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Keratoconus patients exhibit 
a distinct ocular surface immune 
cell and inflammatory profile
Sharon D’Souza1,10, Archana Padmanabhan Nair2,3,10, Ganesh Ram Sahu2, Tanuja Vaidya2,3, 
Rohit Shetty1, Pooja Khamar1, Ritika Mullick1, Sneha Gupta1, Mor M. Dickman4,5, 
Rudy M. M. A. Nuijts4, Rajiv R. Mohan6,7,8*, Arkasubhra Ghosh2,9* & Swaminathan Sethu2*

Inflammatory factors have been considered to contribute to keratoconus (KC) pathogenesis. This 
study aims to determine the immune cells subsets and soluble inflammatory factor profile on the 
ocular surface of KC patients. 32 KC subjects (51 eyes) across different grades of severity and 15 
healthy controls (23 eyes) were included in the study. Keratometry and pachymetry measurements 
were recorded. Ocular surface immune cells (collected by ocular surface wash) immunophenotyped 
using flow cytometry include leukocytes, neutrophils, macrophages, natural killer (NK) cells, pan-T 
cells, gamma delta T (γδT) cells and NKT cells. Tear fluid collected using Schirmer’s strip was used to 
measure 50 soluble factors by multiplex ELISA. Proportions of activated neutrophils, NK cells and γδT 
cells were significantly increased in KC patients. Significantly higher levels of tear fluid IL-1β, IL-6, LIF, 
IL-17A, TNFα, IFNα/β/γ, EPO, TGFβ1, PDGF-BB, sVCAM, sL-selectin, granzyme-B, perforin, MMP2, 
sFasL and IgE, along with significantly lower levels of IL-1α and IL-9 were observed in KC patients. 
Alterations observed in few of the immuno-inflammatory parameters correlated with grades of 
disease, allergy, eye rubbing and keratometry or pachymetry measurements. The observation implies 
a distinct immuno-inflammatory component in KC pathogenesis and its potential as an additional 
therapeutic target in KC management.

Keratoconus (KC) is characterized by focal structural changes of the cornea, including steeping and biomechani-
cal weakening resulting in irregular astigmatism, corneal scarring, and decreased visual  acuity1,2. Dysregulated 
extracellular matrix (ECM) remodeling is causally linked to various pathological conditions, including ectatic 
corneal diseases. Alterations in the expression of ECM core proteins (collagens, fibrin, laminin, proteoglycans) 
and their organization (lamellar arrangement, fibril density and diameter) are characteristic features of the KC 
 cornea3,4. KC was previously presumed to be a non-inflammatory corneal ectatic  disease2, primarily due to the 
lack of cardinal signs of inflammation in the cornea of KC patients. However, there is increasing evidence dem-
onstrating the relationship between KC and aberrant levels of various inflammatory factors, including immune 
cells, either locally (i.e., ocular surface; cornea) or in the systemic circulation of KC patients. Furthermore, the 
increased risk of KC in subjects with immunological conditions, such as atopy and allergy, and better control 
of KC progression following the management of these conditions, imply the role of immune mediators in KC 
pathogenesis.

A variety of inflammatory factors, including IL-1β, TNFα, IL-6, IL-17A, IFNγ and MMP9 with an ability to 
influence ECM remodelling, are elevated in the tear fluid and/or corneal tissue of KC  patients5,6. These could 
be contributed either by corneal structural cells or immune cells. However, the profile of immune cells on the 
ocular surface of KC patients remains unclear, but for a couple of reports on the presence of inflammatory 
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cellular infiltrates in corneal tissue sections in a small subset of KC  patients7,8. Further, it is known that a dynamic 
and orchestrated interaction between structural cells of tissues and immune cells contribute towards tissue 
 homeostasis9. Hence, it would be pertinent to determine the profile of ocular surface immune cell subsets in KC 
patients to bridge a critical knowledge gap in KC pathobiology.

