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Differential Roles for IL-1a and IL-1p in Pseudomonas
aeruginosa Corneal Infection
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Serena Abbondante¥, Eric Pearlman”™T#
*Department of Physiology and Biophysics, University of California, Irvine, Irvine, CA;

TInstitute for Immunology, University of California, Irvine, Irvine, CA;
*Department of Ophthalmology, University of California, Irvine, Irvine, CA;

SDepartment of Biological Chemistry, University of California, Irvine, Irvine, CA

Abstract

Pseudomonas aeruginosa is an important cause of dermal, pulmonary, and ocular disease. Our
studies have focused on £ aeruginosa infections of the cornea (keratitis) as a major cause of
blinding microbial infections. The infection leads to an influx of innate immune cells, with
neutrophils making up to 90% of recruited cells during early stages. We previously reported that
the proinflammatory cytokines IL-1a and IL-1p were elevated during infection. Compared with
wild-type (WT), infected /2167~ mice developed more severe corneal disease that is associated
with impaired bacterial killing as a result of defective neutrophil recruitment. We also reported
that neutrophils are an important source of IL-1a and IL-1f, which peaked at 24 h postinfection.
To examine the role of IL-1a compared with IL-1p in 2 geruginosa keratitis, we inoculated
corneas of C57BL/6 (WT), //1a~, //167/=, and //1a~ 11167~ (double-knockout) mice with 5 x
10* ExoS-expressing 2. aeruginosa. 11167~ and double-knockout mice have significantly higher
bacterial burden that was consistent with delayed neutrophil and monocyte recruitment to the
corneas. Surprisingly, //Za/~ mice had the opposite phenotype with enhanced bacteria clearance
compared with WT mice. Although there were no significant differences in neutrophil recruitment,
/1a7"~ neutrophils displayed a more proinflammatory transcriptomic profile compared to WT
with elevations in C1q expression that likely caused the phenotypic differences observed. To our
knowledge, our findings identify a novel, non-redundant role for IL-1a in impairing bacterial
clearance.

Pseudomonas aeruginosa is an opportunistic Gram-negative bacterium that causes serious

illnesses following infection of the skin or lungs. It is also a major cause of blinding corneal
infections (keratitis) worldwide (1). Intact corneas are typically resistant to infection due to
antimicrobial peptides in tear film and tight junctions of epithelial cells that form a physical
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barrier (2). However, ocular trauma and poor contact lens hygiene are predis-posing factors
that facilitate bacterial penetration to the corneal stroma, where they rapidly replicate.
Pseudomonas keratitis can lead to tissue damage that manifests as severe ocular pain,

visual impairment, and can cause permanent blindness if left untreated (3). During the early
stages of infection, neutrophils comprise the majority of infiltrating cells in patient corneal
ulcers and are associated with elevated gene expression of //Zaand //1b (4). Depletion

of neutrophils in murine models of microbial keratitis results in significant impairment of
bacterial killing, leading to more severe disease (5). We and others have reported that the
proinflammatory cytokines IL-1p and IL-1a are highly elevated in £ aeruginosa corneal
infections in mice (6, 7). Further, we showed that neutrophils are the main source of IL-1p,
and that IL-1p—deficient or IL-1R1-deficient mice have significantly higher bacterial burden
(5, 8). However, the role of IL-1a in £ aeruginosa keratitis remains unclear.

IL-1a is an alarmin and danger-associated molecular pattern that is constitutively expressed
by nonhematopoietic cells, such as epithelial cells, to amplify inflammation (9-11). It

can also be produced by immune cells in response to stimulation. Recently, we identified
neutrophils as an important source of IL-1a during inflammatory conditions (12). Similar
to IL-1pB, IL-1a is first produced as a proform and can be cleaved by calpain into a 17-kDa
mature form. Although both IL-1a and IL-1p signal through IL-1R1, IL-1f bioactivity
requires inflammasome activation and cleavage by caspase-1, whereas IL-1a does not (13,
14). Another key difference between these two cytokines is that pro—IL-1a contains a
nuclear localization sequence in its N-terminal region that allows for nuclear translocation
(15). IL-1a in nonhematopoietic cells localizes to the nucleus during homeostatic conditions
and rapidly translocates to the cytosol for release following infection or inflammation (16).
However, the role of nuclear IL-1a in hematopoietic cells is not well understood.

In this study, we examined the role of IL-1a using a well-defined murine model of
Pseudomonas keratitis during early-stage infection (5, 8). We demonstrate that IL-1a

peaks at 24 h postinfection (hpi) in infected corneas and is produced by neutrophils

and monocytes. In contrast with /26~ and //1a~ /167"~ double-knockout (DKO) mice,
infected corneas of IL-1a—deficient mice had significantly less bacteria compared with
wild-type (WT) mice despite having the same number of neutrophils. RNA sequencing
(RNA-seq) of neutrophils isolated from infected corneas revealed a more proinflammatory
transcriptomic profile in /28~ compared with WT neutrophils that likely contributes to the
phenotype observed.

Materials and Methods

Mice

C57BL/6 mice were purchased from The Jackson Laboratory (Bar Harbor, ME) and bred
in-house. All gene knockout (KO) mice are on C57BL/6 background. //Za, /167", and
l1a"~ 11167 (DKO) mice were originally generated by Dr. Iwakura (University of Tokyo,
Japan) as described by Horai et al. (17). /72~ and DKO mice were graciously provided by
Dr. J. Obar (Dartmouth, NH), and //157 were obtained from Dr. Gabriel Nufiez (University
of Michigan). Pad4™"~ were originally provided by Dr. Kerri Mowen at Scripps Research
Institute. Mice were bred and housed in the University of California, Irvine (UCI) vivarium.
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Age-matched 6- to 8-wk-old male and female mice were used for all experiments. All
protocols were approved by UCI Institutional Animal Care and Use Committee.

