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PURPOSE. Regulation of inflammation is critical for achieving favorable outcomes in wound
healing. In this study, we determine the functional role and mechanism of action of IL-
11, an immunomodulatory cytokine, in regulating inflammatory response at the ocular
surface.

METHODS. Corneal injury was induced by mechanical removal of the epithelium and
anterior stroma using an AlgerBrush II. Transcript and protein levels of IL-11 in
injured cornea were quantified using real-time PCR and ELISA analysis. Corneal inflam-
mation was assessed by measuring frequencies of total CD45+ inflammatory cells,
CD11b+Ly6G+ polymorphonuclear cells (neutrophils), and CD11b+Ly6G− mononuclear
cells (macrophages, monocytes) at the ocular surface using flow cytometry. To assess
the effect of IL-11 on innate immune cell function, cell activation marker and inflamma-
tory cytokines including major histocompatibility complex (MHC) class II, myeloperoxi-
dase (MPO), TNFα, and inducible nitric oxide synthase (iNOS) were measured following
recombinant IL-11 treatment (1 μg/mL). Injured corneas were topically treated with IL-11
(1 μg/mL), and wound healing was evaluated using corneal fluorescein staining.

RESULTS. Corneal injury resulted in increased levels of IL-11 in the cornea, particularly
in the stroma. Neutrophils and CD11b+ mononuclear cells (macrophages, monocytes)
substantially expressed IL-11 receptor. Interestingly, IL-11 significantly downregulated
the activation of immune cells, as evidenced by the lower expression of MHC II and
TNFα by CD11b+ mononuclear cells and lower levels of MPO by neutrophils. Topical
administration of IL-11 to injured corneas led to faster wound healing and better retention
of tissue architecture.

CONCLUSIONS. Our findings demonstrate IL-11 is a key modulator of ocular surface inflam-
mation and provide novel evidence of IL-11 as a potential therapeutic to control inflam-
matory damage and accelerate wound repair following injury.
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A transparent and compact cornea is critical for the trans-
mission of light to form a clear image of an object on

the retina. Corneal injury induced by trauma or infection trig-
gers a cascade of inflammatory response, a physiologic heal-
ing response. During this repair process, immune cells clear
tissue debris and epithelial cells proliferate and migrate to
reepithelize the lesion.1,2 However, if this process is uncon-
trolled or prolonged, proper reepithelization does not occur
and can lead to significant tissue damage, which manifests as
corneal thinning, perforation, and scarring.3 Corneal injury
is characterized by epithelial disruption and an influx of
immune cells from the limbus and activation of resident
immune cells of the cornea, leading to a state of inflam-
mation and loss of corneal homeostasis.4 These activated
immune cells release myeloperoxidase (MPO) and TNFα,
which can cause nonspecific tissue damage to delay corneal
wound healing.5

IL-11 is a pleiotropic cytokine belonging to the IL-6 super-
family.6 It has a double helical structure and acts via bind-

ing to its transmembrane receptor, IL-11Rα, and gp130.7,8

IL-11 has first been identified to promote megakaryocyte
maturation and currently is approved for the prevention
of thrombocytopenia in patients receiving chemotherapy.6,9

Beyond their role in megakaryocyte maturation, IL-11 has
been implicated in the pathogenesis of fibrotic diseases and
various autoimmune disorders, including ulcerative colitis,
rheumatoid arthritis, and graft-versus-host disease.10–12 In
the eye, expression of IL-11 has been reported to be elevated
in human retinal pigment cells and corneal fibroblasts when
stimulated with inflammatory cytokines in vitro.13 However,
no study has investigated the functional role of IL-11 in an
inflamed cornea.

The purpose of the study was to identify the function
of IL-11 during corneal injury and delineate its underly-
ing mechanism. We evaluated the levels of IL-11 in naive
and injured corneas and showed that high levels of IL-11
are present in the corneal stroma following injury. Having
observed increased levels of IL-11 in the inflamed cornea,
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we used a gain-of-function approach to determine the func-
tion of IL-11 on the varied infiltrating immune cells using in
vivo and in vitro models. Using our well-established model
of corneal injury and topical administration of IL-11, we
demonstrate exogenous supplementation of IL-11 results in
faster wound closure and dampened inflammation.

MATERIALS AND METHODS

Mice

Six- to 8-week-old male BALB/c mice (Charles River Labo-
ratories, Wilmington, MA, USA) were used for indicated
experiments. The study (2020N000010) was approved by the
Schepens Eye Research Institute (SERI) Animal Care and Use
Committee. Mice were housed in a pathogen-free environ-
ment at the animal facility of SERI and treated according to
the ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research.