In the current study, we determined the levels of a variety of secreted factors (cytokines, chemokines, growth 
factors, soluble cell adhesion molecules, soluble receptors and enzymes) in the tear fluid, concurrently with pro-
portions of leukocytes and various types of immune cell subsets (neutrophils subsets, macrophages, natural killer 
cells subsets, pan-T cells, gamma delta T cells and NKT cells) relevant in mucosal biology on the ocular surface 
of KC patients. Moreover, we analyzed the relationship between the cellular and secreted factors and disease 
severity. Importantly, we used non-invasive methods for sample collection, such as open eye ocular surface wash 
for immune cell proportions  determination10 and Schirmer’s strip-based tear fluid collection for secreted factor 
levels  quantification11. These methods could be applied in the clinic to determine the immune-inflammatory 
status in KC patients, assist in disease stratification and guide targeted therapeutics.

Methods
Subjects and study design. The cross-sectional, observational study was approved by Narayana Nethra-
laya institutional ethics committee. Subject recruitment and sample collection procedures were conducted as per 
institutional guidelines and following the tenets of the Declaration of Helsinki. We obtained written informed 
consent before subject recruitment. Corneal topography and tomography were used to diagnose KC 2,12. Topog-
raphy was acquired using Pentacam (OCULUS Optikgeräte GmbH, Wetzlar, Germany) upon the first presenta-
tion at the clinic. The Amsler–Krumeich classification, which utilizes biomicroscopy information, mean central 
keratometry measurement, spherical and cylindrical refraction change, and corneal thickness, was used to grade 
KC severity. In addition, the history of eye rubbing, as well as ocular and systemic allergy, were recorded. Exclu-
sion criteria were contact lens use; ongoing ocular infection, severe ocular or systemic allergy, autoimmune or 
inflammatory conditions; history of penetrating keratoplasty, deep anterior lamellar keratoplasty, or any other 
recent ocular surgery including refractive surgery in the last three months; use of topical agents such as an anti-
inflammatory or anti-allergic medication, and use of systemic medication known to alter immunological and 
inflammatory factors profile in the last 6 months. Based on the criteria mentioned above, a total of 32 KC subjects 
(51 eyes; age—22.3 ± 1.1 years; M/F—19/13) and 15 healthy controls (23 eyes; age—27.8 ± 0.9 years; M/F—9/6) 
were included in the study. The number of eyes based on grades of KC include forme fruste keratoconus—FFKC 
(6), grade-1 (14), grade-2 (8) and grade-3/4 (23). The grades are based on increasing degree of severity with 
grade 1 being the least severe and grade 4, the most severe form of the disease. A grade dependent increase in 
keratometry indices (K1, K2, Kmean and Kmax) and decrease in corneal pachymetry indices (central corneal 
thickness—CCT, thinnest corneal thickness—TCT) were confirmed in KC eyes (Supplementary Figure 1).

Ocular surface immune cell collection. Immune cells on the ocular surface were obtained from ocular 
surface wash samples as described  earlier10. Briefly, open eye ocular surface wash samples were collected by an 
ophthalmologist in an outpatient clinical setup. A needleless sterile syringe was used to gently rinse the study 
subject’s ocular surface with sterile saline (room temperature). We used a sterile tube positioned close to the 
lateral canthus of the eye being irrigated to collect the runoff saline. Subsequently, 0.05% paraformaldehyde was 
used to fix the ocular surface wash samples and stored at 4 °C until further processing.