Bacterial strains and culture conditions

P, aeruginosa ExoS-expressing strains PAO1 and PAO1-GFP were obtained from Dr. A.
Rietsch (Case Western Reserve University). Bacteria were grown to midlog phase (~1 x
108 bacteria/ml) in high-salt Luria—Bertoni broth, which enhances expression of the type Il
secretion system (T3SS) at 37°C with 5% CO,, 200 rpm. Bacteria were then washed and
resuspended in sterile PBS to 5 x 10* bacteria/2 pl for all in vivo infections.

Murine model of Pseudomonas keratitis

Corneal epithelial abrasion of 3 x 10 mm was performed using a sterile 30-gauge needle
followed by topical infection of 5 x 104 PAO1 or PAO1-GFP in 2 pl PBS as described
previously (5). CFU was quantified at 2 hpi to verify the inoculum for each experiment. At
24, 48, or 72 hpi, mice were euthanized, and corneal opacity and GFP fluorescence were
imaged and quantified.

CFU quantification

At 2 (inoculum), 24, 48, or 72 hpi, whole eyes were collected and homogenized in 1 ml
PBS. Serial log dilutions of homogenate were plated on LB plates and incubated at 37°C
with 5% CO», overnight. Colonies were counted manually, and CFUs were calculated as:
(number of colonies x dilution factor x 100 [10 ul of the 1 ml was used for plating and
dilutiony]).

Bone marrow transplantation

Six- to seven-week-old WT or //Za™ recipient mice were irradiated at a lethal, single dose
of 850 cGy (X-rad 320). Donor bone marrow cells were isolated from hind leg femurs and
tibias of WT or //Za~ mice. Cells were treated with 1x RBC lysis (eBioscience) for 2 min
and then washed with sterile PBS. Cells were counted and resuspended at 1 x 107 cells/ml
PBS. Irradiated recipient mice were anesthetized with isoflurane and transplanted with 100
pl (1 x 108 cells) of bone marrow donor cells by retro-orbital injection. Transplanted mice
were kept on an antibiotic chow diet (UNI-PRIM) for 3 wk before returning to regular chow
for 1-2 wk before infection.

Cytokine detection

Corneas were dissected and homogenized in 500 ul of PBS with Tissue-Lyser 11 (Qiagen)
for 3 min at frequency of 30 hertz. IL-1a, IL-1B, TNF-a, IL-6, CXCL-2, CXCL-1, CCL2,
and IL-1Ra were measured using DuoSet ELISA kits (R&D Systems) according to the
manufacturer’s protocol. Cytokine concentrations were calculated and plotted as picograms
per cornea (pg/cornea).

Flow cytometry

Dissected corneas were incubated with 3 mg/ml collagenase (C0130; Sigma-Aldrich)
in RPMI (Life Technologies), with 1% HEPES (Life Technologies), 1% penicillin-
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streptomycin (Life Technologies), and 0.5% BSA (Fisher Bioreagents) for 1 h and 15

min at 37°C. Cells were incubated for 5 min with anti-mouse CD16/32 Ab (BioLegend)

to block Fc receptors. Then cells were incubated 20 min at 4°C with anti-mouse
CD45-allophycocyanin, Ly6G-BV510, Ly6C-PE-Cy7, CD11b-PETXRed, CCR2-BV421,
and F4/80-FITC (BioLegend) and fixable viability dye (BD Biosciences). Cells were washed
with FACS buffer and fixed with Cytofix/Cytoperm (BD Biosciences) for 20 min at 4°C.
Fixed cells were washed with PBS.

For intracellular staining, BD Perm/Wash (BD Biosciences) was used to permeabilize cells,
and cells were incubated with anti-mouse IL-1a— PE (BioLegend), citrullinated histone

3 (H3Cit; Abcam), and C1q (courtesy of Dr. F. Lin, Cleveland Clinic) primary Abs at

4°C for 30 min (IL-1a) or overnight for unconjugated primary Abs. Cells were washed

and resuspended in 100 ul Perm/Wash. For unconjugated H3Cit and C1q Abs, cells were
incubated with secondary Ab donkey anti-rabbit 647 (Invitrogen) for 1 h at 4°C. Cells were
washed with BD Perm/Wash and suspended in 100 pl Perm/Wash. An ACEA Novocyte
was used for flow cytometric analysis of neutrophils (CD45*CD11b*Ly6G*Ly6C™") and
monocytes (CD457CD11b*Ly6GLy6CNCCR2*). NovoExpress software was used for data
analysis, calculation of mean fluorescent intensity (MFI), cell frequency, and cell count.
Amnis ImageStream was used for imaging flow cytometry, and analysis was performed on
Amnis IDEAS software.

At 24 or 48 hpi, the back of eyes was punctured with a 23-gauge needle and placed in 4%
PFA for at least 48 h. Eyes were then paraffin embedded and 8-uM sections were examined
by H&E staining. In brief, slides were stained with hematoxylin (Sigma-Aldrich) and rinsed
in running water before dipping in bluing reagent (Fisher Scientific) and counterstaining
with eosin (Sigma-Aldrich). Slides were then dehydrated in ethanol followed by xylene.
Slides were then mounted using Permount (Fisher Scientific) and imaged.

Immunofluorescence staining of whole corneas

At 24 hpi, whole eyes were embedded in OCT (Sakura) and frozen in dry ice. Blocks

were sectioned at 8 uM for subsequent immunofluorescence staining. In brief, slides were
thawed and placed in 100% acetone at —20°C for 10 min. Sections were then fixed with
4% PFA (Thermo Scientific), washed in PBS (Life Technologies), and incubated 1 h with
Fc block (BioLegend) and normal donkey serum (Jackson ImmunoResearch) diluted in 1%
BSA (Fisher Bioreagents). Primary Abs Ly-6G/Ly-6C mAb NIMP-R14 (Invitrogen) and
Rabbit anti-H3Cit (Abcam) were diluted 1:50 and 1:100, respectively, in blocking buffer
and incubated overnight at 4°C. Slides were washed three times for 10 min with PBS.
Secondary Abs goat anti-Rat 647 (Invitrogen) and goat anti-Rabbit 488 (Invitrogen) were
diluted 1:1000 and 1:500, respectively, in blocking buffer and added to sections for 1 h at
room temperature. Slides were then washed four times for 10 min in PBS and counterstained
with DAPI. Finally, slides were mounted using Vectashield Antifade Mounting Medium
(Vector Laboratories), and sections were imaged on a Keyence All-in-One Fluorescence
Imager, BZ-X series (Keyence). Image contrast and brightness were adjusted to the same
setting on all images.