Corneal Injury

Mice were anesthetized via intraperitoneal injection of
ketamine (120 mg/kg) and xylazine (20 mg/kg). The central
cornea of the right eye was marked with a 2-mm trephine,
and the corneal epithelium and anterior stroma (approxi-
mately one-third of total corneal thickness) were removed
mechanically using a handheld motor brush (AlgerBrush
II; Alger Company, Lago Vista, TX, USA), as described
previously.14,15 Triple antibiotic ointment (Neomycin and
Polymyxin B Sulfates and Bacitracin Zinc Ophthalmic Oint-
ment USP; Bausch + Lomb, Wilmington, MA, USA) was
applied to the eye after injury. Subcutaneous injection of
buprenorphine extended-release suspension (3.25 mg/kg;
Ethiqa XR, Fidelis Animal Health, NJ, USA) was adminis-
tered to minimize postprocedure pain. Mouse recombinant
IL-11 (0.3 mg/mL, cat. #78026; STEMCELL Technologies,
Cambridge, MA, USA) was administered topically three times
a day for 5 days after corneal injury. Mouse serum albumin
(MSA; 0.3 mg/mL) served as the control treatment.

Corneal Fluorescein Staining and Slit-Lamp
Biomicroscopy

Corneal epithelial healing was assessed using corneal fluo-
rescein staining (CFS). One microliter of 1% sodium fluores-
cein dye (Sigma-Aldrich, St. Louis, MO, USA) was applied to
the injured ocular surface, and positive staining was evalu-
ated under cobalt blue light on the slit-lamp biomicroscope,
as described previously.16 CFS assessment was performed
immediately following injury (day 0) and on alternate days
thereafter until day 6 postinjury. Captured slit-lamp micro-
graphs were analyzed to calculate the area of epithelial
defect using ImageJ, version 1.5.3 (National Institutes of
Health, Bethesda, MD, USA).

Corneal Tissue Digestion

Single-cell suspensions were prepared from corneas for flow
cytometry analysis.17,18 Harvested corneas were digested
in RPMI media (Lonza, Walkersville, MD, USA) contain-
ing 2 mg/mL collagenase type IV (Sigma-Aldrich) and 2
mg/mL DNase I (Roche, Basel, Switzerland) for 45 minutes
at 37°C followed by filtration through a 70-micron cell
strainer.

Real-Time PCR

Total RNA was isolated from harvested corneas using the
RNeasy Micro kit (cat. #74004; Qiagen, Hilden, Germany).
Isolated RNA was reverse transcribed to synthesize cDNA
using the SuperScript III First-Strand Synthesis System (Ther-
moFisher Scientific, USA). Real-time PCR was performed
using TaqMan Universal PCR Mastermix (Life Technologies,
ThermoFisher Scientific, Waltham, MA, USA) in the Master-
cycler RealPlex platform (Eppendorf, Hamburg, Germany).
Preformulated TaqMan primers for Il11 (Mm00457645_m1),
Tnfα (Mm99999068_m1), and glyceraldehyde-3-phosphate
dehydrogenase (Gapdh; Mm99999915_g1) were used. The
comparative threshold cycle method was used to analyze
the results, which were normalized to Gapdh as an internal
control.

ELISA

Levels of IL-11 in the murine cornea and culture super-
natants were analyzed using commercially available ELISA
kits (murine: cat. #DY218, human: Cat. #DY418, R&D
Systems, Minneapolis, MN, USA). To separate the corneal
epithelium from the stroma, harvested corneas were first
incubated in EDTA (1:25 in PBS) for 30 minutes at 37°C.
Thereafter, the epithelium was peeled off from the underly-
ing stroma using nontoothed forceps. Lysates were prepared
by subjecting the corneal tissue to three freeze-thaw cycles at
−180°C/37°C, followed by homogenization with a motorized
pestle and centrifugation at 10,000 rpm for 10 minutes.19 The
results were read using a SpectraMax Plus 384 microplate
reader (Molecular Devices, San Jose, CA, USA).

Isolation of Bone Marrow–Derived Immune Cells

Bone marrow (BM) was harvested from femurs of eutha-
nized BALB/c mice. The bone marrow was flushed out of
the femurs with PBS in a petri dish followed by gentle pipet-
ting and centrifugation at 1300 rpm for 5 minutes. Deple-
tion of red blood cells was carried out using red blood cell
lysis buffer (1 mL per 100 million cells) (cat. #R7757; Sigma-
Aldrich).

Cell Culture

Primary human corneal fibroblasts (HCFs) were isolated
from multiple donor human corneas and cultured as
described previously.20,21 Human macrophages were differ-
entiated from the human monocytic cell line, THP-1 (ATCC,
Manassas, VA, USA), using phorbol 12-myristate 13-acetate
(PMA), as per the standardized protocol.22 In detail, THP-
1 cells were seeded in a 24-well culture plate (density:
2.5 × 105 cells/mL) and incubated with PMA (0.2 μM,
cat. #P8139; Sigma-Aldrich) for 72 hours. Thereafter, PMA-
containing media were replaced with fresh supplemented
RPMI. Cells were visualized under an inverted microscope
(Leica DMi1; Leica Microsystems, Wetzlar, Germany) to
confirm macrophage-like morphology characterized by cell
spreading, adhesion, and increased cytoplasmic volume.22

Monocytes and HCFs were analyzed for IL-11 expression in
the resting state as well as after incubation with IL-1β (100
ng/mL) for 24 hours.

