8.10e-03), and lungs (p = 2.14e-
and endotoxins, were significantly reduced in the AoprC strain ~ 04; Figure 3B and Supplemental Figures 3A,B). In contrast
compared to PAO1 (p =5.57¢-03) and complemented strains  to the AoprC strain-challenged group, there was no marked
(p = 4.17e-04; Figure 2D). The release of exoproteases, helping  difference between PAO1 and complemented groups. As shown
to dismantle the tissue connection (40), showed a similar pattern  in Figure 3C, we noticed that change of Claudin-1 in localization
as shown in Figure 2E. Also, the productions of alginates and ~ from membrane to cytosol hampered the integrity of tight
rhamnolipids (Supplemental Figures 2A,B) were decreased in  junctions in the PAO1 group (41), suggesting that PAO1
the mutant group. Collectively, these results support that the  infection caused more severe lung barrier damages than AoprC
oprC deletion mutant affects virulence regulation and toxin  strain. Also, the degree of lung inflammation in the AoprC
secretion of P. aeruginosa. strain-infected mice was significantly lower than that in the

PAOLl-infected mice (Figure 3D and Supplemental Figure 3C).

. . Figure 3E showed more leukocytes, macrophages, monocytes,
oprC Deficiency Attenuates Mouse and neutrophils in PAO1- and AoprC/p-oprC strain-infected

Mortality and Lung Damage Following lungs. Gating strategies for flow cytometry were shown
P aeruginosa Infection in Supplemental Figure 3D. Overall results demonstrate that

Due to the significant alterations in motility and virulence, we ~ oprC plays an important role in P. aeruginosa lethality
hypothesized that OprC potently affected the host-pathogen  in mice.

Frontiers in Immunology | www.frontiersin.org 106 August 2020 | Volume 11 | Article 1696


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Gao et al. oprC Dampens Host Immunity
A DAPI Caspase-1 Merge c Ctrl PAO1
Tir2
1.56e-08
—_ §15 9746-03
8 § 1,090-0¢
:;: . Ltee-od &’
(% v 5 45606 }__j
g B $ & AoprC  AoprClp-oprC
5 Z <
- flm = a
o 0
o &
Q nta 1 [ "o | [ 116
8~ S - J‘;:A‘ »ﬁc‘ﬁﬂ‘ . "(,Ff: !2:“3&_‘ N v]"‘)a ;:‘5: 04
< 8 100 2400-08 . s 5 11e-08 : 2 T03e0d
& rr T r— TR
% ] : ;
zZ
(4
(e £ 5C -2 - == A
S 2
3 -
S . T s
& ) S S ¢
8 SRS & O F
<
FIGURE 4 | oprC deficiency dampened inflammasome formation and proinflammatory cytokines production upon P aeruginosa infection. (A) Representative images
of immunofluorescence staining of the lungs infected with bacteria for ASC co-stained with caspase-1 and DAPI (n = 3). Insets indicate the ASC speck-like structures.
Arrows show the colocalization between ASC and caspase-1. Scale bars, 10 um. (B) The RNAs were isolated from the infected lungs using TRIzol and
reverse-transcribed into cDNA. The expression of TIr2 was assessed by gRT-PCR (n = 8). (C) Representative images of immunofluorescence staining of the lungs
infected with bacteria for TLR4 co-stained with DAPI (n = 3-5). Scale bars, 20 um. (D) The RNAs were isolated from the infected lungs using TRIzol and
reverse-transcribed into cDNA. The gene expression levels of l/1a, lI1b, and /6 were assessed by gRT-PCR (n = 8). Error bars represent the mean + s.d. One-way
ANOVA with a post-hoc Tukey test was performed for comparison of means of groups.