J Immunol. Author manuscript; available in PMC 2023 October 23.
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RNA-seq and analysis

Corneas were digested as previously described and pooled (4 pooled corneas = 1 n). Live
CD45"Ly6G*Ly6C™* corneal neutrophils were FACS isolated with BD FACSAvria Il sorter
(UCI flow cytometry core). RNA was isolated from sorted samples with RNeasy Micro

kit (Qiagen) and submitted to UCI Genomics core for quality control, library building, and
sequencing. In brief, RNA was quantified using the NanoDrop ND-1000 spectrophotometer
(Thermo Fisher) and quality checked using the Agilent Bioanalyzer 2100 (Agilent). Library
construction was performed according to the Clontech SMART-Seq v4 Ultra Low Input
RNA/Nextera XT Library Preparation Guide. mRNA was enriched from 1 g total RNA
using oligo dT magnetic beads. The enriched mRNA was chemically fragmented for 3 min,
followed by reverse transcription to generate cDNA. The resulting cDNA was cleaned using
AMPure XP beads and end repaired, and the 3" ends were adenylated. Illumina barcoded
adapters were ligated on the ends, and the adapter-ligated fragments were enriched by

nine cycles of PCR. The resulting libraries were validated by qPCR and sized by Agilent
Bioanalyzer DNA high-sensitivity chip. The barcoded cDNA libraries were multiplexed on
the NovaSeq 6000 platform to yield 100-bp paired-end reads. FASTQ files were trimmed
using Trimmomatic version 0.39, aligned to the mm10 genome, and counted using STAR
version 2.7.8a. Differential expression analysis was performed using DESeq?2 version 1.24.0
on R version 3.6.0.

Western blot

At 24 hpi, corneas were dissected and homogenized in 1x cell lysis buffer (Cell Signaling)
containing 5 mM di-isopropy! fluorophosphates (Sigma-Aldrich) to inactivate neutrophil
proteases. Lysates were cleared by centrifugation at 10,000 x g for 10 min. Protein
concentration was calculated using a BCA protein assay kit (Thermo Fisher). A total of

50 ug protein from lysates, 1x SDS (from 5 x stock), and ultrapure water (Invitrogen)

was mixed and boiled for 10 min at 95°C on a heating block. Samples were loaded

into 4-20% mini-PROTEAN, 10-well, 50-pl TGX precast protein gels (Bio-Rad). Proteins
were transferred to a nitrocellulose membrane using a Bio-Rad Transblot Turbo transfer
system. Membranes were blocked with 5% milk in TBST for 1 h at room temperature.
Primary Abs rabbit anti-C1q clone 1151 (Dr. Tenner, UCI), mouse anti—-actin (Santa
Cruz Biotechnology), hamster anti-IL-1a (eBioscience), rabbit anti-Lamin B1 (Abcam),
mouse anti—1L-1R2 (Santa Cruz Biotechnology), and rabbit anti-GAPDH (BioLegend) were
diluted in 5% milk and gently rocked overnight at 4°C. Membranes were washed with 1x
TBST buffer three times for 10 min. HRP-conjugated secondary Abs against rabbit (Cell
Signaling), mouse (Cell Signaling), or hamster (Santa Cruz Biotechnology) were diluted in
5% milk and incubated at room temperature for 1 h. West Femto Maximum SuperSignal
(Thermo Fisher) was used to enhance the signal before the membrane was imaged with
ChemiDoc MP Imaging System (Bio-Rad). Band intensity was quantified using Image Lab
software.

In vitro neutrophil functional analysis

Casein (9%; Sigma-Aldrich) was injected i.p. 16 and 3 h before peritoneal lavage to induce
sterile inflammation. Cell were recovered from the inflamed peritoneal cavity after lavage

J Immunol. Author manuscript; available in PMC 2023 October 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ratitong et al.

Page 6

with 10 ml cold sterile PBS. Negative selection (STEMCELL Technologies) beads were
used to enrich for neutrophils according to the manufacturer’s guidelines and generated
>97% neutrophils. Neutrophils were plated at 2 x 10° cells/ml RPMI (Life Technologies) for
functional analysis.

Neutrophil extracellular trap formation.—Neutrophils were preincubated with
SYTOX (Invitrogen) for 30 min at 37°C before addition of 25 ng PMA (Sigma) or PAO1
at a multiplicity of infection (MOI) of 30. Fluorescent signal was read over 16 h using a
Cytation5 imaging plate reader (Agilent). The area under the curve (AUC) was calculated
from the average of the curves of technical replicates.

Reactive oxygen species.—Neutrophils were preincubated with luminol (Sigma) for 30
min before stimulation. A total of 25 ng PMA (Sigma) or PAO1 at MOI of 30 was added and
immediately read on the Cytation5 for 90 min. AUC was calculated from the average of the
curves of technical replicates.

In vitro neutrophil bacterial killing.—A total of 2 x 10° cells were plated per well

in a 96-well plate (CytoOne). PAO1 was added at MOI of 30 in duplicates except for

the negative control wells and incubated at 37°C with 5% CO,. After 15 min, 400 pg/ml
gentamicin (Sigma) was added to kill extracellular bacteria. After an additional 30-min
incubation with gentamicin, cells were centrifuged at 300 x g for 5 min and washed

twice with PBS. 0.1% Triton-X (Fisher Scientific) in PBS was used to lyse the cells, and
bacteria were serially diluted and plated on LB plates. CFU was counted after an overnight
incubation at 37°C, 5% CO5.