In Vitro Culture Assays

BM-isolated cells (density: 1.0 × 106 cells/mL) were incu-
bated with IFNγ (10 ng/mL) in the presence or absence of
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recombinant murine IL-11(1 μg/mL, cat. 756102; BioLegend,
San Diego, CA, USA) for 24 hours. Brefeldin A (cat. #420601,
BioLegend, San Diego, CA, USA) was added at 12 hours to
capture intracellular cytokines and TNFα. To evaluate the
effect of IL-11 on neutrophil activation, BM-isolated cells
were stimulated with formyl-methionyl-leucyl-phenylalanine
(fMLP, 1 μM; Sigma-Aldrich) with or without recombinant
murine IL-11 (1 μg/mL) for 1 hour.

Human macrophages (THP-1 derived) were incubated
with IFNγ (10 ng/mL, cat. #570204; BioLegend) in the pres-
ence or absence of recombinant human IL-11 (1 μg/mL,
cat. #585902; BioLegend) for 24 hours. Brefeldin A (1×, cat.
#420601, BioLegend) was added at 12 hours to capture intra-
cellular cytokines. Macrophages were harvested by gently
rinsing the attached cells twice with cold PBS (Corning,
Tewksbury, MA, USA) for flow cytometry analysis.

MPO Assay

Neutrophil activation was additionally studied by evaluating
MPO enzyme activity in culture supernatants and corneal
lysates. MPO activity was measured using a commercial
colorimetric assay kit (cat. #ab105136; Abcam, Waltham, MA,
USA).

Flow Cytometry

Single-cell suspensions were stained with fluorochrome-
conjugated antibodies to study the expression of specific
markers. Anti-CD45 (clone: 30-F11), anti-CD11b (clone:
M1/70), anti-Ly6G (clone:1A8), anti-TNFα (clone: MP6-
XT22), anti–iNos-2 (clone: W16030C), anti–major histocom-
patibility complex (MHC) class II (clone: M5/114.15.2), anti-
HLA-DR (clone: L243), and their respective isotypes were
procured from BioLegend. Anti–IL-11RA (cat. #10264-1- AP)
and goat anti-rabbit IgG (heavy chain) secondary antibody
(cat. #A27039), as well as their respective isotypes, were
obtained from ThermoFisher Scientific. The stained cells
were read on a LSR-II flow cytometer (BD Biosciences, San
Jose, CA, USA). The data were analyzed using the Summit
software (Dako Colorado, Fort Collins, CO, USA).

Histology

Whole eyeballs were harvested 5 days postinjury. Formalin-
fixed, paraffin-embedded cross sections were stained with
hematoxylin and eosin (H&E) and examined using a bright-
field microscope (Leica DM750; Leica Microsystems) at 20×
magnification. Number of epithelial cell layers, stromal infil-
tration of immune cells, and tissue architecture were visual-
ized.23

Statistical Analysis

To compare the means between the two groups, unpaired
two-tailed t-test was used. For the comparison of more than
two groups, one-way ANOVA was used. The significance
level was set at P < 0.05. Results are presented as the mean
± SD (in vitro) experiments and mean ± SEM (in vivo) of
at least three independent experiments. CFS evaluation was
performed by two observers in a masked fashion. Sample
sizes were estimated based on previous experimental stud-
ies on corneal injury and inflammation.16,24,25

RESULTS

High Levels of IL-11 in the Corneal Stroma
Following Injury

IL-11 cytokine has been reported to be expressed in differ-
ent inflammatory diseases; however, its role in the eye has
largely been unexplored.26,27 Corneas were harvested 24
hours after injury to assess levels of IL-11 in naive and
injured corneas. Real-time PCR analysis showed a 10-fold
increase in the expression of IL-11 in the injured cornea, as
compared to naive cornea (Fig. 1A). Similar findings were
observed at the protein level showing a 6-fold increase in
IL-11 levels in the injured cornea as compared to the naive
cornea (Fig. 1B). To delineate the source of IL-11 expres-
sion among the corneal layers, we compared its expression
profile in the different corneal layers, namely, the epithe-
lium and stroma. IL-11 was detected primarily in the stroma,
with the epithelium showing no detectable levels of IL-11
(P < 0.001) (Fig. 1C). As resident macrophages and fibrob-
lasts are major components of the corneal stroma, levels of
IL-11 were quantified in HCFs and human monocytic cells.
Interestingly, monocytic cells did not express detectable
levels of IL-11, while HCFs constitutively expressed high
levels of IL-11, both at resting and under inflammatory
conditions (Fig. 1E).

