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Abstract

Background

The goal of this study was to determine if IL-22:Fc would Acute Respiratory Distress Syn-

drome (ARDS).

Summary background data

No therapies exist for ARDS and treatment is purely supportive. Interleukin-22 (IL-22) plays

an integral component in recovery of the lung from infection. IL-22:Fc is a recombinant pro-

tein with a human FC immunoglobulin that increases the half-life of IL-22.

Study design

ARDS was induced in C57BL/6 mice with intra-tracheal lipopolysaccharide (LPS) at a dose

of 33.3 or 100 ug. In the low-dose LPS group (LDG), IL-22:FC was administered via tail vein

injection at 30 minutes (n = 9) and compared to sham (n = 9). In the high-dose LPS group

(HDG), IL-22:FC was administered (n = 11) then compared to sham (n = 8). Euthanasia

occurred after bronchioalveolar lavage (BAL) on post-injury day 4.

Results

In the LDG, IL-22:FC resulted in decreased protein leak (0.15 vs. 0.25 ug/uL, p = 0.02). BAL

protein in animals receiving IL-22:Fc in the HDG was not different. For the HDG, animals

receiving IL-22:Fc had lower BAL cell counts (539,636 vs 3,147,556 cells/uL, p = 0.02). For

the HDG, IL-6 (110.6 vs. 527.1 pg/mL, p = 0.04), TNF-α (5.87 vs. 25.41 pg/mL, p = 0.04),

and G-CSF (95.14 vs. 659.6, p = 0.01) levels were lower in the BAL fluid of IL-22:Fc treated

animals compared to sham.

Conclusions

IL-22:Fc decreases lung inflammation and lung capillary leak in ARDS. IL-22:Fc may be a

novel therapy for ARDS.
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Introduction

Acute Respiratory Distress Syndrome (ARDS) is a major clinical challenge worldwide. In the

United States, ARDS is common, occurring in approximately 200,000 Americans per year [1,

2], with numbers likely to be increasing during the coronavirus disease of 2019 (covid-19) pan-

demic. ARDS has high morbidity and mortality, with death rates ranging up to 80% [3, 4]. For

those that survive ARDS, there are significant long-term negative effects on quality of life,

mental health, and neurocognitive function [5–7]. Current treatment remains primarily sup-

portive, with ARDSnet lung-protective strategies and proning maneuvers improving survival,

but no distinct therapeutic exists to reduce mortality [8, 9]. Extracorporeal Membrane Oxy-

genation (ECMO) and early neuromuscular blockade have also been proposed as treatments

for ARDS, yet with conflicting results [9–11]. A novel therapy to treat ARDS has the potential

to drastically decrease morbidity and mortality and this has never been more apparent than in

the current coronavirus (covid-19) pandemic.

Interleukin-22 (IL-22) mediates epithelial repair in the injured lung. Most studies examin-

ing IL-22 have focused on its role of the injured lung after infection. Pre-clinical studies have

shown that IL-22 has anti-fungal activity [12] and helps improve bacterial clearance [13–16].

IL-22 is required for normal repair of the injured lung after influenza infection [17] and mice

treated with IL-22 show decreased inflammation and lung leak. These pre-clinical data suggest

that IL-22 may have therapeutic potential in other forms of acute lung injury (ALI) [17]. IL-22

can signal through IL-10R2 receptors and IL-22Ra1 receptors. While the IL-10R2 receptor is

widely expressed, IL-22Ra1 is limited predominantly to the epithelial cells of the skin, intes-

tines, and lung. Whether the IL-22Ra1 receptor is expressed normally in the lung parenchyma

is controversial [18–20]. Prior studies have shown that it is expressed in the alveoli after injury

(20). Collectively, these studies have shown that IL-22 receptors are present on epithelial cells

in the lung, and that stimulation of these receptors increases epithelial integrity as well as aug-

menting bronchial epithelial cell proliferation and inhibiting apoptosis [12, 14–17].

Studies on the role of IL-22 in the injured lung have been limited to infection models and

no such published studies have examined its role in ALI or ARDS. Since IL-22 has been shown

to have therapeutic potential by decreasing lung inflammation and injury in a murine model

of H1N1 influenza [17], we hypothesized that the IL-22 protein given after acute lung injury

(ALI) in mice would mitigate inflammation and repair ARDS-associated lung injury. To test

this hypothesis, we used IL-22:Fc that prolongs IL-22 half-life in vivo [21].

Methods

The study was carried out in strict accordance with the recommendations in the Guide for the

Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was

approved by the Tulane University Institutional Animal Care and Use Committee (Protocol

ID: 607). All surgery was performed under isoflurane anesthesia and all efforts were made to

minimize suffering. All animals were monitored every 24 hours and each animal was exam-

ined for signs of distress or suffering such as hunched posture or respiratory distress. Any ani-

mals demonstrating suffering or distress were euthanized. The method of euthanasia was

cervical dislocation and exsanguination under anesthesia.