Statistical analysis

Results

Statistical analysis was determined by unpaired tests, ordinary one-way ANOVA with
Dunnett’s multiple comparisons test, Brown—Forsythe and Welch ANOVA with Dunnett’s
T3 multiple comparisons test, or two-way ANOVA with Tukey’s multiple comparisons test
(detailed in the figure legends) using GraphPad Prism software. Outliers were removed with
robust regression and outlier removal method (Q = 1%) using GraphPad Prism software.
Error bars indicate mean £ SEM, and p < 0.05 is considered significant. The number of
biological replicates for each experiment can be found in the figure legends. Asterisks
denote p values as follows in each figure: "Sp = not significant, *p < 0.05, **p < 0.01, ***p
<0.001, ****p < 0.0001.

Neutrophils and monocytes are the major sources of IL-1a during P. aeruginosa keratitis

We first measured IL-1a and IL-1B concentrations in the corneas of C57BL/6 (WT) mice
after infection with 5 x 10* P aeruginosa (PAO1 strain) by ELISA. Consistent with previous
reports, IL-1a and IL-1p levels peaked at 24 hpi, coinciding with infiltration of neutrophils
and monocytes (Fig. 1A, 1B). IL-1a and IL-1pB were undetectable in PBS mock-infected
corneas (data not shown).

J Immunol. Author manuscript; available in PMC 2023 October 23.
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Previous studies identified neutrophils as the primary source of IL-1p in bacteria-infected
corneas (5). To identify the cellular source of IL-1a, we examined intracellular IL-1a

in infiltrating myeloid cells at 24 hpi by flow cytometry. Cells were gated on live,

single CD45* CD11b* cells, and neutrophils were defined by Ly6G*Ly6C* events, while
monocytes were Ly6G~Ly6C* and CCR2* (Fig. 1C, gating strategy in Supplemental Fig.
2B). Consistent with previous studies from our laboratory (5), we found that 80-90% of
CD45* infiltrating cells at early-stage infection were neutrophils and <10% were monocytes.
Intracellular cytokine staining revealed that IL-1a was produced by neutrophils and
monocytes recruited to infected corneas (Fig. 1D). //7a"~ cells were used as fluorescence
minus one control. MFI levels were significantly higher than the control, indicating that

both cell types are major sources of IL-1a. IL-1a—PE MFI levels were higher in monocytes
than in neutrophils, indicative of higher production on a per-cell basis. However, neutrophils
greatly outhumber monocytes in infected corneas and, therefore, are a major source of IL-1a
in the cornea.

Although corneal epithelial cells release IL-1a. during necrotic cell death (11), we found
that IL-1a and IL-1p were undetectable at 4 hpi and in PBS mock infection, suggesting that
infiltrating myeloid cells rather than resident corneal cells are the primary source of IL-1a
during infection. In support of this, Western blot analysis of whole cornea homogenates
from mock-infected corneas at 24 hpi revealed no detectable IL-1a compared with PAO1-
infected corneas (Supplemental Fig. 1A). Further, there was no significant increase in IL-1a
release by human corneal epithelial cells in response to incubation with LPS or PAO1. Taken
together, we conclude that epithelial cells are not an important source of IL-1a or IL-1
during £, aeruginosa keratitis (Supplemental Fig. 1B, 1C).

Differential roles for IL-1a and IL-1p in P. aeruginosa keratitis

Previous studies from our laboratory showed impaired bacterial clearance in /2™~ mice
that was associated with impaired recruitment of neutrophils to infected corneas (5). To
determine whether there is a role for IL-1a during P, aeruginosa keratitis, we infected WT,
H1a~, 1115~ and DKO mice with 5 x 104 PAO1-GFP and examined corneal opacity,

GFP fluorescence, and bacterial burden. At 24 hpi, there were no significant differences

in corneal opacity among the four genotypes despite GFP levels seemingly higher in the
/1267~ and DKO mice and lower in //Za~ compared with WT mice. However, by 48 hpi,
/17657~ and DKO mice had noticeably higher corneal opacity compared with WT (Fig. 2A,
2B). Surprisingly, //a~~ mice had the opposite phenotype with significantly lower corneal
opacity at 48 hpi compared with WT, suggesting that IL-1a plays a distinct role from IL-1p
by contributing to disease exacerbation. Although not statistically significant, the DKO mice
had slightly more disease and bacterial burden than //Z65™/~ mice. However, when both IL-1a
and IL-1 are absent, the /247~ phenotype appears to be dominant, indicating that there are
redundant and nonredundant roles for IL-1a and IL-1p.

Consistent with corneal opacity and GFP levels, bacterial burden was higher in /16~ and
DKO compared with WT corneas at both 24 and 48 hpi. In marked contrast, there was a
log-fold lower CFU in //1a~~ compared with WT mice at 48 and 72 hpi (Fig. 2C, 2D).

J Immunol. Author manuscript; available in PMC 2023 October 23.
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Because //Zt™/~ and DKO mice were at risk for corneal perforation at 48 hpi, we did not
extend the experiment to 72 hpi for these genotypes.

Next, to determine whether it is IL-1a deficiency in infiltrating immune cells or resident
cells in the cornea that are causing enhanced bacterial killing, we performed bone marrow
transplant experiments. WT or //Za/~ donor bone marrow cells were i.v. injected into
irradiated WT (WT-WT, KO-WT) or /I8~ (WT-KO, KO-KO) recipient mice. After 5 wk,
mice were infected with 5 x 104 PAO1, and CFU was quantified at 48 hpi. We found no
differences between the WT-WT and the WT-KO group compared with non-transplanted
WT mice, but we did find significantly lower CFUs in the KO-WT and KO-KO groups,
indicating that IL-1a deficiency in immune cells and not resident cells mediate enhanced
bacterial clearance (Fig. 2E). Collectively, these findings demonstrate that IL-1a, in contrast
with IL-1p, impairs rather than enhances bacterial killing.

recruitment is delayed in infected I11b~~ but not ll1a~/~ corneas

Previous studies from our laboratory and others reported that neutrophils are critical for
bacterial clearance in infected corneas (5, 18, 19). To address whether the differences
observed in bacterial burden between WT, /a7, //167, and DKO mice are due to
changes in cellular infiltration, we examined P, aeruginosa-infected eyes by histology and
by flow cytometry at 24 and 48 hpi. Histological examination of corneal sections revealed
pronounced cellular infiltration in WT and //Za/~ central corneas at 24 hpi compared
with healthy corneas (Fig. 3A, Supplemental Fig. 2A). In contrast, cellular infiltration
was detected in the periphery, but not the central corneas of /167 and DKO corneas,
reflecting the ring-like pattern of corneal opacity shown in Fig. 2A. By 48 hpi, /15 and
DKO corneas exhibited a marked increase in recruited cells compared with WT and //1a
corneas.