IL-11 Receptor Is Expressed by Neutrophils and
Monocytic Cells in the Wounded Cornea

IL-11 binds to its receptor IL-11Rα and gp130 to form a
hexameric complex that initiates downstream signaling.28 As
innate immune cells quickly infiltrate the cornea in large
numbers following injury, we investigated whether infil-
trating CD45+ total immune cells, Ly6G+CD11b+ polymor-
phonuclear cells (neutrophils), and Ly6G-CD11b+ mononu-
clear cells (macrophages, monocytes) express IL-11R. At
24 hours postinjury, corneas were harvested and single-
cell suspension for flow cytometry analysis was prepared.
Infiltrating CD45+ immune cells (P < 0.0001), neutrophils
(P < 0.001), and CD11b+ mononuclear cells (P < 0.01)
expressed significant levels of IL-11R (Fig. 2A). As most
immune cells at the ocular surface following injury infiltrate
from the bone marrow, immune cells were isolated from the
bone marrow and characterized for their IL-11R expression
using flow cytometry. Consistent with our analysis on infil-
trating immune cells in the cornea, significant expression of
IL-11R on neutrophils and CD11b+ mononuclear cells was
observed (P < 0.001 and P < 0.05, respectively) (Fig. 2B).
Similar to our findings on the murine setting, human mono-
cytic immune cells expressed significant levels of IL-11R
(P < 0.01) (Fig. 2C).

IL-11 Suppresses the Effector Function of Innate
Immune Cells

Given the high expression of IL-11R by infiltrating immune
cells, we next sought to investigate the effect of IL-11 on
the key innate immune cells: neutrophils and mononuclear
cells. BM cells were stimulated with fMLP (1 μM), a specific
neutrophil stimulant, in the presence or absence of IL-
11 (1 μg/mL). Levels of MPO activity, which was substan-
tially upregulated following fMLP (P < 0.05), were damp-
ened by 50% in the presence of IL-11 (P < 0.01; Fig. 3A).
Expression of CD11b, a functional marker for neutrophil
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FIGURE 1. IL-11 expression in the cornea following injury. Corneal injury was induced by mechanical removal of the corneal epithelium and
anterior stroma in BALB/c mice. At 24 hours postinjury, corneas were harvested. Corneal tissue harvested from naive mice served as control.
(A) mRNA expression of IL-11 (normalized to Gapdh) by naive and injured corneas. (B) Protein levels of IL-11 in lysates of whole corneas
collected from naive and injured mice. (C) Epithelial and stromal layers were separated from harvested corneas, and protein levels of IL-11
were quantified using ELISA. (D) HCFs and human monocytes were stimulated with IL-1β (100 ng/mL) for 24 hours. HCFs and monocytes
cultured in media alone served as controls. Bar chart depicting protein levels of IL-11 in the culture supernatants of indicated groups. Data
from three independent experiments are shown, and each experiment consisted of 4 to 6 animals/group. The values are shown as mean ±
SEM (error bar). Student t-test. *P < 0.05, **P < 0.01, ***P < 0.001.

activation, was assessed on these neutrophils using flow
cytometry. Compared to the untreated group, the IL-11–
treated cells showed a significant reduction in CD11b
expression (P < 0.05; Fig. 3B), paralleling the MPO
finding.

To analyze the effect of IL-11 on mononuclear cell func-
tion, we studied expression of its activation marker, MHC
II, and its functional cytokines TNFα and inducible nitric
oxide synthase (iNOS) by CD11b+Ly6G− mononuclear cells
(macrophages, monocytes) in the presence or absence of
IL-11. A 3-fold increase in MHC II expression was observed
following IFNγ (10 ng/mL) stimulation, which was signifi-
cantly reduced when cultured with IL-11 (P< 0.001; Fig. 3C).
Similarly, TNFα and iNOS expression by CD11b+ mononu-
clear cells were significantly downregulated when cultured
with IL-11, compared to untreated controls (Figs. 3D, 3E).

To assess whether our findings can be translated in the
human setting, THP-1–derived human macrophages were

stimulated with IFNγ (10 ng/mL), and expression of HLA-
DR, TNFα, and iNOS in the presence or absence of IL-11
was evaluated. Flow cytometry analysis demonstrated signif-
icant downregulation in the expression of HLA-DR and both
effector molecules in human macrophages cultured in the
presence of IL-11, compared to those cultured in its absence
(P < 0.0001; Figs. 4A–C). Taken together, our data
demonstrate that IL-11 exerts anti-inflammatory effects on
neutrophils and macrophages, key modulators of acute
corneal inflammation.

Exogenous Supplementation of IL-11 Suppresses
Injury-Induced Inflammation

Using our in vivo injury model, we assessed whether IL-11
supplementation can regulate ocular inflammation. Follow-
ing corneal injury, IL-11 (0.3 mg/mL) was topically applied
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FIGURE 2. IL-11 receptor expression by infiltrating immune cells. Corneas were harvested 24 hours following injury and single-cell suspen-
sions were prepared for flow cytometry analysis. Corneas harvested from naive mice served as controls. (A) Representative histograms
(upper panel) showing frequencies of IL-11R expressing CD45+ total immune cells, CD11b+Ly6G+ neutrophils, and CD11b+Ly6G− mono-
cytes in the cornea. Bar charts (lower panel) quantifying fold change in IL-11R expression (MFI, mean fluorescence intensity) by the
indicated cells. (B) Representative dot plots (left) showing the gating strategies of bone marrow–isolated CD11b+Ly6G+ neutrophils and
CD11b+Ly6G− mononuclear cells (macrophages, monocytes). Bar chart (right) quantifying expression (MFI) of IL-11R by CD11b+Ly6G+
neutrophils and CD11b+Ly6G− mononuclear cells (macrophages, monocytes). (C) Representative histogram (left) and bar chart (right)
quantifying expression of IL-11R by human monocytes. Data from three independent experiments are shown, and each experiment
consisted of 4 to 6 animals. Data are presented as mean ± SD (error bar). Student t-test. *P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001.