Acute lung injury and IL-22:Fc treatment

After approval from the Tulane University, Institutional Animal Care and Use Committee

(protocol ID 607), equal numbers of male and female, 6–8 week old C57BL/6 mice (Charles

River Laboratories, Cambridge, MA) were given ALI via intra-tracheally administered lipo-

polysaccharide (LPS). After obtaining appropriate depth of anesthesia using isoflurane, the

PLOS ONE IL-22 to treat acute respiratory distress syndrome

PLOS ONE | https://doi.org/10.1371/journal.pone.0254985 October 1, 2021 2 / 20

Competing interests: The authors have declared

that no competing interests exist.

https://doi.org/10.1371/journal.pone.0254985


high-dose LPS group (HDG) received 100 ug of LPS administered intra-tracheally. Approxi-

mately 30 minutes after LPS administration, 4 ug of IL-22:FC was administered via tail vein

injection (n = 11), then compared to animals receiving sham injection (n = 8) with phosphate-

buffered saline (PBS). Tail vein injection was used to deliver IL-22:Fc as prior studies have

shown that this route of injection allows delivery of the injectate directly to the lungs in mice

[22, 23]. In the low-dose LPS group (LDG), 33.3 ug of LPS was administered intra-tracheally.

IL-22:FC was again administered at 30 minutes (n = 9) and compared to sham injected ani-

mals (n = 9). The Interleukin-22:Fc (IL-22:Fc) protein is a recombinant fusion protein (F-652)

(Evive Biotech, Shanghai, China) with two human IL-22 molecules linked to the Fc portion of

human immunoglobulin G2, which extends the half-life of the molecule. The half-life of IL-22

is 2 hours, while the half-life of the fusion protein in vivo is 3.02 days [21]. Human IL-22 binds

and activates the mouse receptor. Dosage of IL-22:Fc was determined from prior in vitro stud-

ies [24].

Evaluation of lung injury

Euthanasia and bronchoalveolar lavage (BAL) were carried out on post-injury day 4. After

obtaining appropriate levels of anesthesia with inhaled isoflurane, the trachea was cannulated

using a 26 gauge needle and BAL was performed with three successive washes using 1 mL of

phosphate buffered saline (PBS). Next, a small segment of the left lower lobe was removed and

saved for RNA isolation. Finally, 1 cc of 4% paraformaldehyde was injected to the lung for

fixation.

The BAL fluid was then centrifuged at 500 x gravity for 5 minutes. Cells were obtained

from the BAL after centrifuge and cell counts performed. Cells were then affixed to glass slides

and stained with Wright’s stain. To quantify protein in the BAL supernatant, a Bradford pro-

tein assay (Bio-Rad Laboratories) was performed. Protein was quantified by measuring absor-

bance at 595 nm on a BMG Labtech FLUOstar Optima plate reader. In addition, the BAL

supernatant was used to measure pro-inflammatory cytokines using a Milliplex Mouse Cyto-

kine/Chemokine Magnetic Bead Panel (Millipore Sigma). The 32 cytokines measured included

Eotaxin, Granulocyte Colony-Stimulating Factor (G-CSF), Granulocyte-Monocyte Colony-

Stimulating Factor (GM-CSF), Interferon-γ (IFN-γ), Interleukin-1α (IL-1α), IL-1β, IL-2, IL-3,

IL-4, IL-5, IL-6, IL-7, IL-9, IL-10, IL-12 (p40 segment), IL-12 (p70 segment), IL-13, IL-15, IL-

17, Interferon-γ induced protein 10 (IP-10), keratinocyte chemoattractant (KC), leukemia

inhibitory factor (LIF), lipopolysaccharide-induced CXC chemokine (LIX), monocyte che-

moattractant protein-1 (MCP-1), macrophage colony-stimulating factor (M-CSF), monokine

induced by gamma-interferon (MIG), MIP-1α, macrophage inflammatory protein-1β/CCL4

(MIP-1β), MIP-2, regulated upon activation, normal T-cell expressed and presumably secreted

(RANTES), tumor necrosis factor-α (TNF-α), vascular endothelial growth factor (VEGF).

Human IL-22 was measured using an IL-22 Human ELISA kit (ThermoFisher Scientific).

Mouse IL-22 was measured using an IL-22 Mouse/Rat Quantikine ELISA kit (R&D Systems).

Histopathological evaluation

Immediately after sacrifice on post-injury day 4, lung tissue from the right lower lobe was

fixed in 4% paraformaldehyde and cut into sections. The sections were stained with hematoxy-

lin and eosin. Lung injury induced by LPS was assessed by a blinded reviewer with a numerical

scoring scale ranging from 0–4. Regions of lung injury in sections were scored for the extent of

intimal thickening, alveolitis, and the presence of proteinaceous material in the alveolar space.

Scoring system was as follows: 0) no pathology, 1) mild inflammation around airways, less

than 25% of lung involved, 2) patch focal alveolitis, 26–50% of lung involved, 3) widespread
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inflammation encompassing 51–75% of the lung involved, 4) 76–100% lung involvement with

inflammation and blood in alveolar spaces. Representative images were taken.

Endothelial glycocalyx measurements

After sacrifice on post-injury day 4, paraformaldehyde-fixed lung segments were flash-frozen

in Optimal Cutting Temperature (O.C.T) compound (Sakura) and sectioned on a cryostat.

Sections were then blocked phosphate-buffered saline (PBS) supplemented with 1% BSA. Tis-

sue was then stained with 23 μg/mL WGA and 23 μg/mL 40,6-diamidino-2-phenylindole in

PBS with 1% BSA for one hour at room temperature in the dark. Sections were then washed

three times with PBS and covered with Fluoro-Gel mounting medium (Electron Microscopy

Sciences). Glycocalyx and nuclei (40,6-diamidino-2-phenylindole) were imaged on an Olym-

pus BX51 fluorescence microscope under identical conditions. ImageJ software was used to

quantify glycocalyx fluorescence intensity in the alveolar capillaries from a minimum of 20

regions of interest from 3 mice per condition.