Ocular surface immune cell phenotyping by flow cytometry. The proportions of various immune 
cell subsets on the ocular surface of control and KC subjects were determined by flow cytometry-based immu-
nophenotyping using immune cell type-specific fluorochrome-conjugated antibodies as previously  described10. 
Briefly, the stored ocular surface wash samples were centrifuged at 2000 rpm for 5 min at 4 °C. The cell pellet 
from the ocular surface wash sample was incubated with immune cell type-specific fluorochrome-conjugated 
antibody cocktails diluted in staining buffer (5% Fetal Bovine Serum in 1× Phosphate Buffer Saline, pH 7.4) with 
agitation (500 rpm) for 45 min at room temperature. Post incubation, the cells were washed and resuspended in 
300 μl 1× Phosphate Buffer Saline, pH 7.4. Fluorochrome-conjugated antibodies specific for the various immune 
cell subtypes are as follows: CD45 APC-H7 (clone 2D1), pan leukocytes; CD66b AlexaFluor 647 (clone G10F5), 
Neutrophils; CD163 FITC (clone GHI/61), macrophages; CD56 PE-Cy7 (clone B159), Natural Killer cells; CD3 
PE (clone HIT3A), pan-T cells and γδTCR PerCP-Cy5.5 (clone B1), gamma delta T cells. The stated fluoro-
chrome-conjugated antibodies were procured from (BD Biosciences, USA). Data acquisition was performed on 
a flow cytometer (BD FACSCanto™ II cell analyzer, BD Biosciences, USA) with BD FACSDiva software (BD Bio-
sciences, USA) and acquired data were analyzed using FCS Express 6 (De Novo Software, USA). Post-acquisition 
compensation was conducted using single stained controls. Further, specific cell populations were identified, 
and regions were assigned based on universal negative and fluorescence minus one control. The manual gating 
strategy followed for immune cell subsets identification is shown in Supplementary Figure 2.

Tear fluid collection. Tear fluid samples were obtained from study subjects as previously  described11. 
Briefly, sterile Schirmer’s strips was used to collect the tear fluid. The collected strips were then stored in sterile 
microcentrifuge tubes at − 80 °C until further processing. Tear fluid proteins were eluted from the Schirmer’s 
strip by the agitation of cut pieces of Schirmer’s strip in 300 μl of sterile 1× PBS for 2 h at 4 °C followed by 
centrifugation. The eluted tear fluid (300 μl) was collected in a fresh sterile microcentrifuge tube was used for 
further downstream analyses.
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Tear fluid soluble factors measurements. The levels of cytokines (IL-1α, IL-1β, IL-2, IL-6, LIF, IL-9, 
IL-10, IL-12/IL23p40, IL-12p70, IL-13, IL-17A, IL-18, IL-21, TNFα, IFNα, IFNβ, IFNγ), chemokines (MCP1/
CCL2, RANTES/CCL5, Eotaxin/CCL11, IL-8/CXCL8, MIG/CXCL9, IP-10/CXCL10, ITAC/CXCL11, Frac-
talkine/CX3CL1), growth factors (TGFβ1, bFGF, HGF, EPO, PDGF-AA, PDGF-BB, VEGF), soluble cell adhe-
sion molecules (sICAM1, sVCAM, sL-selectin, sP-selectin), soluble receptors (sTNFRI, sTNFRII, sIL-1R1), 
enzymes (MMP2, MMP9, TIMP1, MPO, NGAL, Angiogenin) and other secreted proteins (Granzyme-B, Per-
forin, IgE, sFasL, β2microglobulin) in the tear fluid were simultaneously measured by multiplex ELISA. IL-1α, 
IL-1β, IL-2, IL-6, IL-9, IL-10, IL-12/IL23p40, IL-12p70, IL-13, IL-17A, IL-21, TNFα, IFNα, IFNγ, MCP1/CCL2, 
RANTES/CCL5, Eotaxin/CCL11, IL-8/CXCL8, MIG/CXCL9, IP-10/CXCL10, ITAC/CXCL11, Fractalkine/
CX3CL1, TGFβ1, bFGF, VEGF, sICAM1, sVCAM, sL-selectin, sP-selectin, sTNFRI, sTNFRII, sIL-1R1, Angio-
genin, IgE and sFasL were measured using Cytometric Bead Array (BD™ CBA Human Soluble Protein Flex Set 
System, BD Biosciences, USA) as per manufacturer’s instruction. Similarly, LIF, IL-18, IFNβ, HGF, EPO, PDGF-
AA, PDGF-BB, MMP2, MMP9, TIMP1, MPO, NGAL, Granzyme-B, Perforin, and β2microglobulin were meas-
ured using LEGENDplex (Biolegend Inc, USA) according to manufacturer’s instructions. A flow cytometer 
(BD FACSCanto™ II, BD Biosciences, USA) with BD FACSDiva software (BD Biosciences, USA) was used to 
acquire the beads and record signal intensities for both Cytometric Bead Array and LEGENDplex assays. Ana-
lyte specific standards were utilized to determine the absolute concentrations of the analytes using analytical 
softwares—FCAP array Version 3.0 (BD Biosciences, USA) for Cytometric Bead Array and LEGENDplex™ Data 
Analysis Software Suite (Biolegend Inc, USA) for LEGENDplex assays. Wetting length of Schirmer’s strip during 
tear fluid collection and tear elution buffer volume was used to determine the dilution factor to calculate the final 
concentration of the analytes in the tear fluid sample of the study subjects.