oprC Deficiency Dampens Inflammatory

Responses After P. aeruginosa Infection

NLRP3 and NLRC4 of the NLR family are the most widely
studied inflammasomes activated by pathogenic organisms,
including P. aeruginosa (42, 43). Real-time reverse transcription
PCR (qRT-PCR) showed attenuated Nirc4 (p = 5.58e-06) and
Nirp3 (p = 1.17¢-08) gene expression in the AoprC strain-
challenged lungs compared to PAO1-challenged lungs, whereas
there was no apparent difference between the complemented
and PAOI strain (Supplemental Figure 4A). Immunoblotting
results demonstrated increased expression of NLRC4, NLRP3,
the adaptor protein ASC, pro-caspase-1, and cleaved caspase-
1 pl0 in PAOIl-challenged lungs rather than the AoprC
strain-challenged lungs (Supplemental Figure 4B). Moreover,
we examined ASC speck formation in the infected lungs.
Figure 4A showed more ASC specks and colocalizations between
ASC and caspase-1 observed in PAO1- and AoprC/p-oprC-
challenged lung sections but not in the AoprC sections,
indicating that the inflammasome formation was downregulated
by oprC deficiency mutation during P. aeruginosa infection.
TLRs often serve as canonical sensors for various microbial
component detection and innate immunity elicitation. TLRs,
along with their adaptor proteins, initiate signaling cascades,
leading to the activation of nuclear factor-kappa B (NF-kB)
controlling the expression of inflammatory cytokine genes.

Hence, we assessed TIr2 and TIr4 mRNA expression in
infected and control lung tissue homogenates and found
that TIr2 expression was markedly suppressed in the AoprC
strain-challenged lungs (p = 1.09e-04; Figure 4B), while
the gene expression of TIr4 was not significantly affected
(Supplemental Figure 4C). However, the protein expression
level of TLR4 was influenced by oprC during infection
(Figure 4C and Supplemental Figure 4D). As NF-«B signaling
activated by TLRs could initiate the transcription of various
inflammatory cytokines, we next examined the expression of
various cytokines in infected lungs. The mRNA levels of
proinflammatory cytokines, including Il1a (p = 6.82e-08), Il1b
(p = 5.75e-05), 1I6 (p = 0.029), II23a (p = 8.33e-07), and
Il12a (p = 1.68e-05), were significantly downregulated in the
AoprC strain-infected lung tissues compared to the PAOI-
infected group (Figure 4D and Supplemental Figure 4E). These
data suggest that the inflammatory responses in the lungs
infected with the AoprC strain were attenuated compared to the
PAOL1 group.

oprC Deficiency Decreases Pyroptosis and
STAT3/NF-kB Phosphorylation Following

P. aeruginosa Infection
In response to inflammasome activation, GSDMD can be cleaved
by caspase-1. The released N-terminal domain oligomerizes
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and creates plasma membrane pores that lead to pyroptosis
and secretion of interleukin-1f (IL-1B) (4). We then examined
whether the oprC-deficient mutation affects GSDMD cleavage
and subsequent pyroptosis in MH-S cells (mouse alveolar
macrophages). Figure 5A shows that infection by the mutant
strain still induced GSDMD cleavage and pyroptosis but to
a lower extent compared to PAO1 strain infection. Since the
loss of membrane integrity results in the release of lactate
dehydrogenase (LDH) and IL-1f into the extracellular space
(5), we measured the release of IL-18 and LDH in MH-S cells.
We found that both IL-18 and LDH in the AoprC strain-
infected group were significantly reduced compared to the PAO1-
infected group (p = 0.030 and p = 4.96e-03, respectively;
Figures 5B,C). However, no significant change was observed
between the complemented and PAO1 strain-infected groups in
IL-1p and LDH release. Immunoblotting also showed decreased
cleaved caspase-1 p10 and cleaved IL-1f in AoprC-infected cells
compared to the PAO1 group, which is consistent with the
results from the lungs (Supplemental Figure 5A). Furthermore,
the STAT3/NF-kB signal pathway in the host has been shown
to be activated to promote proinflammatory cytokine expression
against P. aeruginosa infection (44, 45). The protein levels of
STAT3 and NF-kB/p65 in MH-S cells infected with AoprC were
markedly decreased (Figure 5A). Immunofluorescence staining
of the infected lung sections showed that phosphorylation of
STAT3 and NF-kB/p65 in the AoprC strain-infected lungs was
not as strong as the PAOI strain- or complemented strain-
infected lungs (Figure 5D). We also found more colocalization
between p-STAT3 and p-NFkB/p65 in the lungs infected
with PAO1 or complemented strain (Supplemental Figure 4A).