to the ocular surface thrice daily (Fig. 5A). MSA-treated mice
served as controls. Twenty-four hours following corneal
injury, corneas were harvested, and frequencies of CD45+

total immune cells, Ly6G+CD11b+ neutrophils, and Ly6G-
CD11b+ mononuclear cells (macrophages, monocytes) were
analyzed using flow cytometry. IL-11 treatment resulted
in a 58% decline in total CD45+ leukocyte frequencies,
compared to MSA treatment (P < 0.05; Fig. 5B). Specifi-
cally, topical treatment with IL-11 showed a 54% reduction
in neutrophils (P < 0.01) and a 55% reduction in CD11b+

mononuclear cells (P < 0.05), relative to MSA treatment
(Fig. 5C). We further evaluated IL-11–mediated suppression
of immune cell function, via measuring MPO activity and
TNFα expression at the ocular surface. A 3.5-fold reduc-
tion in MPO activity was observed in IL-11–treated corneas,
compared to MSA-treated corneas (P < 0.0001; Fig. 5D).
In addition, transcript analysis showed significant down-
regulation of TNFα expression in corneas treated with
IL-11 compared to those treated with MSA (P < 0.05;
Fig. 5E).

Downloaded from intl.iovs.org on 04/19/2024



IL-11 Suppresses Inflammation and Promotes Healing IOVS | November 2023 | Vol. 64 | No. 14 | Article 1 | 6

FIGURE 3. IL-11 suppresses activation of neutrophils and monocytic cells. Bone marrow was harvested from BALB/c mice and single-cell
suspensions were made. (A) Cells were stimulated with a neutrophil activator, fMLP (1 μM), in the presence or absence of IL-11 (1 μg/mL).
Cells cultured in media alone served as control. Bar chart depicting MPO levels in supernatants of indicated cell cultures. (B) Representative
histogram (left) and bar chart (right) depicting expression of neutrophil activation marker CD11b (MFI). (C–E) Bone marrow cells were
stimulated with IFNγ (10 ng/mL) and cultured in the presence or absence of IL-11 (1 μg/mL). (C) Representative histogram (left) and bar
chart (right) depicting MHC II expression (MFI) by mononuclear cells (gated on CD11b+Ly6G–). (D) Representative dot plots (left panel)
and bar chart (right panel) quantifying mononuclear cells (gated on CD11b+Ly6G–) expression (MFI) of TNFα, a proinflammatory cytokine.
(E) Representative flow cytometry dot plots (left) and bar chart (right) depicting differential expression (MFI) of iNOS by mononuclear cells
(gated on CD11b+Ly6G–). Data from three independent experiments are shown, expressed as mean ± SD (error bar). Data in each group
are from triplicate wells. One-way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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FIGURE 4. IL-11 downregulates activation of human macrophages. Human macrophages derived from THP-1 cell line were stimulated
with IFNγ (10 ng/mL) and cultured with or without IL-11 (1 μg/mL) for 24 hours. Cells cultured in media alone served as control. (A)
Representative histogram (left) showing expression of human macrophage activation marker HLA-DR. Bar chart (right) quantifying HLA-DR
expression (MFI). (B) Representative dot plots (left) and bar chart (right) quantifying expression of TNFα in control and treatment groups.
(C) Representative flow cytometry dot plots (left) and bar chart (right) depicting differential expression (MFI) of iNOS by macrophages in
indicated groups. Representative data from three independent experiments are shown, expressed as mean ± SD (error bar). Data in each
group are from triplicate wells. One-way ANOVA. ****P < 0.0001.

Topical IL-11 Treatment Accelerates Wound
Healing Following Corneal Injury

Given that controlled inflammation often leads to faster
wound healing, we investigated the effect of IL-11 on corneal
wound healing. Faster reepithelization was observed in IL-
11–treated eyes, compared to MSA-treated eyes (Fig. 6A).
On day 2 of treatment, there was a 17% reduction in
epithelial defect (green area) in IL-11–treated eyes, whereas
only a 2% reduction was observed in control-treated eyes
(P < 0.05; Fig. 6A). By day 4, 79% of the epithelial defect
had healed in the IL-11–treated group, compared to a 9.5%
reduction in the control-treated group (P < 0.001; Fig. 6A).
Treatments were administered until day 6 (Fig. 5A), by which
nearly 90% of the epithelium had reepithelized following IL-

11 treatment; however, MSA control treatment resulted in
approximately 40% reepithelization (P < 0.001; Fig. 6A).