Immunofluorescence stains

After sacrifice on post-injury day 4, lung tissue was fixed in 4% paraformaldehyde in phos-

phate buffered saline (PBS) overnight. Paraformaldehyde-fixed lung segments were flash-fro-

zen in Optimal Cutting Temperature (O.C.T.) compound (Sakura) and sectioned on a

cryostat. Tissue was then blocked in 1% bovine serum albumin (BSA) in PBS for one hour. Tis-

sue was then incubated overnight in primary antibody for IL-22Ra1 (Invitrogen, Carlsbad,

CA, Ma5-24017) and E-cadherin (Novus Biologicals, Englewood, CO, NBP2-16258) diluted

1:100 in 1% BSA in PBS. When staining for phosphorylated signal transducer and activator of

transcription 3 (STAT-3), the primary antibody used was Phospho-Stat3 XP rabbit monoclo-

nal antibody (Cell Signaling Technology, Danvers, MA, 9145). Cells were then washed with

PBS 3x. Cells were incubated with secondary antibody, goat anti-mouse Alexa Fluor 488

(1:500; Invitrogen, A28175) and goat anti-rabbit Alexa Fluor 555 (1:500, Invitrogen, A27039)

diluted in 1% BSA in PBS along with 0.1 ug/ml of 4,6 diamidino-2phylindole (DAPI) (Sigma)

for one hour, followed by three washes in PBS. Cells were then cover slipped with Fluoro Gel

mounting medium and imaged on an Olympus BX51 fluorescence microscope. Fluorescence

intensity was quantified using ImageJ.

RNAseq

Lung tissue was homogenized in Trizol buffer (Life Technologies) and total RNA extraction

was performed according to Trizol manufacturer’s instructions. Total RNA was used to per-

form RNA sequencing. RNA quantity and quality were assessed using NanoDrop and Agilent

RNA ScreenTape with Agilent 4150 TapeStation system. SMART-Seq Stranded total RNA

sample prep kit (Takara Bio USA, Inc.) was used for library preparation as specified in the user

manual, followed by Agilent DNA 1000 kit validation with Agilent 4150 TapeStation system

and quantification by Qubit 2.0 fluorometer. The cDNA libraries were pooled at a final con-

centration 1.2pM. Cluster generation and 1 x 75 bp single read single-indexed sequencing was

performed by High-Output kit v2.5 (75 cycles) on Illumina NextSeq 550. Raw reads were pro-

cessed and mapped. The gene transcription data was analyzed using Advaita Bioinformatics

iPathway Guide (Ann Arbor, MI, https://www.advaitabio.com/ipathwayguide) was used to

analyze gene expression. This software analysis tool implements the ‘Impact Analysis’

approach that takes into consideration the direction and type of all signals on a pathway, the

position, role and type of every as described in previous literature [25–28]. The count matrix

was rounded to the nearest integer and assessed for differential gene expression using DESeq2
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(v.1.10.1) [29]. Gene expression was considered different when fold change (FC) was > 1.5

(upregulation) or < 0.667 (downregulation) and the adjusted p value was� 0.05. Pathway

analysis was conducted using the log2 (fold change) and adjusted p-values from DESeq2 with

Ingenuity Pathways Analysis1 (IPA1, QIAGEN Redwood City, CA, www.qiagen.com/

ingenuity) using an adjusted p-value cut-off of 0.10 [30]. Pathway heat maps of normalized

counts from DESeq2 were generated with the heatmap.2 function of the g-plots package [31].

For IL-22:Fc responsive genes, fold changes compared to sham groups are reported for each

surgery group. GEO accession number is pending.

Real-time quantitative reverse transcription PCR

RNA was isolated with Trizol (Invitrogen) and used as a template for reverse transcriptase

(iScript RT supermix, Bio-Rad). mRNAs were quantified by real-time PCR with IQ Sybr

Green Supermix (Bio-Rad), and normalized against PPIA mRNA as the internal control gene.

Relative changes in expression were calculated using the ΔΔCt method as established in prior

studies [32]. Primer sequences are listed in Table 1.

Statistical analysis

Normal distribution was tested by Shapiro- Wilk test. Student’s t-test and Mann-Whitney test

were used where appropriate. Values are presented as means ± standard error and median

with interquartile range where appropriate. A p-value of less than 0.05 was considered signifi-

cant for all tests.

Results

Cell counts measured in BAL

To examine the degree of inflammatory cell influx in high dose injury animals, we compared

cell counts between IL-22:Fc treated animals and sham animals. Cell counts for low-dose LPS

injured animals are shown in Fig 1. As shown in Fig 1A total cell counts were not different in

IL-22:Fc treated when compared to sham (364,444 vs. 433,889 cells, p = 0.16). Neutrophil

count was lower in the IL-22:Fc treated (1,653 vs. 6,869 cells, p = 0.04) as shown in Fig 1B.

Lymphocyte count was not different in IL-22:Fc treated (1,864 vs. 6,556 cells, p = 0.14),

however, macrophage count was lower (290,611 vs. 429,262 cells, p = 0.04) as shown in

Fig 1C and 1D.

