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Targeting the IL-22/IL-22BP axis enhances tight junctions and
reduces inflammation during influenza infection

K. D. Hebert', N. Mclaughlin', M. Galeas-Pena’, Z. Zhang’, T. Eddens?, A. Govero', J. M. Pilewski®, J. K. Kolls* and D. A. Pociask'

The seasonal burden of influenza coupled with the pandemic outbreaks of more pathogenic strains underscore a critical need to
understand the pathophysiology of influenza injury in the lung. Interleukin-22 (IL-22) is a promising cytokine that is critical in
protecting the lung during infection. This cytokine is strongly regulated by the soluble receptor IL-22-binding protein (IL-22BP),
which is constitutively expressed in the lungs where it inhibits IL-22 activity. The IL-22/IL-22BP axis is thought to prevent chronic
exposure of epithelial cells to IL-22. However, the importance of this axis is not understood during an infection such as influenza.
Here we demonstrate through the use of IL-22BP-knockout mice (il-22ra2”~) that a pro-IL-22 environment reduces pulmonary
inflammation during HIN1 (PR8/34 H1N1) infection and protects the lung by promoting tight junction formation. We confirmed
these results in normal human bronchial epithelial cells in vitro demonstrating improved membrane resistance and induction of the
tight junction proteins Cldn4, Tjp1, and Tjp2. Importantly, we show that administering recombinant IL-22 in vivo reduces
inflammation and fluid leak into the lung. Taken together, our results demonstrate the IL-22/IL-22BP axis is a potential targetable

pathway for reducing influenza-induced pneumonia.

Mucosal Immunology (2020) 13:64-74; https://doi.org/10.1038/541385-019-0206-9

INTRODUCTION
The seasonal burden of influenza, coupled with the potential
catastrophe of pandemic outbreaks, underscores the critical need
for understanding the pathophysiology of influenza injury.
Vaccination remains a cornerstone in the prevention of infection.
However, vaccine efficacy can vary from 50 to 80% in a healthy
population' and is significantly decreased in groups such as the
immune compromised,” very young children and the elderly.’
Thus, while much of the focus is on prevention, there are
significant populations that remain at risk of infection. With the
recent emergence of more pathogenic strains such as the 2009
and 2014 H1NT1, infection can have more devastating conse-
quences. During the 2013-2014 influenza season alone, it was
reported that a very high number of young, otherwise healthy
individuals required critical care in the intensive care unit, with a
high percentage (72%) of these patients developing acute
respiratory distress syndrome (ARDS) and respiratory failure
requiring ventilator therapy.® The current course of treatment
for these patients consists of anti-viral therapies (Oseltamvir or
Zanamivir), which are most effective when given within 48 hours
of the onset of symptomes. This is often well outside the window in
which individuals seek medical attention. Given the tremendous
inflammation and injury that occurs in the lung after influenza
infection, effective therapeutic regimens should be focused on
reducing viral burden, while decreasing inflammation and at the
same time promoting lung/epithelial repair.

The host response to influenza infection has been the subject of
intense research to determine whether aspects of this response
can be exploited therapeutically. It is important to understand that

cytokines play critical roles in both regulating protective and
reparative processes as well as causing injury. Interleukin- 22 (IL-22)
has great potential in reducing pulmonary injury and promoting
epithelial repair. Its limited receptor distribution allows IL-22 to
have a focused effect on the epithelium. Through the IL-22Ra1/IL-
10Rb receptor complex, IL-22 activates signal transducer and
activator of transcription 3 (STAT3) in the lung epithelium, thereby
augmenting barrier function, epithelial repair, and the induction of
anti-microbial genes. Our lab> and others®® have shown that IL-
22 is important for recovery during influenza infection, as 122/~
mice have more severe injury. Moreover, we showed IL-22 receptor
distribution in the lung and its importance in reducing lung
pathology in both the airways and lung parenchyma after
influenza challenge. We also found that /122"~ mice infected with
H1N1 PR/834 have enhanced structural lung pathology, defective
expression of genes that control epithelial repopulation, and
increased evidence of fibrosis.®

Generally, IL-22 is not found in the naive lung and is produced
by activated T cells following infection. In the case of influenza, IL-
22 is produced by both natural killer (NK) and natural killer T (NKT)
cells.”® Once it is produced, it can be post-translationally
regulated through interactions with IL-22-binding protein (IL-
22BP). This soluble receptor is a naturally occurring antagonist that
has a 20-1000-fold higher affinity for IL-22 than the membrane-
bound IL-22Ra1.'°"? IL-22BP binds IL-22 at a site that is directly
adjacent to and interferes with the binding of both its membrane-
bound receptors, IL-22Ra1 and IL-10Rb."" When bound to IL-22BP,
IL-22 is unable to signal through STAT3.'"'2 There are currently
three isoforms that have been identified in humans.? Isoform 1 is
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retained intracellularly and does not bind IL-22. Human isoform 1
has been found to interact with components of the unfolded
protein response.'®> Human isoform 2 is most closely related to the
single murine isoform of IL-22BP and is induced under inflamma-
tory conditions. Human isoform three binds IL-22 with less affinity
than human isoform two and is present at high levels during
homeostatic conditions.'® In the intestine, IL-22BP is made by
dendritic cells''® and is regulated by the inflammasome.'”
Neutralizing IL-22BP in the lung significantly increases survival and
decreases neutrophilia in a mouse model of Pseudomonas
aeruginosa.'® Under naive conditions in the lung, alveolar
epithelial cells and alveolar macrophages (AMs) have been
identified as sources of IL-22BP,'”'® and neutrophils are a source
during catastrophic lung injury.'®