Opverall, these results suggest that pyroptosis and STAT3/NF-kB
activation during P. aeruginosa infection are impaired in AoprC
strain infection.

oprC Deficiency Attenuates Pyroptosis
Dependent on Reduced STAT3/NF-«xB

Activation

To understand how oprC affects pyroptosis, we used chemical
inhibitor stattic to block STAT3 phosphorylation and
dimerization. We found reduced STAT3 phosphorylation,
along with declined activation of NF-kB/p65 and GSDMD in
the PAOIl-infected and complemented-infected groups by the
inhibitor, but not in the AoprC group (Figure 6A). Similarly, we
used NF-kB inhibitor BAY to validate the data and noticed that
BAY inhibited the phosphorylation of NF-kB/p65 and STAT3,
as well as the GSDMD cleavage, only in the PAO1l-infected
and complemented-infected groups (Figure 6B). TNF-a is
a major cytokine released by bacterial-pathogen-stimulated
macrophages. STAT3 inhibitor administration significantly
reduced TNF-a secretion in the AoprC group (p = 7.4e-03), as
well as the PAO1 group (p = 3.4e-04) and the complemented
group (p = 5.9e-04; Figure 6C). NF-kB inhibitor administration
also reduced TNF-a secretion in the PAO1 group (p = 1.3e-
03) and the complemented group (p = 1.0e-03) but only
marginally in the AoprC group (p = 0.061; Figure 6D). In
addition to TNF-a, phosphorylated NF-kB/p65 promoted
expression of proinflammatory cytokines, such as IL-6 and
IL-1B. We examined IL-1f secretion in the bacteria-infected
MH-S cells, which showed that stattic and BAY pretreatment
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drastically decreased IL-1p production in MH-S cells infected
with the PAOLI strain (p = 0.017 and p = 0.015, respectively)
or the complemented strain (p = 3.0e-04 and p = 0.049,
respectively) but not the AoprC strain (Figures 6E,F). The
treatment with STAT3 and NF-«B inhibitors decreased the IL-6
secretion in the PAOl-infected group (p = 5.3e-04 and p =
0.048, respectively) and the complemented group (p = 3.3e-06
and p = 0.021, respectively) (Figures 6G,H). However, upon
AoprC infection, stattic significantly reduced the IL-6 cytokine
secretion back to the control level (p = 3.1e-05), while there
was no significant difference in the BAY-treated group (p =
0.16). Collectively, these observations demonstrate that oprC
deficiency attenuates pyroptosis, which is dependent on blunted
STAT3/NF-kB activation.

DISCUSSION

Due to the growing antibiotic resistance, P. aeruginosa has
increasingly become a major concern in hospital-acquired
infections. These infections can occur in any part of the body
with severe outcomes or death, imposing a heavy medical burden.
The infections in the blood and lungs tend to be more severe and
lead to pneumonia and/or bacteremia. The therapeutic strategies
have been primarily developed based on controlling the critical
virulence in order to kill pathogens, thereby reducing virulence,
improving host immunity, and rescuing the infected patients.
We observed that the oprC-deficient mutation resulted in a
change in bacterial motility. Despite no influence on bacteria

growth, the oprC mutation diminished swarming, swimming,
and twitching ability. Both multicellular swarming and individual
swimming are bacterial motilities powered by rotating flagella,
whereas twitching is mediated by the extension and retraction
of type IV pili (37). Previous studies (46-49) showed that
these three movements were positively associated with virulence
factors, including the type 3 secretion system and its effectors,
extracellular proteases, and iron transport.

Considering the important roles of the QS system in bacterial
motility (38) and virulence modulation (50), we examined the
transcription of two major QS systems, the LasR-Lasl system
and the RhIR-RhII system (51). Interestingly, markedly declined
expression of QS-associated genes (lasR, lasI, rhiR, and rhIAB)
and typical virulence genes (toxA, lasB, exoS, and plcH) implies
that oprC may participate in bacterial virulence regulation. Prior
studies (52, 53) revealed that PCN is a crucial virulence factor
of P. aeruginosa in the airway pathogenesis of cystic fibrosis
patients. Furthermore, PCN has been shown to significantly
enhance LPS-induced IL-1 and TNF-a release by monocytes (54).
In this study, we noticed the marked reduction of PCN and LPS
secretion in the mutant strain, as well as the further experiment
results from exoproteases, alginate, and rhamnolipids, which
indicated decreased virulence with oprC deficiency.