Statistical analysis. The findings are reported as Mean ± Standard error of Mean (SEM) and represented 
as bar graphs. Differences in the various parameters between the groups were tested for statistical significance 
by Mann–Whitney test using GraphPad Prism 8.0 (GraphPad Software, Inc., La Jolla, CA, USA). Correlation 
among the various study parameters was determined by Spearman Rank correlation tests using  MedCalc® Ver-
sion 12.5 (MedCalc Software, Ostend, Belgium). P < 0.05 was considered to be statistically significant.

Results
Ocular surface immune cell subsets proportions in patients with KC. The proportion of leukocytes 
 (CD45+) was not significantly different between controls and various grades of KC (Fig. 1a). A decrease in the pro-
portion of total neutrophils  (CD45+CD66b+), though not statistically significant, was observed in KC compared 
to controls (Fig. 1b). However, a significant decrease in the proportion of inactive neutrophils  (CD45+CD66bLow) 
along with a significant increase in the proportions of activated neutrophils  (CD45+CD66bHigh) was observed in 
KC compared to controls (Fig. 1c–e). More specifically, grade-1 and -2 KC was noted to be contributing to this 
observation (Fig. 1c–e). A significant increase in the proportion of macrophages  (CD45+CD163+) was observed 
in grade-1 KC compared to controls (Fig. 1f).

A significant increase in the proportions of total natural killer (NK) cells  (CD45+CD66b−CD3−CD56+), 
 CD56Low NK cells or cytotoxic NK cells  (CD45+CD66b−CD3−CD56Low) and  CD56High NK cells or increased 
cytokine-producing NK cells  (CD45+CD66b−CD3−CD56High) was present in KC (across all grades) compared 
to controls (Fig. 2a–c). In addition, the proportion of  CD56High NK cells were significantly higher than  CD56Low 
NK cells in KC (grade-1 and grade-3/4) compared to controls (Fig. 2d). Based on the knowledge regarding the 
inter-regulatory property between neutrophils and NK  cells13, we investigated the ratio of total neutrophils 
 (CD45+CD66b+) and total NK cells  (CD45+CD66b−CD3−CD56+) in the study cohort. Compared to controls, a 
significantly lower ratio of neutrophils/NK cells ratio was observed across the grades of KC (Fig. 2e). No signifi-
cant difference in the proportions of T cells  (CD45+CD3+) and NKT  (CD45+CD3+CD56+) cells was observed 
between KC and controls (Fig. 2f,g). However, a significant increase in the proportion of gamma delta T cells 
 (CD45+CD3+γδTCR +) was observed in KC compared to controls (Fig. 2h). A higher proportion of gamma 
delta T cells was observed, particularly in grade-2 (not significant) and grade-3/4 (P < 0.001) KC compared to 
controls (Fig. 2h).