In the current study, we demonstrate that shifting the balance
of the IL-22/IL-22BP axis in favor of IL-22 promotes recovery during
influenza infection by promoting tight junction formation. We
demonstrate that NK and CD45™ cells and macrophages are main
cellular sources of IL-22BP under naive conditions. However,
following influenza infection, these cellular sources decrease
production, whereas production by dendritic cells is upregulated.
Using lI22ra2~’~ mice we demonstrate that a pro-IL-22 environ-
ment significantly reduces pulmonary inflammation and vascular
leak into the lung as well as lung pathology. We further reveal that
this reduction in lung leak may be due to increases in tight
junctions (CLDN4, TJP1, and TJP2), which was confirmed both
in vitro and in vivo. More importantly, we demonstrate that the
therapeutic nature of IL-22 as oropharyngeal administration of IL-
22:Fc during infection improved the epithelial barrier and reduced
inflammation.

MATERIALS AND METHODS

Mice

Six- to 8-week-old wiId—tnye (WT) mice (C57BI/6) were acquired
from Jackson labs. /122ra1™ mice on a C57BL/6 (B6) background
have been previously described.”® To knock out the receptor,
these mice were crossed to ella-cre mice. To determine functional
recombination, DNA was extracted and subjected to PCR using
primers spanning exon 3. To determine functional deletion of IL-
22RAT1, lungs were removed, and real-time PCR was performed for
the ll22ral. 122ra2~'~ mice have been previously described and
were backcrossed 12 times on a C57BI/6 background to generate
full knockouts.'® Male mice were used for all experiments and
housed in pathogen-free conditions in accordance with Tulane
University's Institutional Animal Care and Use Committee.

Oropharyngeal administration of influenza and IL-22:Fc

All treatments were performed via oropharyngeal aspiration while
mice were under isofluorane anesthesia. H1N1 (Pr8) was
administered at 100 PFU (pore-forming unit) in 100 ul of sterile
phosphate-buffered saline (PBS). Five micrograms of IL-22:Fc
(Generon, Shanghai, China) was administered in 50pul of
sterile PBS.

Cell sorting

Lungs from WT mice were harvested after 5 days post infection
with HIN1 (Pr8) at 100 PFU in 100 pl of sterile PBS. Lungs were
placed in 2 ml of Advanced RPMI media supplemented with 10%
fetal bovine serum (FBS), 1% penicillin/streptomycin, heparin
(100 U/ml), and DNAse | (100 U/ml). After mincing the lungs,
Liberase TH at 75 ug/ml was added. The tissue was incubated for
25 min at 37 °Cin an elliptical shaker. After incubation, cells passed
through a 70 puM filter and incubated in red blood cell lysis buffer
prior final resuspension in flow buffer. The following surface
markers were used for fluorescence-activated cell sorting (FACS):
CD45 (Tonbo Biosciences, San Diego, CA), CD11b, CD11c, anti-yd,
CD3, CD4, NK1.1 (all from BioLegend, San Diego, CA), and Siglec F
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(BD Biosciences, San Jose, CA). Cells were sorted using a FACSAria
Il instrument (BD Biosciences). Cells from naive mice were isolated
and sorted as described above as controls. For flow sorting, single
cells (based on forward and side scatter) were gated as follows: (1)
v8 T cells =CD45", CD3™, y&8™; (2) NK cells =CD45%, NK1.1"; (3)
interstitial macrophages (IMs) = CD45", F4/80", CD11b™, Siglec
F~; (4) AMs = CD45", F4/80", CD11b™, Siglec F*; and (5) dendritic
cells = CD45%, F4/80™, CD11c*,CD103™. An aliquot of each sorted
population was resorted post collection to verify purity, which was
>97% for all populations.

Analysis of lung inflammation and injury

Mouse lungs were lavaged with 1 ml of sterile PBS. Bronchoalveo-
lar lavage®® was then used for evaluation of inflammatory cells by
differential cell counting. To measure lung injury, total protein in
the first milliliter of bronchoalveolar lavage (BAL) fluid was
measured using the BCA Protein Assay Kit (Pierce Chemical,
Rockford, IL). Lactate dehydrogenase (LDH) activity was measured
using the LDH assay (Sigma-Aldrich, St. Louis, MO). Both assays
were performed in a 96-well plate for 30 min according to the
manufacturer’s instructions and analyzed using the Benchmark
Plus plate reader (Bio-Rad, Hercules, CA).