A comparison of cell counts for high-dose LPS injury is shown in Fig 2. Mice treated with

IL-22:Fc had lower total cell counts (5.40 x 105 vs. 3.15 x 106 cells, p = 0.02), lower neutrophil

counts (3.69 x 104 vs. 8.99 x 105 cells, p = 0.04), lower lymphocyte counts (2,163 vs. 213,225

cells, p = 0.01), and lower macrophage counts (1.21 x 105 vs. 2.72 x 106 cells, p = 0.03).

Table 1. List of primer sequences used for quantitative PCR.

mRNA Forward Primer Reverse Primer

PPIA 5’-CCCACCGTGTTCTTCGACATT-3’ 5’-GGACCCGTATGCTTTAGGATGA-3’

Tenascin C 5’- ACGGCTACCACAGAAGCTG-3’ 5’-ATGGCTGTTGTTGCTATGGCA -

Collagen, type 1, alpha 1 5’-GCTCCTCTTAGGGGCCACT -3’ 5’-CCACGTCTCACCATTGGGG -3’

Collagen, type 1, alpha 2 5’-GTAACTTCGTGCCTAGCAACA -3’ 5’-CCTTTGTCAGAATACTGAGCAGC -3’

Collagen, type 6, alpha 3 5’-AAGGACCGTTTCCTGCTTGTT -3’ 5’-GGTATGTGGGTTTCCGTTGAG -3’

https://doi.org/10.1371/journal.pone.0254985.t001
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BAL inflammatory mediators

To examine the degree of inflammation in the lungs after IL-22:Fc, we compared inflamma-

tory mediators in BAL fluid of treated and untreated animals. A comparison of all inflamma-

tory mediators measured in the BAL of mice with low-dose LPS injury is shown in Table 2.

There was no difference in amount of any measured inflammatory mediators when comparing

the IL-22:Fc treated to sham animals.

Inflammatory mediators in high-dose LPS injured animals are shown in Fig 3. IL-6 (110.6

vs. 527.1 pg/mL, p = 0.04), TNF-α (5.87 vs. 25.41 pg/mL, p = 0.04), and G-CSF (95.14 vs.

659.6, p = 0.01) levels were lower in the BAL fluid of IL-22:Fc treated animals compared to

sham controls. Interleukin-10 levels in BAL fluid were higher in IL-22:Fc treated (22.10 vs.

4.05 pg/mL, p = 0.03). A summary of all other cytokines measured in the multiplex assay is

shown in Table 3. IL-1α, IL-2, IL-5, IL-9, IL-12, IL-15, and M-CSF were found to be lower in

the IL-22:Fc treated.

Protein leak and histopathology scores

To examine the degree of lung leak and lung damage, we measured BAL protein levels and

compared histopathology scores. After low-dose LPS injury, BAL protein in animals receiving

Fig 1. Cellular influx after low-dose LPS lung injury. Mice with low-dose LPS injury have decreased cellular influx of

B) neutrophils and D) macrophages into the lungs when treated with IL-22:Fc as shown in BAL cell counts. There was

no difference seen in A) total cell counts and C) lymphocyte counts.

https://doi.org/10.1371/journal.pone.0254985.g001
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IL-22:Fc was lower than sham animals (0.15 vs. 0.25 ug/uL, p = 0.03). A comparison of histo-

pathology scores among animals with low dose LPS injury did not show any difference in his-

topathology scores.

After high-dose LPS injury, BAL protein in animals receiving IL-22:Fc was not different

compared to sham (0.55 vs. 0.38 ug/uL, p = 0.18). A comparison of histopathology scores of

high-dose LPS inured animals (Fig 4A) showed that IL-22:Fc treated animals had less severe

Fig 2. Cellular influx after high-dose LPS lung injury. Mice with high-dose LPS injury have decreased cellular influx into the lungs when treated with IL-22:Fc as

shown in BAL cell counts. IL-22:Fc treated mice have decreased A) total cell counts, B) neutrophil counts, C) lymphocyte counts, and D) macrophage counts.

https://doi.org/10.1371/journal.pone.0254985.g002
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injury scores (1.0 vs. 2.0, p = 0.03). Representative images of IL-22:Fc treated and sham ani-

mals are shown in Fig 4A and 4B.

Glycocalyx degradation

To determine if IL-22:Fc helps maintain the glycocalyx layer in the endothelium of alveolar

capillaries, we measured endothelial glycocalyx intensity as seen in Fig 5. In the low dose LPS

injury group, IL-22:Fc resulted in greater intensity of the glycocalyx (80.0 vs. 63.7 Arbitrary

Units, p<0.001) after LPS injury. Representative images are shown in Fig 5.

In the high dose LPS injury group, there was no difference in glycocalyx intensity when

comparing IL-22:Fc treated with sham.

Exogenous vs. endogenous IL-22

To determine if the effect on the lungs was due to exogenous IL-22:Fc or endogenous IL-22,

we measured human and mouse IL-22 in the BAL of both high and low dose LPS injured ani-

mals. As shown in Fig 6, there was higher levels of human IL-22 in the IL-22:Fc treated in both

Table 2. A comparison of IL-22:Fc treated and sham animals after acute lung injury with low dose LPS.