Infiltrating cells were identified and quantified by flow cytometry as total CD45*CD11b*
cells, Ly6G™* neutrophils, and Ly6G~Ly6C*CCR2* monocytes (gating strategy shown

in Supplemental Fig. 2B). Consistent with the histology, we found significantly fewer
neutrophils and monocytes in //26™ and DKO mice at 24 hpi (Fig. 3B, 3C). Although
/11a"~ corneas showed no significant differences in total CD45*CD11b* and neutrophil cell
counts compared with WT, there were significantly fewer monocytes at 24 hpi (Fig. 3B, 3C).

Cytokine production in infected corneas

To address whether the lower monocyte number in //Za/~ com pared with WT mice is

due to differences in cytokine production, we quantified cytokines and chemokines in
infected corneas by ELISA. For IL-1 family members, we found no differences in IL-1f
production between infected WT and //Za* corneas (Fig. 4A). However, /157" corneas
had less IL-1a, which correlates with the lower numbers of neutrophils and monocytes in
the cornea at 24 hpi (Fig. 4B). There were no significant differences in IL-1Ra (Fig. 4C). For
chemokines, CXCL2 production was elevated in /76~ and DKO compared with /18
and WT corneas (Fig. 4D), which reflects the delayed recruitment of neutrophils migrating
into central cornea (Fig. 3A, 3C). There were no differences in CXCL1 or CCL2 among the
groups (Fig. 4E, 4F). Lastly, //165™ had significantly higher levels of TNF-a compared with

J Immunol. Author manuscript; available in PMC 2023 October 23.
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WT (Fig. 4G); however, the low concentration of TNF-a per cornea suggests that it is not
physiologically relevant. We also found significantly less IL-6 in //Za~~ and DKO corneas
compared with WT that was not apparent in /26, indicating that IL-6 secretion is partially
IL-1a dependent and IL-1f independent (Fig. 4H). IFN-B, IFN-v, IL-10, and GM-CSF were
below the threshold of detection (data not shown).

As IL-6 levels in all groups were <100 pg/ml, the major conclusion from these data is that
differences in cytokine production do not appear to explain the lower monocyte numbers

or the clinical phenotype of //Za~*~ mice. However, the increased CXCL2 production in
/1167~ and DKO mice at 24 hpi may account for the increased recruitment of neutrophils in
infected corneas at 48 hpi.

IL-1a deficiency does not affect neutrophil effector functions

Although there were no differences in neutrophil recruitment to the corneas between WT
and //1a~ mice, we examined whether there were functional differences. To analyze
neutrophil extracellular trap formation (NETosis) in infected corneas, we used frozen
sections of infected WT and //Za~ corneas for immunofluorescence of H3Cit and the
neutrophil marker NIMP-R14. We found no defects in histone citrullination in /a7
compared with WT corneas in vivo (Fig. 5A). In addition, we quantified intracellular H3Cit*
neutrophils ex vivo from infected corneas by flow cytometry using infected Pad4 " corneas
as a negative control and found no significant difference between WT and //Za~ (Fig. 5B,
5C, Supplemental Fig. 3A).

In vitro, neutrophils were isolated from the peritoneal cavity after inducing sterile
inflammation, and cells were enriched by negative bead selection and stimulated with PMA
or PAO1 at MOI 30 to examine NETosis, reactive oxygen species (ROS), and bacterial
killing. NETs were quantified by SYTOX Green, which binds to extracellular DNA and

is quantified by fluorescence. Although extracellular DNA was elevated in PMA- and PAO1-
stimulated neutrophils compared with unstimulated media control, we found no significant
differences between WT and //Za™~ neutrophils under any conditions (Fig. 5D, time-course
graphs in Supplemental Fig. 3B).

To determine whether there is a difference in ROS production, we incubated peritoneal
neutrophils from WT and //Za~/~ mice for 90 min with PMA or PAO1 in the presence of
luminol. PMA was used as a positive control for ROS production because PAO1 is known to
inhibit ROS (20). Again, no differences were observed between WT and //Za neutrophils
with either stimulus (Fig. 5E, time course shown in Supplemental Fig. 3C).

Further, we assessed whether there is a difference between WT and //Za~~ neutrophils

in bacterial killing in vitro (20). Neutrophils were incubated with PAO1 for 15 min,

and extracellular bacteria were Killed with gentamicin. Antibiotics were removed, and
neutrophils were lysed in a mild detergent to quantify the CFUs of phagocytosed bacteria.
We observed no differences in CFUs between WT and //Za in vitro (Fig. 5F). Taken
together, results from these studies indicate that these neutrophil effector activities are not
affected by the absence of IL-1a.
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Nuclear localization of IL-1a occurs in dendritic cells, but not neutrophils

IL-1a and IL-1p play distinct roles in bacterial clearance from infected corneas (Fig. 2)
despite both signaling through IL-1R1. One major difference between the two cytokines is
that full-length IL-1a contains a highly conserved nuclear localization sequence, whereas
IL-1B does not (21). Nuclear translocation of IL-1a has been reported in macrophages and
microglia without a clear function (22, 23). Therefore, we next addressed whether IL-1a
localizes to the nucleus in neutrophils. Bone marrow—derived dendritic cells (BMDCs) were
used as a positive control because they produce high levels of IL-1a in response to stimuli
such as LPS (12, 14). IL-1a localization was first examined by ImageStream imaging flow
cytometry, where we found nuclear localization of IL-1a in ~35% of BMDCs stimulated
with LPS (Fig. 5G, quantification shown in Supplemental Fig. 3D). As a second approach,
nuclear and cytoplasmic extracts from stimulated BMDCs were analyzed by Western blot,
confirming the presence of IL-1a in the nucleus (Fig. 5H). In contrast, we found that IL-1a
is localized in the cytoplasm, but not the nucleus, of in vitro—stimulated neutrophils and ex
vivo neutrophils isolated from infected corneas (Fig. 51, 5J, Supplemental Fig. 3D). These
findings indicate that the distinct roles for IL-1a and IL-1f in bacterial keratitis are not a
consequence of IL-1a nuclear localization in neutrophils.