To measure lung leak, the Evan's blue assay was used. Briefly,
mice were injected intravenously (i.v.) with a 0.1% sterile solution
of Evan’s blue dye 30 min prior to sacrifice. The mouse paws and
nose turning blue after injection verified dissemination of the dye
visually. Evan’s blue was measured in the BAL by measuring
absorbance at 620 nm on a spectrophotometer.

Right lung lobe from a separate cohort of mice was used to
measure differences in inflammatory cells in the lung by flow
cytometry. Briefly, CD45™ cells differentiated total inflammatory
cells. F4/80 was used to differentiate total macrophages. M2
macrophages were differentiated by double-positive MHCII* and
CD206" cells. M1 macrophages were differentiated by
MHCII"CD206~ cells. For histopathology, the left lung was fixed
with 10% neutral-buffered formalin before dehydration and
paraffin embedding. Paraffin blocks were sectioned at 5um and
stained with hematoxylin and eosin. To score the pathology, slides
were blinded and full-field low magnification (x2) images were
taken from three sections per mouse. Total inflammation was
scored by outlining and measuring the inflamed area using
ImageJ and dividing by the total outlined area of the lung section.
Numerical scoring was performed as previously described.” Briefly,
airway pathology was scored on a scale of 1-4 as follows: 0 =no
obvious signs of infection; 1 = mild peribronchiolar inflammation;
2 =mild mucus cell metaplasia; 3 = mucus cell metaplasia with
obvious inflammation; 4 = severe mucus cell metaplasia, epithelial
piling, and severe inflammation. Alveolitis was scored on a
1-4 scale as well. This scale was: 0 =no obvious inflammation;
1 = minimal focal inflammation; 2 = multifocal, mild inflammation;
3 = diffuse, conspicuous coalescing inflammation; and 4 = severe
parenchymal inflammation with no obvious airspaces.

Cytokine analysis

Cytokine analysis was performed on whole lung supernatants
from single-cell suspensions using the Bio-Rad BioPlex Pro Mouse
Cytokine 23-Plex Kit as per the manufacturer’s instructions and
luminescence detected using the Bio-Rad BioPlex 200 (Bio-Rad,
Hercules, CA).

Bronchial brushings

Mice were euthanized by CO, inhalation and cervical dislocation
was performed. The rib cage was removed to visualize the lungs.
The trachea was exposed, and an incision was made to remove
the viscera and muscle around it. Carefully, a small incision was
made into the trachea and an abraded PE-10 polyethylene tubing
(BD Biosciences, San Jose, CA) was then used to brush inside each
branch of the right and left side of the upper airways. One piece of
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tubing was used to brush each side, respectively. Tubing from
each bronchial brushing was transferred into 200 pl Trizol (Life
Technologies, Carlsbad, CA) and then flash frozen until RNA
isolation as described in quantitative reverse transcription PCR
(RT-gPCR) section. The presence of upper airway cells were
confirmed via RT-gPCR for Scgbial.

Cell culture

For air-liquid interface (ALI) cultures, fully differentiated HBE cell
cultures were derived from the Center for Organ Recovery and
Education. Cells were prepared using previously described
methods®' approved by the University of Pittsburgh IRB. Briefly,
bronchi from the second to sixth generations were collected,
rinsed, and incubated overnight in Eagle’s minimum essential
medium at 4°C. The bronchi were then digested in MEM
containing protease XIV and DNase. The epithelial cells were
removed and collected by centrifugation and then resuspended in
bronchial epithelial growth medium and plated onto collagen-
treated tissue culture flasks. When 80-90% confluence was
reached, the passage 0 cells were trypsinized and seeded onto
collagen-coated transwell filters. Upon reaching confluence, the
cultures were maintained at an ALl and media were changed
basolaterally twice weekly. Individual experiments were per-
formed on cells grown from a single donor. There were four total
donors for the experiments performed here.

BEAS-2B and primary normal human bronchial epithelial (NHBE)
cells (Lonza, Allendale, NJ) were cultivated in bronchial epithelial
cell basal medium (BEBM) with BEGM SingleQuots (Lonza,
Allendale, NJ) and 1% penicillin/streptomycin. For primary cell
lines, all plates were coated with 0.01 mg/ml human fibronectin
(Corning, Oneonto, NY), 0.03mg/ml bovine collagen type |
(Advanced Biomatrix, Carlsbad, CA), and 0.01 mg/ml bovine serum
albumin (Fisher Bioreagents, Waltham, MA) in serum-free BEBM.
A549 cells were cultivated in Dulbecco’s modified Eagle’s medium
(DMEM) with 10% FBS and 1% penicillin/streptomycin. For
maintenance of all stock cultures, cells were grown to ~70%
confluence, and then dissociated using 0.25% Trypsin-EDTA
(Gibco, Waltham, MA). For primary cell lines, after dissociation
cells were transferred to a 50 ml conical then spun down at 500 x
g for 5min. Trypsin was then aspirated and fresh BEBM growth
media were added before plating cells.