Cytokine IL-22:Fc Treated (pg/mL) Sham (pg/mL) p-value

Interleukin-1α 61.31 ± 12.36 47.00 ± 9.64 0.19

Interleukin-1β 0.01 ± 0.01 0.01 ± 0.01 0.50

Interleukin-2 6.77 ± 1.75 3.37 ± 1.11 0.06

Interleukin-3 0.00 ± 0.00 0.00 ± 0.00 0.99

Interleukin-4 0.00 ± 0.00 0.00 ± 0.00 0.99

Interleukin-5 0.00 ± 0.00 0.19 ± 0.19 0.17

Interleukin-6 0.95 ± 0.62 2.39 ± 1.47 0.19

Interleukin-7 0.00 ± 0.00 0.00 ± 0.00 0.99

Interleukin-9 154.50 ± 37.46 120.40 ± 37.64 0.27

Interleukin-10 19.91 ± 6.56 13.60 ± 6.53 0.25

Interleukin-12 (p40) 6.87 ± 1.88 5.83 ± 1.96 0.35

Interleukin-12 (p70) 0.00 ± 0.00 0.00 ± 0.00 0.99

Interleukin-13 2.69 ± 0.93 1.35 ± 0.88 0.16

Interleukin-15 0.00 ± 0.00 0.00 ± 0.00 0.99

Interleukin-17 0.40 ± 0.06 0.45 ± 0.08 0.32

Tumor Necrosis Factor-α 3.01 ± 1.79 3.01 ± 1.76 0.50

Eotaxin 2.59 ± 1.93 7.96 ± 3.65 0.11

Interferon-γ 1.15 ± 0.42 2.28 ± 1.17 0.19

Granulocyte Colony-Stimulating Factor 23.49 ± 9.15 33.76 ± 9.96 0.23

Granulocyte-Macrophage Colony-Stimulating Factor 0.00 ± 0.00 0.00 ± 0.00 0.99

Interferon-γ-Induced Protein-10 12.94 ± 3.54 25.88 ± 9.82 0.12

Keratinocyte Chemoattractant/Growth Regulated Oncogene 9.11 ± 2.76 10.72 ± 2.71 0.34

Monocyte Chemoattractant Protein 0.00 ± 0.00 0.00 ± 0.00 0.99

Macrophage Inflammatory Protein-1α 15.62 ± 2.03 19.89 ± 11.37 0.19

Macrophage Inflammatory Protein-1β 0.00 ± 0.00 2.15 ± 2.15 0.17

Macrophage Inflammatory Protein-2 20.45 ± 10.88 11.81 ± 5.57 0.25

Monocyte Induced by Interferon-γ 10.52 ± 4.73 26.22 ± 14.25 0.16

Macrophage Colony-Stimulating Factor 0.00 ± 0.00 0.00 ± 0.00 0.99

C-X-C Motif Chemokine 5 (LIX) 9.27 ± 6.04 0.76 ± 0.76 0.09

Vascular Endothelial Growth Factor 3.01 ± 0.50 3.17 ± 1.45 0.42

https://doi.org/10.1371/journal.pone.0254985.t002
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low dose-LPS (6.56 vs. 0.40 pg/mL, p = 0.02) (Fig 6A) and high-dose (27.41 vs. non-detectable

pg/mL) (Fig 6B) injured animals. Endogenous mouse IL-22 levels in the low-dose LPS injury

group was higher in the IL-22:Fc treated (1.22 vs. non-detectable pg/mL, p = 0.04) (Fig 6C).

However, endogenous IL-22 was not different in the high-dose LPS injury animals treated

with IL-22:Fc (19.57 vs. 17.02 pg/mL, p = 0.40) (Fig 6D).

Fig 3. Measures of inflammatory mediators after high-dose LPS lung injury. Mice with high-dose LPS injury have decreased inflammation in the lungs when treated

with IL-22:Fc as shown in BAL inflammatory mediators. IL-22:Fc treated mice have decreased A) Interleukin-6, B) TNF-alpha, C) G-CSF, and D) Interleukin-10.

https://doi.org/10.1371/journal.pone.0254985.g003
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Table 3. A comparison of IL-22:Fc treated and sham animals after acute lung injury with high dose LPS.

Cytokine IL-22:Fc Treated (pg/mL) Sham (pg/mL) p-value

Interleukin-1α 69.39 ± 5.91 28.14 ± 5.40 <0.001

Interleukin-1β 3.48 ± 1.25 10.05 ± 3.26 0.04

Interleukin-2 7.33 ± 0.83 0.26 ± 0.45 <0.001

Interleukin-3 1.07 ± 0.02 1.05 ± 0.06 0.37

Interleukin-4 1.09 ± 0.09 0.90 ± 0.12 0.10

Interleukin-5 7.86 ± 1.14 0.29 ± 0.29 <0.001

Interleukin-7 1.75 ± 0.18 2.14 ± 1.16 0.37

Interleukin-9 311.8 ± 38.17 79.57 ± 15.47 <0.001

Interleukin-12 (p40) 7.13 ± 1.89 3.27 ± 1.04 0.049

Interleukin-12 (p70) 1.95 ± 1.00 2.88 ± 0.93 0.19

Interleukin-13 10.56 ± 1.49 7.92 ± 1.92 0.15

Interleukin-15 6.10 ± 1.02 1.85 ± 0.57 0.002

Interleukin-17 2.28 ± 0.56 12.34 ± 4.67 0.03

Eotaxin 4.63 ± 2.43 21.59 ± 0.09

Interferon-γ 8.08 ± 2.18 103.9 ± 92.04 0.16

Granulocyte-Macrophage Colony-Stimulating Factor 0.00 ± 0.00 0.38 ± 0.38 0.17

Interferon-γ-Induced Protein-10 118.40 ± 43.72 616.90 ± 171.1 0.01

Keratinocyte Chemoattractant/Growth Regulated Oncogene 19.54 ± 3.08 35.89 ± 12.54 0.11