Additionally, corneas were harvested on day 6 and
frequencies of CD45+ immune cells were analyzed. Flow
cytometry analysis showed a 2.5-fold lower infiltration of
immune cells in IL-11–treated corneas, relative to MSA-
treated controls (P < 0.01; Fig. 6B). To examine the
tissue morphology, cross sections of harvested corneas were
stained with H&E. IL-11–treated corneas showed compara-
ble corneal architecture to naive corneas (Fig. 6C). Further-
more, less immune cell foci and edema were observed in
IL-11–treated corneas, compared to MSA-treated controls
(Fig. 6C). Our data suggest that IL-11 suppresses injury-
induced inflammation and promotes faster wound healing
to restore corneal tissue homeostasis.
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FIGURE 5. IL-11 reduces infiltration of immune cells following corneal injury. (A) Schematic of the experimental design indicating dose and
frequencies of IL-11 and MSA administration following injury. Corneas were harvested 24 hours postinjury, and single-cell suspensions were
prepared to study immune cell infiltration using flow cytometry. (B) Representative dot plots (left) showing frequencies of total CD45+ cells
in naive, MSA-treated, and IL-11–treated mice. Cumulative bar chart (right) quantifying frequencies of total CD45+ leukocytes in the cornea.
(C) Representative dot plots (upper panel) indicating frequencies of CD11b+Ly6G+neutrophils and CD11b+ Ly6G− mononuclear cells (gated
on CD45+ cells) in corneas of indicated treatment groups. Cumulative bar chart (lower panels) quantifying frequencies of neutrophils and
CD11b+ mononuclear cells (macrophages and monocytes) in the corneas harvested from indicated groups of mice. (D) Bar chart depicting
MPO levels in corneas harvested 24 hours postinjury. (E) Fold change in mRNA expression of TNFα in corneas of indicated mice groups.
Fold change was calculated from naive mice. Data from three independent experiments are shown. Each experiment consisted of 4 to 6
animals per group. The values are expressed as mean ± SD (error bar). One-way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001.
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FIGURE 6. Topical supplementation of IL-11 accelerates wound healing. (A) Corneal fluorescein staining was performed to assess for
epithelial defects (stained green). Area of epithelial defects was quantified using ImageJ software. Representative images of fluorescein-
stained corneas (left), captured using slit-lamp biomicroscopy under cobalt blue light, and cumulative bar chart (right) showing the area of
epithelial defect in pixel2 at indicated time points. (B) Single-cell suspensions of corneas harvested on day 6 postinjury were analyzed for
immune cell infiltration using flow cytometry. Representative dot plots (left) showing frequencies of total CD45+ cells in naive, MSA-treated,
and IL-11–treated mice. Cumulative bar chart (right) quantifying frequencies of total CD45+ leukocytes in corneas of different treatment
groups. (C) H&E corneal cross sections showing corneal tissue architecture, edema, and inflammatory cells (black arrow). Data from three
independent experiments are shown, and each experiment consisted of 6 to 8 animals/group. The values are shown as mean ± SD (error
bar). Student t-test and one-way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001. Epi., epithelium; Stro., stroma.

DISCUSSION

IL-11 is a multifunctional cytokine involved in the pathology
of different inflammatory and noninflammatory systemic
diseases.29–31 However, the principal function of IL-11 in
ocular pathologies is unknown thus far. Given this gap in
knowledge, we investigated the function of IL-11 in medi-

ating ocular inflammation and subsequent wound healing
following corneal injury. Our study demonstrates that IL-
11 is significantly expressed in the cornea, specifically in
the stroma, following injury and that infiltrating immune
cells, including neutrophils and macrophages, express IL-11
receptors. Exogenous supplementation of IL-11 suppresses
the activation of immune cells in both in vitro and in
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vivo settings. Lastly, topical IL-11 treatment following injury
accelerates corneal wound healing and suppresses injury-
induced inflammation.

IL-11, originally detected in the conditioned medium of
primate bone marrow stromal cells, has been shown to
enhance lymphohematopoietic stem cell proliferation and
differentiation.6 More recently, it has been studied in differ-
ent systemic diseases and has been broadly described to be
anti-inflammatory; however, very little is known about its
role in the eye.32,33 Beyond a single study by Nagineni et al.13

reporting expression of IL-11 in primary cultures of human
retinal pigment epithelial cells and corneal fibroblast cells in
vitro, no study has investigated the role of IL-11 in corneal
diseases and inflammation.

In our study, we first investigated the expression of IL-11
in the cornea in the naive and inflammatory states using
a murine model of corneal injury. High levels of IL-11
were observed at both transcript and protein levels in the
inflamed state. Specifically, IL-11 was highly expressed in
the corneal stroma, suggesting the source of this cytokine
to be localized cells, namely, the fibroblasts and infiltrating
immune cells. Upon injury, quiescent keratocytes transform
into active fibroblasts, which aid in repair and regenera-
tion.34 In conjunction, bone marrow–derived immune cells
traffic to the corneal stroma to partake in the inflamma-
tory response, a critical component of the wound-healing
cascade.35,36 Thus, to delineate the cellular source of IL-11,
their levels in human fibroblasts and monocytic cells were
measured. Fibroblasts constitutively expressed high levels of
IL-11, while monocytic cells did not secrete detectable levels
of IL-11. Our data suggest corneal fibroblasts are the primary
source of IL-11 in the cornea. Next, to determine the target
of IL-11, we assessed IL-11 receptor expression on immune
cells—namely, neutrophils and CD11b+ mononuclear cells
(monocytes and macrophages)—which drive corneal inflam-
mation following injury. Interestingly, sizable expression of
IL-11 receptor was found on both neutrophils and CD11b+