H1N1 infection of cell culture

Cells grown at ALl were infected apically with 2009 H1N1
(multiplicity of infection (MOI) 100) in 50 ul of media. Media were
removed after 4 h. Transepithelial resistance was measured using
a voltmeter (Evom2 Epithelial Voltohmmeter, World Precision
Instruments). IL-22:Fc was added to the basal media.

For non-ALl cultures, cells were seeded in 6-well plates at 3.0 x
10° cells/well and allowed to grow near 70% confluency in their
respective growth media (DMEM or BEBM). A549 cells were then
serum starved in DMEM with 1% FBS. After 24 h, cells were then
infected with Pr8 (MOI 50). Following infection cells were treated
with 30 ng/ml of IL-22 (R&D Systems, Minneapolis, MN) for an
additional 24 h. Cells were then harvested in Trizol (Life Technol-
ogies, Carlsbad, CA) for RNA extraction or fixed in 4% paraformal-
dehyde (PFA) for immunofluorescence analysis after 48 h.

Immunofluorescence

NHBE cells were seeded at 0.05 x 10° cells/well on glass bottom
24-well plates and grown to near 70% confluency. Once 70%
confluent, cells were serum starved in DMEM with 1% FBS. Cells
were then infected for 24 h at MOI 50 (Pr8). Followed by treatment
with 30 ng/ml of IL-22 (R&D Systems, Minneapolis, MN) for an
additional 48 h. At the end of the treatment time period, cells were
then fixed in 4% PFA and permeabilized in 0.2% Triton X-100. Cells
were washed with PBS and blocked in 5% normal goat serum and
then stained for ZO-1 (Invitrogen, Carlsbad, CA) at 10 ug/ml for 1 h
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each, respectively. Goat anti-rabbit 488 (Invitrogen, Carlsbad, CA)
was then used as a secondary antibody and samples were
counterstained with DAPI (4,6-diamidino-2-phenylindole). EVOS
FL Auto Imaging System (Thermo Fisher Scientific Inc., Carlsbad,
CA) was used for analysis.

RT-gPCR
RNA isolation was performed on cells and bronchial brushings
using the Trizol method (Life Technologies, Carlsbad, CA). Briefly,
200 pl of chloroform and 200 pl of sterile PBS was added to each
sample and shaken vigorously for 30s. Samples were incubated
for 10 min and then spun down at 12,000 x g for 15 min at 4°C.
The aqueous phase was then placed into 500 ul isopropanol,
mixed lightly, and incubated for 5 min. Samples were then spun
down at 12,000 x g for 10 min at 4 °C. Supernatant was decanted
and then 1 ml of 75% ethanol was added to each sample and
spun down at 7600 X g for 5 min. This step was repeated twice and
then RNA pellet was allowed to air dry before adding 30 ul of
nuclease-free water. RNA was quantified by NanoDrop and quality
was determined by a 260/280 verification of ~2. One microgram of
RNA was reverse transcribed using iScript (Bio-Rad, Hercules, CA)
and verified by RT-PCR amplification of the glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) housekeeping gene.
TagMan Gene Expression primers (Applied Biosystems) were used
to determine levels of: GAPDH (Hs02758991_g1), CLDN2
(Hs00252666_s1), CLDN4 (Hs00976831_s1), TJP2 (Hs00910543_m1),
Gapdh (MmM99999915_g1), Cldn4 (Mm00515514_s1), Ocln (MmOO5
00912_m1), Tjp1 (MmMO00493699_m1), IL-22Ra2 (MmO01192969_m1),
and Tjp2 (MmO00495620_m1).

Statistical analysis

All data are represented as the mean+ SEM. Significance was
determined using either an unpaired two-tailed t test when
comparing two groups or a one-way analysis of variance (ANOVA)
with Tukey’s adjustment when comparing multiple groups. All
statistics were calculated using GraphPad Prism 6.

RESULTS

122ra2~'~ mice have rapid recovery from influenza infection
IL-22 is beneficial at the epithelial surface during infection.>”%%2
Under naive circumstances, //22 transcripts are not measured in
the lung, while /[22ra2 transcripts can be found at relatively
abundant levels (Fig. 1a). During influenza infection, /122 transcript
can be measured starting 4 days after infection and peaking
around day 6. This is accompanied by a reduction in il22ra2 start-
ing at day 4 and not returning until day 12 (Fig. 1b).

We have had difficulty finding reliable antibodies to measure
mouse IL-22BP. Therefore, to determine the source of IL-22BP
following influenza infection, cells were FACS sorted from whole
lung digests of naive mice or mice 5 days post infection. Under
naive conditions, /l22ra2 was produced by CD45 cells, NK cells,
and both IMs and AMs macrophages. Within 5 days of influenza
infection, expression of /[22ra2 was lost in these cells, while
expression of /I22ra2 was increased in dendritic cells (Fig. 1c).