Monocyte Chemoattractant Protein 14.66 ± 7.16 34.20 ± 15.08 0.13

Macrophage Inflammatory Protein-1α 45.99 ± 7.56 73.96 ± 15.40 0.07

Macrophage Inflammatory Protein-1β 19.42 ± 7.63 70.89 ± 21.44 0.02

Macrophage Inflammatory Protein-2 28.63 ± 5.43 16.54 ± 7.99 0.11

Monocyte Induced by Interferon-γ 100.60 ± 35.47 906.00 ± 295.40 0.01

Macrophage Colony-Stimulating Factor 2.89 ± 1.02 1.02 ± 0.41 0.049

C-X-C Motif Chemokine 5 (LIX) 0.00 ± 0.00 0.00 ± 0.00 0.99

Vascular Endothelial Growth Factor 12.18 ± 3.03 12.64 ± 5.22 0.47

https://doi.org/10.1371/journal.pone.0254985.t003

Fig 4. Comparison of histopathological scores in high-dose LPS lung injured mice. Mice with high-dose LPS injury have less severe damage to the lungs when treated

with IL-22:Fc as seen with histopathology scores graded by a blinded reviewer (A). Representative images of lung tissue are shown in B) IL-22:Fc treated and C) Sham

animals.

https://doi.org/10.1371/journal.pone.0254985.g004
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Examining the role of the IL-22Ra1 receptor and STAT3

To examine the role of the IL-22Ra1 receptor, we examined expression of the receptor on the

airway. Expression of the IL-22Ra1 receptor was not significantly different in IL-22:Fc treated

compared to sham (66.08 vs. 85.64 Fluorescence Intensity, p = 0.12) after low dose LPS injury

(Fig 7A). Representative images after immunofluorescence staining for IL-22Ra1, E-cadherin,

and DAPI is shown for IL-22Ra1 treated (Fig 7B) and sham (Fig 7C).

After high-dose injury, expression of the IL-22Ra1 receptor was not significantly different

in IL-22:Fc treated compared to sham (64.68 vs. 69.87 Fluorescence Intensity, p = 0.32) (Fig

7D). Representative images after immunofluorescence staining for IL-22Ra1, E-cadherin, and

DAPI is shown for IL-22Ra1 treated (Fig 7E) and sham (Fig 7F).

To examine the role of pulmonary STAT-3 activation, we examined the amount of phos-

phorylated-STAT-3 in the airways in IL-22:Fc treated and sham animals after low-dose LPS

injury. Animals treated with IL-22:Fc had higher amounts of phosphorylated-STAT-3 when

compared to sham treated animals (91.9 vs. 56.1 AU, p = 0.01). Representative images after

immunofluorescence staining for phosphorylated-STAT-3, E-cadherin, and DAPI is shown

for IL-22Ra1 treated and sham (Fig 8).

RNAseq analysis

Pathway analysis of gene expression showed that the cytokine-cytokine receptor pathway was

significantly different in IL-22:Fc treated animals after high-dose LPS injury (Fig 9).

Fig 5. Comparison of endothelial glycocalyx staining intensity. IL-22:Fc treated mice have improved preservation of the endothelial glycocalyx in alveolar capillaries

as compared to sham animals. Endothelial glycocalyx staining intensity was increased in the alveolar capillaries in IL-22:Fc treated mice after low-dose LPS injury.

Endothelial glycocalyx staining intensity was not different for IL-22:Fc treated mice in high-dose LPS injury.

https://doi.org/10.1371/journal.pone.0254985.g005
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Differentially expressed pathway genes for extracellular matrix-receptor interactions were also

different between groups (Fig 9B). Tenascin C (Tnc), collagen, type I, alpha 1 (Col1a1), colla-

gen, type VI, alpha 3 (Col6a3), and collagen, type I, alpha 2 (Col1a2) expression was increased

with IL-22:Fc treatment (p = 0.003). IL-22:Fc treatment resulted in a decrease in Interleukin-

12a and Macrophage Inflammatory Protein-1β (CCL4) transcription (p = 0.01).

Fig 6. A comparison of exogenous and endogenous Interleukin-22 in the lungs. Because fk-652 is a human protein, we are able to differentiate between exogenous

IL-22:Fc and endogenous IL-22:Fc. Treatment with IL-22:Fc appears to result in increased endogenous mouse IL-22 (C). Exogenous human IL-22 was detected in the

BAL of treated mice (A and B) demonstrating that exogenous IL-22:Fc is reaching the lung. D) Endogenous mouse IL-22:Fc was not increased in IL-22:Fc treated after

high-dose LPS injury.

https://doi.org/10.1371/journal.pone.0254985.g006
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To confirm our RNAseq findings of extracellular matrix components, quantitative PCR

was performed for transcripts of interest. This confirmed increased expression of Tnc (Fig

10A), Col1a2 (Fig 10B), and Col6a3 (Fig 10C) in IL-22:Fc treated animals. Col1a1 expression

was not found to be different by PCR (1.02 vs. 3.82 relative expression, p = 0.13).