Neutrophils from infected ll1a~~ corneas have a more proinflammatory transcriptomic
profile compared with WT neutrophils

Although there was no difference in neutrophil recruitment to infected WT and /&
corneas and no differences in in vitro functional analyses, we sought to determine whether
there are gene expression differences between WT and //Za~ neutrophils in vivo by
RNA-seq. WT and //Za/~ mice were infected with 5 x 104 PAO1 and at 24 hpi, live
Ly6G*Ly6C* neutrophils were xsorted from the corneas for bulk RNA-seq. Four infected
corneas were pooled for each sample. From our sequencing data, we observed differences in
gene expression between neutrophils from infected WT and //Za corneas. Most notably,
inflammatory genes, including CIgb, Msrl, Tnfsf9, and Pf4, were upregulated in //1a"
neutrophils (Fig. 6A, 6B). To identify differences in biological processes and pathways,
we annotated differentially expressed genes using Metascape analysis (24). Gene Ontology
terms for “Regulation of leukocyte activation,” “Regulation of adaptive immune response,”
and “Cytokine activity” were enriched in the //Za~~ neutrophils compared with WT (Fig.
6C).

Clgbis one of the genes of interest that are upregulated in //1a~. C1gb, along with

Clga and Clqc, chains form the C1g molecule that regulates phagocytosis and cytokine
production (25). Clq is part of the classical complement pathway initiation complex that
cleaves C4 and C2 to generate C4b2b, which leads to cleavage of C3 and C5 (25). We
therefore analyzed our RNA-seq data for expression of additional complement genes. We
found that C3, Hc (C5), and Cbarl gene expression levels were high in neutrophils; however,
Clgbwas the only complement gene that was elevated in neutrophils from infected /18
corneas (Fig. 6D).

To verify that C1q was elevated in //Za~ neutrophils, we dissected and homogenized
infected corneas at 24 hpi for detection of C1q protein by Western blot (WT and
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C1q~/~ plasma were used as controls). Although C1q was detectable in WT mouse

corneas, quantification of C1q over B-actin bands (loading control) showed that there was
significantly more C1q protein in //Za corneas (Fig. 6E). Further, immunofluorescence
staining of C1q in infected corneas showed higher levels in //Za~~ compared with WT and
/127" in the central cornea (Supplemental Fig. 4A—C). Neutrophil-specific production of
Clq in infected corneas was also quantified by flow cytometry. Although C1q* neutrophils
were <3%, we found higher frequency of C1q* neutrophils in infected //7a/~ compared
with WT corneas (Supplemental Fig. 4D, 4E). Overall, these data show that infected corneas
of IL-1a—deficient mice have a more proinflammatory transcriptomic profile, including
elevated C1q, which may contribute to enhanced bacterial clearance.

Discussion

IL-1a and IL-1p are proinflammatory cytokines that are highly upregulated during infection
or sterile inflammation. We and others have identified IL-1p as a critical regulator of
immune cell recruitment and subsequently bacterial clearance in a well-defined model of

P, aeruginosa keratitis (5, 26). In addition, we reported that neutrophils comprise >80% of
infiltrating cells during early-stage infection and are the main source of IL-1p in bacterial
and fungal keratitis (5, 27). Recently, we reported that neutrophils are also an important
source of IL-1a with an exosome-mediated secretion mechanism that is distinct from
Gasdermin D—mediated IL-1a secretion by dendritic cells and macrophages (12). We further
demonstrate in this study that neutrophils and monocytes are the main source of IL-1a in
vivo during P aeruginosa keratitis, and that IL-1a and IL-1p have nonredundant roles in
cellular recruitment and bacterial killing in the cornea.

P, aeruginosa is a Gram-negative bacterium that expresses a T3SS used to inject T3SS
effector proteins into host cells (28). The effector protein ExoS inhibits ROS production by
neutrophils and disrupts actin cytoskeleton to prevent phagocytosis (20, 29). 2 aeruginosa
strains expressing both ExoS and ExoU are rare, and the majority of clinical isolates

are ExoS-expressing strains (4). Distinct from other effector proteins, ExoU is a highly
cytotoxic phospholipase that causes rapid cell death akin to necrosis (28, 30). ExoU-
expressing strains are more virulent than the ExoS-expressing strain PAOL used in this
study (8).

It is important to note that there are differences in responses to ExoS- or ExoU-expressing
strains. We reported that neither IL-1a nor IL-1f was sufficient to provide protection during
corneal infection with an ExoU-expressing 2. aeruginosa strain, 19660, while //1r1~" and
1a"~ 11167 (DKO) had impaired bacterial clearance and more severe disease (8). These
observations indicate that during infection with an ExoU-expressing strain, IL-1a and IL-1p
play redundant roles. Conversely, IL-18 was sufficient for protection in an infection with the
ExoS-expressing PAO1 (5), which we replicated in this study. We now find that IL-1a has

a distinct role from IL-1p by exacerbating disease and impairing bacterial killing. Because
111657~ mice display delayed cellular recruitment and impaired bacterial clearance that is
mirrored in the DKO mice, we conclude that the /267" phenotype is dominant in this
model. Together, these studies indicate that there is a differential requirement of IL-1a and
IL-1pB for protection against ExoS compared with ExoU-expressing strains of 2 aeruginosa.
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Further, in a lung infection model with a different ExoU-expressing £, aeruginosa strain,
PA103, neutrophil recruitment was IL-1a dependent and IL-1f independent. This finding
was based on ExoU activity because infection with AExoU PA103 displayed the opposite
phenotype, where IL-1p, instead of IL-1a., is required for neutrophil recruitment to the lungs
(31), further illustrating that IL-1a and IL-1p can play distinct roles in response to T3SS
effectors produced by £ aeruginosa.