While loss of IL-22 during influenza infection is associated with
epithelial disrepair,”™ to date there are no publications investigat-
ing the impact of IL-22BP in the lung during influenza infection. To
determine the importance of IL-22BP during influenza infection,
1122ra2~'~ mice were infected with a sub-lethal concentration
(100 PFV) of influenza (A/PR8) and followed for 10 days. Over this
time period, the /[22ra2~/~ mice lost significantly less weight and
began recovering more rapidly than WT controls (Fig. 2a).

While IL-22 can have anti-microbial properties in the lung, it was
not known if IL-22 would promote anti-viral response. As such, we
measured influenza burden by real-time qPCR for the viral M1
gene as we have previously described.>?* We found that despite
the differences in weight loss, there were no significant
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Fig. 1 Influenza induces a pro-IL-22 environment. Mice were infected with PR8 (A/PR/8/34, 100 PFU) via oropharyngeal administration. Whole
lung mRNA was purified. a mRNA expression of //22 is induced by day 4 and peaks by day 6. b //22ra2 mRNA is expressed constitutively in the
lung and expression is reduced after infection. ¢ Lung cells from naive mice and influenza-infected mice were isolated from whole lung and
sorted at day 5 post infection. /22ra2 mRNA expression was measured by RT-gPCR. Data are presented as the mean and standard deviation
and is representative of three experiments. Statistical analysis was performed using one-way ANOVA with Tukey’s post hoc test. **p < 0.01
compared to day 0 and ****p < 0.0001 compared to day 0. n = at least 5 for all samples and is representative of two experiments. Axes are
clearly labeled to denote what each shape means in each figure, respectively. In a and b, each shape denotes the transcript levels found at
different days following influenza infection as labeled on the x axis

differences in viral burden between /122ra2~’~ and WT mice at 6 loss curves began to diverge, there was a decrease in total
dpi (days post infection) and both groups cleared the virus by day inflammation (Fig. 3a) as well as a reduction in the total number of
10 (Fig. 2b). T cells (Fig. 3c). These data corresponded with decreased cytokine

The viral burden findings were not that surprising, as /22~ mice levels of IL-6, IL-17, interferon-y (IFN-y), and RANTES (regulated on
do not have any differences in viral clearance with the major activation, normal T cell expressed and secreted) (Fig. 3f).
phenotype in the /2277~ mice being decreased epithelial repair.>~’ Inflammatory changes persisted through day 10, where [[22ra2™"~
Therefore, we next examined histopathology. PR8 infection mice had significant decreases in total inflammatory cells (Fig. 3b).
commonly induces severe airway and parenchymal inflammation In comparison to day 5, both groups had decreases in total
at day 10, as seen in Fig. 2c. l22ra2~’~ mice had decreased neutrophils and lymphocytes with an increase in macrophage
parenchymal inflammation (Fig. 2c—f), with mild inflammation numbers. This increase was significantly abrogated (p < 0.0001) in
around the airways (Fig. 2¢, d). Moreover, we did not see a the 1122ra2~/~ mice however (Fig. 3d). Differences in types of
difference in the number of affected airways (as seen by macrophages were investigated as they were the most robustly
surrounding inflammation and mucous cell metaplasia) or amount altered between the WT and il22ra2~’~ groups at day 10. Despite
of airway metaplasia (Fig. 2e), suggesting that there was equal significant differences in total numbers of macrophages between
distribution of virus. We did, however, observe less alveolitis (Fig. 2f). the groups, the ratio of M2 (CD45"F4/80"MHCIITCD206%)/M1

(CD45"F4/80"MHCII*CD206 ) macrophages remained unchanged
l22ra2~'~ mice have decreased inflammation (Fig. 3e).
The differences in the inflammatory dissemination observed from
the histopathology were somewhat surprising as IL-22 has not been 1122ra2~'~ mice have decreased pulmonary injury and pulmonary
found to have a profound impact on inflammation during influenza edema
infection.>™ To better understand the changes occurring in the Previous work from our lab has shown //[22-knockout mice have
inflammatory compartment, bronchoalveolar lavage®® fluid was severe epithelial injury and reduced epithelial repair during
collected and total inflammatory cells were counted. There were no influenza infection.” We therefore hypothesized that a pro-IL-22
differences in the BAL of mock-infected WT and /[22ra2™"~ mice signaling environment would lessen the pulmonary injury seen
(Fig. 3a, b) with >98% of the cells being macrophages (data not during influenza infection. To test this I22ra2~’~, mice were
shown). In conjunction with the histopathology data, /l22ra2~/~ sacrificed 5 dpi, during optimal IL-22 expression. We found that
mice had decreases in inflammation. At day 5, where the weight 1122ra2~'~ mice had significantly less injury as measured by LDH
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Fig. 2 1122ra2~’~ mice recover more quickly after influenza infection. Mice were infected with PR8 (A/PR/8/34, 100 PFU) via oropharyngeal
administration. a Morbidity as measured by weight loss. Each time point is representative of eight mice from two experiments. b Lung viral
load was measured by quantitative gRT-PCR for the influenza M1 gene. Each point represents an individual mouse. n = 8 mice per group from
two independent experiments. ¢ Histopathology from day 10 after infection demonstrates extensive inflammation in wild-type®' mice in
comparison to very mild, very focal inflammation in the /122ra2~’~ mice. d Total affected vs. unaffected areas in infected wild-type and
il-22ra2~~ mice. e Slides were scored blindly for bronchiolitis and alveolitis as described in Materials and methods. n = at least 8 for each
figure, with each experiment being reproduced at least twice. Statistical analysis was performed using one-way ANOVA with Tukey’s post hoc
test (a, b) or Student’s T test. ***p < 0.001 and ****p < 0.0001. In a and b, shapes are defined on the right y axis. In d-f shapes are defined on the
x axis. The original magnification is 10x