The changes in bacterial virulence should affect the host-
pathogen interaction; however, how OprC impacts the host
immune response is not well-known. Critically, our results
demonstrated reduced mortality, lung barrier damage, and
inflammatory responses in mice infected by the oprC deletion
mutant. It was established that lung barrier integrity plays a
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critical role in homeostasis and immunity against pathogen
invasion (55, 56). Once pathogen invades the host, the
PRR will recognize the specific PAMP of the pathogen.
The best-studied PRRs are the TLRs for the recognition of
PAMPs of P. aeruginosa, including LPS, PGN, and flagellin
(2). LPS recognition by TLR4 is universally attributed to
triggering host defense responses against infection by Gram-
negative bacteria, our data here indicated the decreased TLR4
expression in response to the oprC-deficient mutation of P.
aeruginosa. Moreover, the gene or protein expression levels
of inflammasomes (NLRP3 and NLRC4) and underpinning
proinflammatory cytokines were assessed to probe the
participation of inflammatory regulators. Consistent with
previous studies (57, 58), both inflammasomes and inflammatory
cytokines were activated during PAOI infection. In contrast,
oprC deficiency reduced inflaimmasome activation and the
production of proinflammatory cytokines.

Generally, pyroptosis is a kind of cell death mediated by
GSDMD. IL-1B and LDH can be released from the pore formed
by active GSDMD. Meanwhile, IL-1f secretion is relevant to
the inflammasome pathway, JAK/STAT, as well as the NF-kB
signaling pathway. Our data showed the activation of GSDMD,
along with the phosphorylation of STAT3 and NF-kB, caused
by P. aeruginosa, but the activation was abolished by the oprC
deficiency strain infection. We also observed the colocalization
of p-STAT3 and p-NF-kB/p65 in PAO1-infected lungs, usually
occurring in the cancer cells (59), which reflects potential
interaction between STAT3 and NF-kB. NF-kB activated by TLRs
can promote cytokine gene transcription, including II-18, and
as feedback, II-1B can in turn stimulate NF-kB activation (60).
Similarly, IL-6 transcription can be regulated by the transcription
factors NF-kB and STAT3. Moreover, IL-6 directly activates
STAT3 (61).

The administration of transcription factor inhibitors (stattic
and BAY) disrupted the positive loop and reduced the
proinflammation cytokine secretion. The secretion of TNF-a, IL-
18, and IL-6 was sharply decreased after inhibitor treatment,
while it was only slightly decreased in the AoprC group.
Together with the alleviation of inflammation responses, the
reduction of cleaved GSDMD results in the diminution of
pyroptosis. Although no direct evidence was provided for STAT/
NF-kB facilitating GSDMD transcription, the upregulation of
NLRP3 expression by NF-kB-dependent signals (20) supports
the activation of GSDMD. Given the liaison between STAT3 and
NEF-kB (62, 63), blocking the function of either could decrease
proinflammatory cytokine production and inhibit an excessive
inflammatory storm in the host. oprC deficiency attenuates the
inflammation response following P. aeruginosa infection via
STAT3/NF-kB phosphorylation.

In summary, our study illustrates for the first time that
OprC, which has recently been implicated in copper influx
in P. aeruginosa, regulates the critical QS virulence signals
and thereby strongly impacts the host immune response. It is
not clear how OprC affects the QS, which may be related to
copper as copper plays essential roles in cellular homeostasis
maintenance as a co-factor for multiple enzymes. Here, our
results demonstrate that oprC regulates the critical QS virulence
signals, leading to a reduction in inflammasome activation,
whereas exacerbated inflammatory responses profoundly impact
cell viability, lung barrier integrity, tissue injury, and ultimately
survival. Lung epithelial barrier is one of the critical mechanisms
in preserving homeostasis and protecting immunity against
pathogen invasion (55).

We proposed a model for the OprC-mediated virulence
regulation and host immune response to P. aeruginosa infection
(Figure 7). OprC triggers TLR signal activation by excessive
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LPS secretion, promoting NF-kB activation. Subsequently, with
pore-forming protein GSDMD activated by caspase-1, pyroptosis
is initiated, which represents rapid plasma-membrane rupture
and release of proinflammatory intracellular contents. Cytokines
released into the extracellular matrix elicit corresponding
receptor recognition and transcription factor (STAT3 and
NEF-kB) activation. This positive feedback, often occurring after
P. aeruginosa infection, is abolished under oprC deficiency
conditions. oprC deficiency downregulates P. aeruginosa
virulence, alleviates infection, and improves inflammation
via reduced pyroptosis and STAT3/NF-kB phosphorylation.
Importantly, our findings establish the critical virulence activity
of oprC in physiological relevance in mice, shedding new light
on the mechanistic understanding of P. aeruginosa pathogenesis
and host-pathogen interaction.
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