A selective role for IL-1a was also reported during infections with Legionella pneumophilia,
Streptococcus pneumoniae, and Aspergillus fumigatus. In an in vivo murine model of
Legionella pneumophilia infection, only IL-1a, but not IL-1p, is essential for neutrophil
recruitment to the lungs (32). Further, IL-1a and IL-1p were shown to have nonredundant
roles during S. pneumoniae infection that is based on spatial restriction in vivo (33).
Pulmonary infection with a virulent strain of Aspergillus fumigatus also showed that IL-1a.,
rather than IL-1p, is critical for neutrophil recruitment and was required for survival of
infected animals (34, 35). However, IL-1a is not necessary in A. fumigatus corneal infection
(data not shown), while IL-1p is important for this model (27). Taken together, these
findings indicate that the relative contributions of IL-1a and IL-1p to disease severity and
microbial killing are dependent on the sites of infection and the infectious agents.

The conflicting effects of IL-1a and IL-1f on bacterial burden during corneal infection
with PAOL point to differing roles played by these cytokines despite binding to the same
receptor. Because IL-1a was found only in the cytoplasm, there is no evidence of a nuclear
role for IL-1a in neutrophils. We also found that there were no intrinsic differences in
neutrophil ROS production, NETosis, or bacterial killing between WT and //Z&a" in vitro,
suggesting an indirect, but selective, role for IL-1a signaling. Because IL-1a and IL-1p
share similar protein structures and signal through the same receptor, IL-1R1, their roles
were often considered redundant (36). However, accumulating evidence now suggest they
each play distinct roles during different pathological conditions (37). For instance, in a
dextran sulfate sodium—induced model of intestinal inflammation, IL-1a plays a key role
in driving inflammation, while IL-1p promotes repair and reconstitution of the epithelial
barrier (38). Similarly, in the tumor microenvironment, IL-1a stimulates antitumor cell
immunity, whereas IL-1p produced by myeloid-derived suppressor cells (MDSCs) induces
immunosuppression (39, 40). Moreover, IL-1a is the predominant IL-1R1 determinant of
mortality in a neonatal sepsis model, while IL-1p was detected but unnecessary for lethality
(41). Our current study adds to the accumulating evidence supporting the paradoxical,
nonredundant roles of IL-1a and IL-1B.

One possible mechanism for the differential roles of IL-1a and IL-1p observed in vivo could
be the spatial and temporal expression of IL-1R1 and IL-1R2. A recent study suggested

the bioavailability of IL-1a and IL-1p in different tissues as a possible mechanism for

their nonredundant roles (33). Although we found no differences in IL-1p levels in //1a
corneas, we examined expression of IL-1R2, the IL-1 decoy receptor, and found it highly
expressed in the corneas of both WT and //Za/~ mice (Supplemental Fig. 4F, 4G). IL-1R2
has a higher affinity for IL-1p at 10719 M, which is 100 times higher than its affinity for
IL-1a (42, 43). Because we found high levels of IL-1R2 in the corneas, it is likely that IL-1p
signaling is dampened by the decoy receptor in WT animals, allowing IL-1a signaling to be

J Immunol. Author manuscript; available in PMC 2023 October 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ratitong et al.

Page 13

dominant. In /18", signaling is solely induced by IL-1B, which has a protective role in 2
aeruginosa keratitis. However, the bioavailability of IL-1a versus IL-1p to signal IL-1R1 in
vivo requires further investigation.

In this study, we examined the transcriptomic profile of neutrophils from WT and IL-1a—
deficient corneas to identify genes that are selectively expressed in the absence of IL-1a..
C1qgb was one of the genes that is upregulated in //Za"~ neutrophils. Complement proteins
are present at low levels in healthy corneas; however, serum complement and complement
components secreted by infiltrating cells lead to activation of the complement cascade that
contributes to disease pathology during infection or inflammatory conditions (44). C1q is
part of the classical complement pathway initiator that cleaves C4 and C2, resulting in
activated C3 convertase (25). Cleaved C3 components lead to (1) activation of the membrane
attack complex (C5b-9) and (2) exert direct effector function to directly kill bacteria (45).
Although we did not find differences in neutrophil C3 expression in the corneas, it is

likely that the increased production of C1q would lead to more C3 cleavage and facilitate
bacterial killing. In addition, novel roles of C1q that are independent from the classical
complement pathway have been described; this includes Ab-independent activation of C1 by
direct binding to bacteria and enhancing FcyR-mediated phagocytosis (46). Future studies
will examine these functions of C1q in the cornea and determine whether they have a role in
bacterial killing.

In summary, this study revealed an unexpected role for IL-1a during Pseudomonas keratitis
that is distinct from IL-1pB, and identified monocytes and neutrophils as the primary sources
of IL-1a.. Our observations raise several questions that will require further studies, including
identifying differences in IL-1 signaling, the relative concentration of bioactive forms of
IL-1a and IL-1p under different infectious and inflammatory conditions, and signal outcome
in different IL-1R1-expressing cells (37). It is also unclear how IL-1a deficiency contributes
to upregulation of C1q and if it is due to IL-1p signaling. IL-10 and I1L-17 were shown

to indirectly regulate chemokine mRNA stability in neutrophils (47, 48); therefore, it is
possible that the increased C1gb expression in //Za~ neutrophils is a consequence of