Discussion

Interleukin-22 is integral to the repair of the injured lung and helps clear viral, bacterial, and

fungal infection from the lung [12, 14, 15, 17, 20]. Whether f-652 can play a therapeutic role in

ALI/ARDS has not been examined. While IL-22:Fc can have some pro-inflammatory proper-

ties, given prior studies have shown that it is beneficial in infectious lung disease, we hypothe-

sized that the anti-inflammatory properties would help alleviate acute lung injury. Currently,

ARDS is a disease state with significant morbidity and mortality, with no therapeutic having

shown clinical benefit [33, 34]. In this study, we set out to determine if, IL-22:Fc, a human

fusion protein with increased half-life can be used as a novel therapy in a sterile model of

murine ARDS. A Phase 1 trial has already been conducted on IL-22:Fc in healthy humans

[35]. To fully demonstrate the benefits of f-652, we used two different doses of LPS to cause

ALI of varying injury severity.

Treatment of LPS injured mice with fk-652 led to decreased inflammation in the lungs as

demonstrated by less cellular influx. Similarly, when looking at inflammatory cytokines in the

BAL after lung injury, we found that IL-22:Fc resulted in a blunted inflammatory response.

Interleukin-6 and TNF- α are well-known mediators of inflammation in ARDS [36, 37]. Both

Fig 7. A comparison of the amount of IL-22 receptor in low- and high-dose LPS injured mice. The amount of IL-22Ra1 receptor was not different in the fk-

652 treated animals in both low- and high-dose LPS injury (A and D). Representative images of the airways are shown in low-dose LPS injured for B) IL-22:Fc

treated and C) sham animals. Representative images of the alveoli is shown in high-dose LPS injured for B) IL-22:Fc treated and C) sham animals.

https://doi.org/10.1371/journal.pone.0254985.g007
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of these inflammatory mediators were found to be decreased in IL-22:Fc treated mice after

LPS injury. Our findings are consistent with previous studies that have showed decreased total

cell counts, neutrophils, lymphocytes, and macrophages in the BAL of mice on a pro-IL-22

genetic setting after influenza injury. This same study showed that increased IL-22 lead to

decreased expression of pro-inflammatory mediators such as IL-6 and IFN- γ [38]. In a sterile,

bleomycin-induced lung injury model, Sonnenberg et al. demonstrated that IL-22 decreases

the cellular influx into the lungs. Our study is the first to demonstrate that fk-652 may have

therapeutic potential in an animal model of ARDS. It is important to note that the present

study looked at the role of IL-22 in isolated LPS lung injury. Another study has shown that IL-

Fig 8. A comparison of the amount of phosphorylated-STAT-3 in low-dose LPS injured mice. The amount of phosphorylated-STAT-3 was not higher in the fk-652

treated animals in low-dose LPS injury (A and D). Representative images of the airways are shown in low-dose LPS injured for IL-22:Fc treated and sham animals.

Representative images of the alveoli is shown in low-dose LPS injured for IL-22:Fc treated and sham animals.

https://doi.org/10.1371/journal.pone.0254985.g008

Fig 9. Gene expression differences in IL-22:Fc treated animals. Animals treated with IL-22:Fc after high-dose LPS

injury have increased transcription of extracellular matrix components and decreased transcription of Interleukin-12a

(IL12a) and Macrophage Inflammatory Protein-1β (CCL4). RNAseq data demonstrating A) volcano plot, B) increased

expression of tenacin C, Tenascin C (Tnc), collagen, type I, alpha 1 (COL1a1), collagen, type VI, alpha 3 (Col6a3), and

collagen, type I, alpha 2 (Col1a2), and C) decreased expression of IL-12a and CXCL4 genes for IL-22:Fc treated.

https://doi.org/10.1371/journal.pone.0254985.g009
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22 is pathogenic in a murine model of systemic endotoxemia. This study showed that IL-22

deficient mice are resistant to LPS-induced mortality [39]. This was not observed in our model

of LPS lung injury and may be a reflection of the two different animal models. Further studies

are need to elucidate the negative effects of IL-22 in systemic LPS toxemia.

Our group’s previous work showed that IL-22 results in less protein leak into the lung after

influenza injury due to promotion of tight junction formation in the epithelial layers of the

lung [38]. IL-22 not only helps maintain epithelial integrity in the lungs [40], but in other

organ systems as well, including the kidneys and intestines [41–43]. We found that protein

leak in the lung was decreased after LPS injury, although this could only be demonstrated in

our low-dose LPS injury group. While this decreased protein leak in the IL-22:Fc treated ani-

mals is likely in part to improved integrity of the epithelial layer of the alveoli, we also demon-

strated that IL-22:Fc helps maintain the endothelial glycocalyx after low-dose LPS injury (Fig

5). The endothelial glycocalyx (EG) is a glycoprotein matrix on the luminal side of endothelial

cells with anti-coagulant and anti-inflammatory properties [44]. The glycocalyx plays a key

role in maintaining the transvascular exchange of fluids and solutes [45]. Degradation of the

glycocalyx has been implicated in the fluid and protein leak that occurs in ARDS and protec-

tion of the glycocalyx after lung injury mitigates the changes seen in the lung during ARDS

[46–48]. Preservation of the glycocalyx can occur by suppression of metalloproteinases or

heparinases or by induction of the biosynthesis of the glycoprotein layer. Further studies are

needed to determine the mechanism by which IL-22 has its pro-glycocalyx effect. Previous

work has shown that IL-22:Fc may protect the endothelial glycocalyx through reduced expres-

sion of matrix metalloproteinases [49]. While we did not demonstrate decreased protein leak

in the high-dose LPS injured animals, this may be due to the time course in which protein leak

was examined. Examining degree of protein leak closer to injury or after a longer period of

recovery may demonstrate improved trans-capillary leak in IL-22:Fc treated animals.