(Fig. 4a). Further, they had significantly less leak into the lung as the epithelial barrier by promoting tight junction formation. To
measured by total protein in the BAL (Fig. 4b). To confirm these verify these findings, we next took an in vitro approach. Human

data, a subset of influenza-infected mice were injected (i.v.) with lung airway epithelial cells grown at ALl were infected with
Evan'’s blue dye 30 min prior to sacrifice. Similar to the total protein influenza (2009 HIN1 MOI 100). Cells were treated with human
data, /22ra2™~'~ mice had significantly less dye in the BAL (Fig. 4c), IL-22:Fc one day after infection and barrier integrity was
demonstrating less pulmonary edema during influenza infection. monitored by measuring resistance across the monolayer

Loss of barrier function from influenza infection has been (transepithelial/endothelial electrical resistance (TEER)). Interest-
attributed to reduced claudin expression in epithelial cells leading ingly, treatment with IL-22 was not protective, as membrane

to reduced tight junction formation.** To understand if our resistance was lost in both groups. However, IL-22 treatment did
observed differences in lung leak were associated with changes in promote a faster recovery in membrane resistance by day 3
tight junction proteins, we analyzed gene expression of claudins (Fig. 5a). In conjunction with these data, we found IL-22 treatment
and tight junction proteins. RNA was collected from mouse of NHBE cells grown in collagen induced TJPT (Fig. 5b) and a
bronchial brushings (5 dpi), allowing us to focus primarily on significant increase in CLDN4 (Fig. 5¢). We also found that IL-22
epithelial gene expression. In agreement with the pulmonary leak promoted restoration of ZO-1 in influenza-infected A549 cells
data, we found /122ra2™’~ mice had significantly higher expression (MOI 50) (Fig. 5d, e).
of Tjp1,Tjp2, Cldn4, and Ocln during infection (Fig. 4d). The ability to reduce leak into lung has promise in preventing
The in vivo findings suggest that a pro-IL-22 signaling severe influenza-induced pneumonia and the resultant ARDS that
environment (decreased IL-22BP and increased IL-22) protects occurs. To test the impact of IL-22 administration, we used a

N
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Fig.3 122ra2~’~ mice have decreased inflammation 5 and 10 days after influenza infection. Mice were infected with PR8 (A/PR/8/34, 100 PFU)
via oropharyngeal administration. Bronchoalveolar lavage was collected and cells were collected. a Total inflammation from day 5. b Total
inflammation from day 10 after infection. ¢ Differential counts from day 5. d Differential counts from day 10. e Ratio of M2/M1 macrophages in
wild-type vs. il-22ra2~’~ mice. f Cytokine analysis for IL-6, IL-17, Ifny, and RANTES from lung homogenate. n = 8 mice from two independent
experiments for a—d. Statistical analysis was performed using one-way ANOVA with Tukey’s post hoc test or Student’s T test (e). *p < 0.05, **p <

0.01, and ****p < 0.0001

human recombinant (r)IL-22:Fc,%®> which is capable of signaling on
mouse cells (Fig. 6a). Mice were treated with IL-22:Fc or Fc control
6 days after infection, when the expression of /122ra2 significantly
wanes (Fig. 1b). Measurement of vascular leak into the lung
revealed a significant decrease 24 hours after IL-22:Fc treatment
(Fig. 6b). To confirm these results were not due to off-target
effects of the human IL-22 or the Fc, we performed experiments in
mice lacking the IL-22 receptor. /I22ra1~'~ mice'®2?® were crossed
with ella-cre™™ (ella“®) mice. This cre is expressed in the early
mouse embryo and thus causes recombination and excision of