mononuclear cells.
Infiltrating immune cells secrete different proinflamma-

tory factors, including MPO by neutrophils and TNFα and
iNOS by CD11b+ mononuclear cells, that mediate the degra-
dation of extracellular matrix and keratocyte apoptosis
following injury.14,37 Not only did topical IL-11 treatment
suppress infiltration of innate immune cells, but the immune
cells cultured in the presence of IL-11 showed dampened
activation, as demonstrated by significantly lower expression
of their activation marker CD11b by neutrophils and MHC II
by macrophages. Moreover, these immune cells cultured in
the presence of IL-11 expressed significantly lower levels
of tissue-damaging molecules, MPO by neutrophils, and
TNFα and iNOS by human macrophages and mouse CD11b+

mononuclear cells—macrophages and monocytes . Addi-
tionally, topical treatment with IL-11 led to faster epithe-
lial wound healing and better restoration of tissue architec-
ture, demonstrating the regulatory effect of IL-11 on corneal
inflammation.

In conclusion, the present study demonstrates that cells
of the corneal stroma express substantial levels of IL-11,
which can significantly suppress the infiltration and acti-
vation of innate immune cells following injury. Exogenous
supplementation of IL-11 promotes faster corneal wound
healing and containment of inflammation, underlining its
favorable role in regulating the injury-induced inflammatory
cascade. In sum, our findings suggest that IL-11 can act as a
key immunosuppressive cytokine and provide a novel scope
of therapy for promoting corneal wound healing.

Acknowledgments

Supported by the National Institutes of Health grants
R01EY024602 and P30EY003790.

Disclosure: A. Singh, None; W.J. Cho, None; V.K. Pulimamidi,
None; S.K. Mittal, None; S.K. Chauhan, None

References

1. Bukowiecki A, Hos D, Cursiefen C, Eming SA. Wound-
healing studies in cornea and skin: parallels, differences and
opportunities. Int J Mol Sci. 2017;18:1257.

2. Eming SA, Martin P, Tomic-Canic M. Wound repair and
regeneration: mechanisms, signaling, and translation. Sci
Transl Med. 2014;6:265sr6.

3. Ljubimov AV, Saghizadeh M. Progress in corneal wound
healing. Prog Retin Eye Res. 2015;49:17–45.

4. Liu J, Li Z. Resident innate immune cells in the cornea. Front
Immunol. 2021;12:620284.

5. Wilson SE. Corneal wound healing. Exp Eye Res.
2020;197:108089.

6. Dorner AJ, Goldman SJ, Keith JC. Interleukin-11. BioDrugs.
1997;8:418–429.

7. Cardó-Vila M, Marchio S, Sato M, et al. Interleukin-11 recep-
tor is a candidate target for ligand-directed therapy in lung
cancer: analysis of clinical samples and BMTP-11 preclinical
activity. Am J Pathol. 2016;186:2162–2170.

8. Heinrich PC, Behrmann I, Haan S, Hermanns HM, Muller-
Newen G, Schaper F. Principles of interleukin (IL)-6-
type cytokine signalling and its regulation. Biochem J.
2003;374:1–20.

9. Sitaraman SV, Gewirtz AT. Oprelvekin. Genetics Institute.
Curr Opin Investig Drugs. 2001;2:1395–1400.

10. Fung KY, Louis C, Metcalfe RD, et al. Emerging roles for
IL-11 in inflammatory diseases. Cytokine. 2022;149:155750.

11. Moreland L, Gugliotti R, King K, et al. Results of a phase-
I/II randomized, masked, placebo-controlled trial of recom-
binant human interleukin-11 (rhIL-11) in the treatment
of subjects with active rheumatoid arthritis. Arthritis Res.
2001;3:247–252.

12. Hill GR, Cooke KR, Teshima T, et al. Interleukin-11
promotes T cell polarization and prevents acute graft-
versus-host disease after allogeneic bone marrow transplan-
tation. J Clin Invest. 1998;102:115–123.

13. Nagineni CN, Kommineni VK, William A, Hooks JJ, Detrick
B. IL-11 expression in retinal and corneal cells is regu-
lated by interferon-gamma. Biochem Biophys Res Commun.
2010;391:287–292.

14. Mittal SK, Omoto M, Amouzegar A, et al. Restoration of
corneal transparency by mesenchymal stem cells. Stem Cell
Rep. 2016;7:583–590.

15. Sahu SK, Mittal SK, Foulsham W, Li M, Sangwan VS,
Chauhan SK. Mast cells initiate the recruitment of
neutrophils following ocular surface injury. Invest Ophthal-
mol Vis Sci. 2018;59:1732–1740.

16. Shukla S, Cho W, Elbasiony E, Singh RB, Mittal SK, Chauhan
SK. Non-immune and immune functions of interleukin-36γ
suppress epithelial repair at the ocular surface. FASEB J.
2022;36, doi:10.1096/fj.202200174RR.