Ocular surface soluble factor profile in KC patients. Marked changes in the levels of tear fluid 
cytokines (Fig. 3a–q), chemokines (Fig. 4), growth factors (Fig. 5), soluble cell adhesion molecules and soluble 
receptors (Fig. 6), enzymes (Fig. 7) and other secreted proteins (Fig. 8) was observed in KC compared to con-
trols. Cytokines: The levels of interleukin (IL)-1β, IL-6, IL-17A, tumour necrosis factor-alpha (TNFα) and inter-
feron-gamma (IFNγ) were significantly higher across all grades of KC compared to controls (Fig. 3b,d,k,n,q). 
Levels of IL-1α and IL-9 were significantly lower across all KC grades than controls (Fig. 3a,f). Significantly 
higher LIF (Leukemia inhibitory factor), an IL-6 class of cytokine, was observed in FFKC and grade-3/4 com-
pared to controls (Fig. 3e). Compared to controls, the level of IL-10 was lower in early stages or lower grades of 
the disease and higher in grade-3/4 (Fig. 3g). The levels of IL-12p70 and IL-12/23p40 showed similar trends, but 
significantly higher levels of IL-12/23p40 was observed only in grade-3/4 KC samples (Fig. 3h,i). Though type 1 
interferons (IFN), IFNα and IFNβ were higher in KC, they were not significantly higher across KC grades than 
controls, as was seen with IFNγ, a type 2 IFN (Fig. 3o–q). Chemokines: No significant differences in the levels of 
chemokines studied were observed between controls and KC (Fig. 4), except for monocyte chemoattractant pro-
tein 1 (MCP1/CCL2) and Fractalkine (CX3CL1) that exhibited significantly higher levels in grade-1 and grade-
3/4, respectively (Fig. 4). Growth factors: Erythropoietin (EPO) was significantly higher across the grades of KC 
compared to control (Fig. 5). A significant increase in the levels of Transforming growth factor-beta 1 (TGFβ1) 
and vascular endothelial growth factor (VEGF) was observed in grade-3/4 KC compared to control (Fig. 5). 
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Similarly, higher levels of hepatocyte growth factor (HGF) and platelet-derived growth factor-BB (PDGF-BB) 
were recorded in FFKC compared to control (Fig. 5). Soluble cell adhesion molecules and soluble receptors: Signifi-
cantly higher levels of soluble vascular cell adhesion molecule (sVCAM) and soluble P-selectin were observed in 
grade-3/4 KC (Fig. 6), along with a significant increase in soluble tumour necrosis factor receptor 1 (sTNFRI) in 
FFKC compared to controls (Fig. 6). Enzymes: Significantly higher levels of matrix metalloproteinase 2 (MMP2) 
was observed across the grades of KC, and increased levels of MMP9 (although not statistically significant) was 
observed compared to controls (Fig. 7). Interestingly, angiogenin, a RNase, was significantly lower in FFKC and 
grade-2 KC compared to controls (Fig. 7). Other secreted factors: Granzyme-B, perforin and soluble Fas ligand 
(sFasL) were significantly higher in FFKC and grade-3/4 than controls (Fig. 8). Immunoglobulin E (IgE) was 
significantly higher in all grades except grade-2 KC, and β2 microgloublin was significantly higher in FFKC than 
controls (Fig. 8).

Correlation between the proportion of a specific immune cell subset and its respective secretory marker in the 
tear fluid was determined to validate the findings. A positive association of NK cell proportion with granzymes 
and perforin levels; neutrophil proportion with myeloperoxidase (MPO) and neutrophil gelatinase-associated 
lipocalin (NGAL) levels; and gamma delta T cell proportion with TNFα, IFNγ and IL-17A levels were observed 
in the study cohort (Table 1). The overall immune cell subsets proportion and soluble factor profile changes 
across the different grades of KC is summarized in Fig. 9.

Relationship among ocular surface immune cell subsets proportions, tear fluid soluble factor 
levels, keratometry/pachymetry indices, allergy and eye rubbing in KC patients. A positive 
correlation was observed between gamma delta T cells proportions and keratometry indices such as K1, K2 and 