IL-1a regulating C1gb mRNA stability. Overall, further studies in this area will increase

our understanding of host—pathogen interactions in infected corneas and may identify novel
targets for therapeutic intervention.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. IL-1a production in P. aeruginosa keratitis.
(A and B) Time course of IL-1a and IL-1f production in 2 aeruginosa (PAO1L)-infected

corneas of C57BL/6 (WT) mice quantified by ELISA (n= 8 biological replicates,

repeated twice). (C) Flow cytometry of live, single CD457CD11b* cells at 24 hpi showing
neutrophils (Ly6G*Ly6C*) and monocytes (Ly6G~Ly6CNICCR2*). (D) Intracellular IL-1a*
(PE) neutrophils and monocytes shown as representative histograms (left). MFI was
quantified using //Za" cells as the fluorescence minus one (FMO) control (right). 7= 5-6
biological replicates, repeated twice. **p < 0.01, ****p < 0.0001, determined by ordinary
one-way ANOVA with Tukey’s multiple comparisons test.
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FIGURE 2. The role of IL-1a and IL-1f in P. aeruginosa keratitis.
Corneas of WT, //1a~, I/167, and DKO mice infected with 5 x 104 PAO1 expressing GFP

and examined at 24 and 48 hpi. (A) Representative images of corneal opacity (brightfield)
and GFP (bacteria) in infected WT, //1a, //1b™"~, and DKO mice. (B) Quantification of
percent corneal opacity by ImageJ. (C and D) Live bacteria from infected corneas quantified
by CFUs at (C) 24, 48, and (D) 72 hpi. (E) CFUs in bone marrow transplant mice at 48

hpi. n=8-10 corneas for 24 and 72 hpi time points, experiment repeated three times, and
n=10-20 corneas for 48 hpi time point repeated four times. 7= 5-10 corneas for bone
marrow transplant; experiments were repeated three times. *p < 0.05, **p < 0.01, ***p<
0.001, ****p < 0.0001, ordinary one-way ANOVA with Dunnett’s multiple comparison test
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was used for (B) and (E) and left panel of (C), Brown Forsythe and Welch ANOVA test with
Dunnett’s T3 multiple comparison test of right panel of (C), and unpaired #test (D).
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FIGURE 3. Neutrophil and monocyte recruitment to P. aeruginosa—infected corneas.
(A) Representative images from H&E-stained corneal sections of infected WT, //1a ",

/11657~ and DKO corneas. Scale bars, 200 uM. Cellular recruitment was quantified by flow
cytometry at (B) 24 and (C) 48 hpi; neutrophils were gated on CD45*CD11b*/Ly6G*Ly6C*,
and monocytes were gated on Ly6G~Ly6CNCCR2* (Supplemental Fig. 2B). 7= 5 biological
replicates, three repeat experiments (A); 7= 10-15, four repeat experiments (B and C). *p
<0.05, **p<0.01, ***p< 0.001, ****p < 0.0001, using ordinary one-way ANOVA with
Dunnett’s multiple comparisons test.
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FIGURE 4. Cytokine production in infected WT, l11a~/~, and 1117/~ corneas.
PAO1-infected corneas from WT, //1a/~, //16™"~, and DKO mice were homogenized at

24 hpi, and cytokines were quantified by ELISA. (A) IL-1p, (B) IL-1a, (C) IL-1Ra, (D)

CXCL-2, (E) CXCL-1, (F) CCL2, (G) TNFa, and (H) IL-6 concentration was calculated
as pg/cornea (three repeated experiments). *p < 0.05, **p < 0.01, using ordinary one-way
ANOVA with Dunnett’s multiple comparisons test.
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FIGURE 5. Neutrophil effector functions and IL-1a nuclear localization.
(A) Representative images of WT and //Za~ corneal sections at 24 hpi with NIMP-R14

(neutrophils), and H3Cit as an indicator of NETosis (representative of 7= 6 mice, three
repeat experiments). (B) Flow cytometry of intracellular H3Cit in ex vivo neutrophils from
infected WT, Pad4™", and //1a. (C) Quantification of % H3Cit*Ly6G* neutrophils (7

= 4). (D-F) In vitro functional analysis of peritoneal neutrophils from WT and //1a/~

mice stimulated with PMA or PAO1 (n = 3 repeated experiments). (D) Extracellular

DNA quantified by AUC. (E) Total ROS quantified as AUC of luminol fluorescence.

(F) Neutrophil killing of phagocytosed PAO1 quantified by CFUs. (G and H) Nuclear
localization in LPS-stimulated BMDCs. (G) Imaging flow cytometry of IL-1a (yellow) and
nuclei (DAPI). (H) Cytoplasmic and nuclear extracts analyzed by Western blot for IL-1a.,
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Lamin B1 (nuclei), and GAPDH (cytosol). (1) Localization of IL-1a in B-glucan-stimulated
neutrophils (curdlan) examined by imaging flow cytometry. (J) Neutrophil cytoplasmic and
nuclear extract analyzed by Western blot for IL-1a. Imaging flow cytometry and Western
blot experiments were repeated three times. Western blot membrane images were cropped
to show bands at the corresponding molecular weights. Ordinary one-way ANOVA with
Dunnett’s multiple comparisons test was used for (B) and (C); unpaired #test was used for

(D).
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FIGURE 6. Transcriptomic analysis of WT and l1a™’~ neutrophils from infected corneas.
Bulk RNA-seq of live Ly6G*Ly6C*CD45*CD11b* neutrophils sorted from infected WT and

Il1a" corneas at 24 hpi (7= 3). (A) Heatmap showing the top 30 differentially expressed
genes, with yellow indicative of upregulation and purple showing downregulated genes. (B)
Volcano plot of DE genes. Genes were filtered for subsequent analysis using the following
cutoff: fold change > 2; adjusted p < 0.05. (C) Gene Ontology (GO) terms associated

with genes that are upregulated in //Za~* corneal neutrophils (https://metascape.org). (D)
Complement gene reads expressed by neutrophils from infected WT and //1a~ corneas. (E)
Representative Western blot of C1q in infected corneas from WT and //Za~ mice (left), and
quantification of band intensity normalized to B-actin loading control (right). 7= 3 samples,
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each containing neutrophils from four pooled corneas. For (E), 7= 10 biological replicates
from three independent experiments. **p < 0.01, ****p < 0.0001, unpaired ¢test.
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