Decreased protein BAL was observed in the low-dose injured animals suggesting that IL-22:Fc

ameliorates protein leakage in acute lung injury.

Endogenous IL-22 plays a role in the intrinsic repair of the injured lung and in clearance of

infection [20, 24]. We attempted to determine if endogenous IL-22 plays a role in the anti-

Fig 10. Qualitative PCR showing increased expression of extracellular matrix components in IL-22:Fc treated animals. Increased expression of A) Tenascin C

(Tnc), B) collagen, type I, alpha 2 (Col1a2) and C) collagen, type VI, alpha 3 (Col6a3) in IL-22:Fc treated animals as compared to sham.

https://doi.org/10.1371/journal.pone.0254985.g010
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inflammatory effects seen with fk-652 administration after LPS injury. Because fk-652 is a

human protein, we are able to differentiate the human IL-22:Fc protein from endogenous,

murine IL-22. Human IL-22:Fc was found in the BAL fluid of treated animals (Fig 6A and 6B),

suggesting that the fk-652 protein reaches the injured lungs and is responsible for a beneficial

effect. In the low-dose LPS group, endogenous mouse IL-22 in the BAL was found in higher

concentrations than sham animals (Fig 6D). This suggests that fk-652 encourages endogenous

secretion of IL-22. High-dose LPS injured animals had higher levels of mouse IL-22 found in

BAL, suggesting that secretion of IL-22 occurs in proportion to lung injury.

The IL-22Ra1 receptor plays a critical role in IL-22 ability to help clear viral and bacterial

lung infection [24, 50]. We demonstrated that IL-22Ra1 receptors are present on alveoli after

LPS lung injury. Treatment with IL-22:Fc did not result in a change in expression of the IL-

22Ra1 receptor. Our data also indicates that activation of IL-22:FcRa1 by IL-22:Fc alleviated

acute lung injury through activation of STAT-3. The integral role of the phosphorylated-

STAT-3 pathway in repair from acute lung injury has been described in prior studies [51, 52].

The IL-22Ra1 receptor is known to help clear lung bacterial infection via the phosphorylated-

STAT-3 pathway [53]. Prior research has shown that IL-22Ra1 receptors on the liver play a key

role in clearance of bacterial pneumonia from the lung. Mice with a hepatic specific deletion of

the IL-22Ra1 receptor had higher burdens of pneumococcal infection. In addition, mice with

pneumococcal infection treated with IL-22:Fc had decreased infection burden in both the lung

and liver, with increased C3 binding. This suggests IL-22:Fc may decrease bacterial burden

through increased hepatic expression of C3. While we did not examine hepatic signaling in

our study, future research is needed to determine if this hepatic signaling of IL-22:Fc leads to

improved results in a non-infectious model of LPS acute lung injury.

RNAseq demonstrated decreased transcription of pro-inflammatory proteins Interleukin-

12a (IL-12a) and Macrophage Inflammatory Protein-1β (CCL4). Decreased CCL4 in the BAL

of high-dose LPS injured mice was confirmed in those treated with IL-22:Fc. While interleu-

kin-12a levels were not measured in this study, it is a pro-inflammatory and immunomodula-

tory cytokine and decreased expression by RNAseq in IL-22:Fc treated animals is consistent

with our overall findings [54]. CCL4 is a major factor produced by macrophages and mono-

cytes after LPS exposure [55]. CCL4 has a strong inflammatory and chemotactic effect and

anti-inflammatory effects seen with IL-22:Fc treatment may in part be due to its decreased

expression. RNAseq also demonstrated increased expression of several extracellular matrix-

receptor interactions, including Tenascin C (Tnc), collagen, type I, alpha 1 (COL1a1), collagen,

type VI, alpha 3 (Col6a3), and collagen, type I, alpha 2 (Col1a2) expression. Collagen, type I,

alpha 1 and type I, alpha 2 are important extracellular matrix components in the repair process

of the lung after LPS injury [56, 57]. The prevalence of these genes in the presence of a decrease

in inflammatory mediators seen in the IL-22:Fc treated animals suggests that the injured lungs

have moved on from an inflammatory stage to a reparative stage. Further studies are needed to

better characterize how IL-22:Fc affects extracellular matrix deposition after acute lung injury.

This study was not without limitations. IL-22:Fc were given to animals 30 minutes after

injury. This was to establish proof of concept that IL-22:Fc may have a therapeutic benefit in a

pre-clinical model of ARDS. Further studies are needed to determine how long after injury

and at what dose IL-22:Fc may have a beneficial effect. In addition, we carried out sacrifice of

animals 4 days after injury. Longer-term survival studies are necessary to determine the full

effects of IL-22:Fc after lung injury. IL-22:Fc can have pro- or anti-inflammatory effects based

on organ tissue or disease process [58]. Further studies are needed to determine which patient

populations may benefit from IL-22:Fc.
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Conclusions

IL-22:Fc leads to decreased inflammation and protein leak in a pre-clinical model of LPS acute

lung injury. In addition, IL-22:Fc preserves the endothelial glycocalyx and leads to increased

endogenous IL-22 production. These findings suggest a potential therapeutic effect of Fk-652

in ARDS.
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