Mucosal Immunology (2020) 13:64 - 74

l22ra1 globally. ella™ x /22ra1"™ or ella®® controls were infected
and treated at days 6 and 8 after infection. Although not
significant, IL-22R-competent mice, but not IL-22R-deficient mice,
recover weight after IL-22 treatment. Moreover, results showed
that IL-22:Fc treatment significantly reduced the influx of
inflammatory cells in the BAL of ella“® mice, but not the mice
lacking the IL-22 receptor (ellacre™* x 1122ra1™™) (Fig. 6d) or in
control-treated mice. These data demonstrate that IL-22 signaling
through the IL-22 receptor can significantly restore lung tight
junctions and reduce inflammation.
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Fig. 4 122ra2~’~ mice have decreased pulmonary injury and increased tight junctions during influenza infection. BAL fluid was collected and
analyzed from influenza-infected mice 5 days after infection. a Cell cytotoxicity was detected by measuring lactate dehydrogenase. b Total
protein was measured using the BCA Protein Assay Kit. ¢ Evan’s blue dye (0.1% in sterile PBS) was administered i.v. 30 min prior to collecting
BAL. Evan’s blue is measured by absorbance at 640 on a spectrophotometer. d-f Bronchial brushings were performed to collect epithelial cells
and RNA was purified and quantitative RT-PCR was performed for d Tjp1, Tjp2, Cldn4, and Oclin. Data are presented as gene expression over
uninfected controls. Statistical analysis was performed using one-way ANOVA with Tukey’s post hoc test (a, b) or Student’s T test (c, d). *p <

0.05, **p < 0.01, and ****p < 0.0001

DISCUSSION

Influenza remains a severe global health threat. Despite great
efforts in advancing vaccination strategies, there is little
understanding of how to treat severe influenza-induced
pneumonia in cases where vaccination is ineffective. To develop
treatment options for severe influenza, it is vital to understand
the immune processes that occur during infection. Here we
show the importance of the IL-22/IL-22BP axis in influenza
infection. We show that during influenza infection there is a
change in the balance of IL-22/IL-22BP with IL-22 increasing at
the same time //22ra2 expression is being reduced. We also
identified multiple sources for IL-22BP in the lung with the most
predominant being CD45~ cells. Next, using /22ra2~'~ mice we
demonstrate that a pro-IL-22 signaling environment reduces

SPRINGER NATURE & SOCIETY FOR MUCOSAL IMMUNOLOGY

pulmonary inflammation and vascular leak into the lung as well
as lung pathology. The reduced leak into the lung is due to
increases in tight junction proteins as we found significant
increases in claudin-4 as well as zo-1 and zo-2 both in vivo and
in vitro. More importantly, we demonstrate that the therapeutic
nature of IL-22 as oropharyngeal administration of IL-22:Fc
during infection improved the epithelial barrier and reduced
inflammation.

IL-22 activity appears to be tightly controlled in the lung, as
neither transgenic overexpression”’ nor IL-22 administration??
induce any pathology or inflammation under naive circumstances.
This is likely due in part to limited expression of the IL-22 receptor®
and constitutive production of IL-22BP.2'° Our data demonstrate
that /22ra2 is present during naive conditions, regulating the

Mucosal Immunology (2020) 13:64-74
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Fig. 5 rlL-22 administration induces tight junctions in vitro during infection. a Human airway cells were grown at air-liquid interface. Cells
were infected with 2009 HIN1 (MOl = 100) and treated with human rIL-22:Fc or vehicle (PBS) basolaterally. Transepithelial resistance was
measured daily. Each point represents four separate experiments from cells from four different donors. n = 4 wells per experiment. b, ¢ NHBE
cells monolayers grown on collagen and infected (A/PR/8/34, MOl = 50) and treated with 30 ng/ml rhiL-22 (R&D Systems) 1 day after infection.
RNA was collected and quantitative RT-PCR was performed for b CLDN4 and ¢ TJP2. d A549 cells were infected and treated with IL-22 (30 ng/
ml). Shown is representative immunofluorescence staining for ZO-1 and DAPI from two independent experiments. n = 4 wells per experiment.
e Comparative quantification of ZO-1 mean fluorescent intensity by group. Statistical analysis was performed using one-way ANOVA with
Tukey’s post hoc test. n =5 and is representative of three experiments. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001

activity of IL-22. It is produced, mainly, by non-inflammatory
(CD457) cells as well as NK cells and macrophages. After infection,
1122ra2 transcription is significantly decreased in most of its cellular
sources. Our data is similar to the findings of Ivanov et al.,? as
expression of /122 increase in response to influenza infection, there
is a reduction of /[22ra2. This is during the same time that the
IL-22Ra1 is increased on epithelial cells.>*® These changes allow
the lung to become a more permissive environment for IL-22
activity. This has been confirmed by microarray studies in which
only 431 genes were differentially regulated after IL-22 treatment
in naive mice as opposed to 1231 genes after IL-22 treatment in
influenza-infected mice.??

Mucosal Immunology (2020) 13:64 - 74

With the exception of rotavirus,®® IL-22 does not alter viral load in
other organ systems3%*' We confirm these observations, as a
pro-IL-22 signaling environment in i-22ra2 "~ mice had no bearing
on influenza burden. Our studies are further supported by findings
in the /227~ mice, which also had no differences in viral burden.>™”
Interestingly, our findings in the /l22ra2~/~ mice demonstrate that
pulmonary recovery is independent of the viral load of the animal.