17. Cho WK, Mittal SK, Elbasiony E, Chauhan SK. Ocular
surface mast cells promote inflammatory lymphangiogen-
esis. Microvasc Res. 2022;141:104320.

18. Cho WK, Mittal SK, Elbasiony E, Chauhan SK. Activation of
ocular surface mast cells promotes corneal neovasculariza-
tion. Ocul Surf. 2020;18:857–864.

19. Cho WK, Mittal SK, Elbasiony E, Chauhan SK. Spatial distri-
bution of mast cells regulates asymmetrical angiogenesis at
the ocular surface. Am J Pathol. 2021;191:1108–1117.

Downloaded from intl.iovs.org on 04/19/2024

https://doi.org/10.1096/fj.202200174RR


IL-11 Suppresses Inflammation and Promotes Healing IOVS | November 2023 | Vol. 64 | No. 14 | Article 1 | 11

20. Karamichos D, Guo XQ, Hutcheon AEK, Zieske JD. Human
corneal fibrosis: an in vitro model. Invest Ophthalmol Vis
Sci. 2010;51:1382–1388.

21. Guo X, Hutcheon AE, Melotti S, Zieske J, Trinkaus-Randall
V, Ruberti J. Morphologic characterization of organized
extracellular matrix deposition by ascorbic acid-stimulated
human corneal fibroblasts. Invest Ophthalmol Vis Sci.
2007;48:4050–4060.

22. Lund ME, To J, O’Brien BA, Donnelly S. The choice
of phorbol 12-myristate 13-acetate differentiation proto-
col influences the response of THP-1 macrophages to a
pro-inflammatory stimulus. J Immunol Methods. 2016;430:
64–70.

23. Elbasiony E, Cho WK, Mittal SK, Chauhan SK. Suppression
of lipopolysaccharide-induced corneal opacity by hepato-
cyte growth factor. Sci Rep. 2022;12:494.

24. Omoto M, Suri K, Amouzegar A, et al. Hepatocyte growth
factor suppresses inflammation and promotes epithelium
repair in corneal injury. Mol Ther. 2017;25:1881–1888.

25. Elbasiony E, Mittal SK, Foulsham W, Cho WK, Chauhan
SK. Epithelium-derived IL-33 activates mast cells to initiate
neutrophil recruitment following corneal injury. Ocul Surf.
2020;18:633–640.

26. Wan B, Zhang H, Fu H, et al. Recombinant human
interleukin-11 (IL-11) is a protective factor in severe sepsis
with thrombocytopenia: a case-control study. Cytokine.
2015;76:138–143.

27. Klein W, Tromm A, Griga T, et al. A polymorphism in the
IL11 gene is associated with ulcerative colitis.Genes Immun.
2002;3:494–496.

28. Johnston RA, Atkins C, Siddiqui SR, et al. Interleukin-11
receptor subunit α-1 is required for maximal airway respon-
siveness to methacholine after acute exposure to ozone. Am
J Physiol Regul Integr Comp Physiol. 2022;323:R921–R934.

29. Permyakov EA, Uversky VN, Permyakov SE. Interleukin-
11: a multifunctional cytokine with intrinsically disordered
regions. Cell Biochem Biophys. 2016;74:285–296.

30. Nguyen PM, Abdirahman SM, Putoczki TL. Emerging roles
for interleukin-11 in disease. Growth Factors. 2019;37:
1–11.

31. Leung JH, Ng B, Lim W-W. Interleukin-11: a potential
biomarker and molecular therapeutic target in non-small
cell lung cancer. Cells. 2022;11:2257.

32. Roberti ML, Ricottini L, Capponi A, et al. Immunomodulat-
ing treatment with low dose interleukin-4, interleukin-10
and interleukin-11 in psoriasis vulgaris. J Biol Regul Home-
ost Agents. 2014;28:133–1339.

33. Wang X, Zhu G, Ren Q, et al. Increased interleukin-11 asso-
ciated with disease activity and development of interstitial
lung disease in patients with rheumatoid arthritis. Clin Exp
Rheumatol. 2022;40:135–141.

34. Chen J, Backman LJ, Zhang W, Ling C, Danielson P.
Regulation of keratocyte phenotype and cell behavior by
substrate stiffness. ACS Biomater Sci Eng. 2020;6:5162–
5171.

35. O’Brien TP, Li Q, Ashraf MF, Matteson DM, Stark WJ, Chan
CC. Inflammatory response in the early stages of wound
healing after excimer laser keratectomy. Arch Ophthalmol.
1998;116:1470–1474.

36. Hong JW, Liu JJ, Lee JS, et al. Proinflammatory chemokine
induction in keratocytes and inflammatory cell infiltration
into the cornea. Invest Ophthalmol Vis Sci. 2001;42:2795–
2803.

37. Wang X, Zhang S, Dong M, Li Y, Zhou Q, Yang L. The proin-
flammatory cytokines IL-1β and TNF-α modulate corneal
epithelial wound healing through p16Ink4a suppressing
STAT3 activity. J Cell Physiol. 2020;235:10081–10093.

Downloaded from intl.iovs.org on 04/19/2024