The decreased inflammation in the /22ra2~’~ mice was
somewhat surprising, as /1227~ mice have no inflammatory
phenotype during influenza infection.”™ The effects of IL-22 are
dependent on the inflammatory milieu and it has been
hypothesized that the evolutionary function of IL-22BP is to act
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infected oropharyngeally with 100 PFU HIN1 (Pr8) and then treated with 5 pg IL-22:Fc or IgG 6 days later. b IL-22:Fc treatment leads to a

significant reduction in lung leak. ¢, d To confirm this was not due to off-target effects of human IL-22 or the F¢, ella-cre

*+ and ella-cre™* xil-

22ra1" were infected oropharyngeally with 100 PFU H1N1 (Pr8). Six and eight days later, mice were treated oropharyngeally with 5 pg IL-22:

Fc. IL-22:Fc reduced ¢ weight loss and d total inflammation in control (ella-cre

**) mice. Statistical analysis was performed using one-way

ANOVA with Tukey's post hoc test. n =6 and is representative of two experiments. **p < 0.01 and ***p < 0.001

as a rheostat controlling the concentration of IL-22 in the milieu
and thus its function.'” We found significantly enhanced
expression of IL-6, IL-17, IFNy, and RANTES in WT mice when
compared to /22ra2~’~ mice. Both IL-6 and IL-17 have negative
implications in influenza infection. IL-6 is associated with more
severe infection®? and clinically worse outcomes.® Similarly, IL-17
is associated with exacerbated influenza associated pathology>*~3°
While it is unclear if IL-22 reduces IL-17 or IL-6 directly or through a
general reduction of inflammation, it is likely that the reduction of
these two cytokines is associated with the improved recovery
observed in the /22ra2~/~ mice.

We found that IL-22 promotes tight junction formation during
influenza infection, reducing fluid buildup in the lung and
induces claudin-4 both in vivo and in vitro. This tight junction
transmembrane protein is found on epithelium throughout the
lung.?” It functions to promote fluid clearance through para-
cellular chloride efflux®® It is induced during mechanical
trauma>~*' and induction is considered protective in lung injury
in both mice and humans.3**? During influenza, claudin-4 is the
primary tight junction protein that is decreased.** The increased
claudin-4, as well as other scaffold proteins (zo-1 and zo-2) likely
account for the reduced fluid buildup seen in pro-IL-22
conditions. These data not only have implications for influenza,
they are also promising for other injurious or infectious situations
that induce acute lung injury.

Admittedly, a caveat to these studies is that mice have only one
isoform of IL-22BP as opposed to humans who have three.'%'"*

SPRINGER NATURE & SOCIETY FOR MUCOSAL IMMUNOLOGY

The different isoforms have varied distribution throughout the
body as well as varying affinity for IL-22.">'7** The mouse Il-22ra2
is homologous to the human isoform 2 (IL-22Ra2v2), which has
the highest affinity for IL-22."%** This isoform was initially thought
to be the predominant isoform.'”** However, it has been recently
shown that the third isoform (IL-22Ra2v3) is the most highly
expressed isoform in most healthy organs, including the lung.”
Isoform 2, on the other hand, has been found to be induced
during inflammatory triggers such as TLR2 activation'® and
retinoic acid* in vitro. While it is unclear what happens to the
balance of these isoforms in vivo during infection, it is likely our
findings presented here are representative of the IL-22/IL-22BP
(isoform 2) axis during infection.

Our studies demonstrate that tipping the IL-22/IL-22BP axis in
favor of IL-22 is beneficial during influenza infection. Furthermore,
targeting this axis has also proven useful in lung bacterial
infections*'® and fungal infections,*® as well as bacterial
co-infections.2?? The question remains though—If IL-22 is so
important in resolving infection, why is it so tightly controlled and
is it safe to target? The answers to this can be found at other
epithelial surfaces. In the skin, overabundance of IL-22 is
associated with increased inflammation and psoriasis [for a review
see ref. *’] and reduced expression of IL-22BP only exacerbates
this process.*®* In the intestine, where IL-22 is constitutively
expressed to protect the mucosal surface® 122ra2™'~ mice
develop greater number of tumors in a colitis cancer model.'®
Therefore, too much IL-22 can have negative consequences. This

Mucosal Immunology (2020) 13:64-74



does not preclude the positive, potentially therapeutic data we
present here. Our studies examine very acute responses to IL-22/
IL-22BP imbalance and therefore not likely to induce pathology
that is seen in diseases of chronic IL-22/IL-22BP imbalance.

The IL-22/IL-22BP axis has likely evolved to protect organs
from the potentially inflammatory and proliferative effects of
chronic IL-22 exposure. The balance between the two proteins
naturally shifts during influenza infection, to allow the lung to be
more pro-IL-22. While knocking out /[22ra2 has a profound
benefit on recovery during influenza infection, there are
currently not any known therapeutic approaches designed to
do this. Administration of IL-22:Fc may prove to be more
beneficial. IL-22:Fc is currently in clinical trials for intestinal graft-
versus-host disease (NCT02406651) and alcoholic hepatitis
(NCT02655510) and may prove to be a useful therapy during
influenza-induced pneumonia.
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