Figure 1.  Ocular surface leukocytes, neutrophil subsets and macrophage proportions in KC patients: (a) 
Graph indicates the percentage of  CD45+ (Pan leukocyte marker) cells in ocular surface wash samples of 
eyes with different grades of KC. (b–e) Graphs indicate the percentage of  CD45+CD66bTotal (Neutrophils), 
 CD45+CD66bLow (inactive neutrophils),  CD45+CD66bHigh (activated neutrophils) and the ratio of activated to 
inactive neutrophils  (CD66bHigh/CD66bLow) within the leukocyte population in ocular surface wash samples 
of eyes with different grades of KC. (f) Graph indicates percentages of  CD45+CD163+ (macrophages) cells 
within the leukocyte population in ocular surface wash samples from subjects of eyes with different grades 
of KC. Ctrls—Controls; FFKC—Forme fruste keratoconus; All-KC—all the grades of keratoconus combined; 
SEM—standard error of the mean; Controls (23 eyes), All-KC (51 eyes), FFKC (6 eyes), grade 1 KC (14 eyes), 
grade 2 KC (8 eyes), grade 3 or 4 (23 eyes); Bar graphs represent Mean ± SEM; *P < 0.05, **P < 0.01,***P < 0.001, 
****P < 0.0001, Mann–Whitney test.
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Kmean (Table 2). Further, a negative correlation was observed between gamma delta T cells proportions and 
pachymetry indices such as central corneal thickness and thinnest corneal thickness (Table 2). A positive corre-
lation between pan-T cell proportion and Kmean, and a negative correlation between pan-T cell proportion and 
thinnest corneal thickness was also observed (Table 2). Interestingly, a positive association between activated 
neutrophil proportion and central corneal thickness and thinnest corneal thickness was noted (Table 2). The lev-
els of IL-13, IL-17A, TNFα, Eotaxin and sP-selectin exhibited a positive association with one or more of the four 
keratometry indices such as K1, K2, Kmean and Kmax (Table 3). lL-12p70 and TGFβ1 levels were also positively 
related (near statistical significance) with K2 and Kmax (Table 3). On the contrary, the levels of sTNFRI, NGAL 
and EPO was observed to have a negative relationship with one or more of the keratometry indices (Table 3). 
Interestingly, a positive association was observed between the levels of IL-10 and keratometry indices, despite a 
negative association with pachymetry indices (Table 3).

No significant difference in the ocular surface immune cell subset proportions and tear fluid soluble factor 
levels was observed between FFKC and contralateral KC eyes of different grades (Supplementary Tables 1 and 
Table 2). Since, allergy is strongly associated with KC, the influence of mild ocular allergy, history of systemic 
allergy and eye rubbing on the immune cell profile and soluble factor profile were also investigated. KC subjects 
with ongoing severe ocular or systemic allergy were excluded from the study. Hence, the subjects with mild 
ocular allergy included in the study are those who presented with KC along with mild or inactive conjunctival 
papillae and without any signs of congestion or redness. Immune cell subset proportions, particularly those that 
were significantly altered in KC compared to controls, were not observed to be significantly different between KC 
patients with and without history of systemic allergic disease (Supplementary Table 3), with and without mild 
ocular allergy (Supplementary Table 4) and, with and without history of eye rubbing (Supplementary Table 5). 
Significantly higher tear fluid levels of IL-1α, IL-9, IL-10, IL-13, TNFα, sVCAM, sTNFRII and IgE were observed 
in KC subjects with history of systemic allergy compared to those without (Supplementary Table 6). Significantly 
higher levels of cytokines (IL-2, IL-12/23p40, IL-12p70, IL-13, IL-17A, IFNα), chemokines (MIG/CXCL9; ITAC/
CXCL11), growth factors (TGFβ1, EPO, VEGF) and enzyme (MPO and angiogenin); and a significant reduction 
in NGAL was also observed in KC subjects with a history of eye rubbing (Supplementary Table 7). A similarly 

Figure 2.  Ocular surface natural killer cells subsets and T cell subsets proportions in KC patients: The graphs 
indicate the percentage of  CD45+CD56Total (Total Natural Killer—NK) cells (a),  CD45+CD56Low—cytotoxic NK 
cells (b) and  CD45+CD56High—cytokine producing low cytotoxic NK cells (c) within the leukocyte population 
in ocular surface wash samples of eyes with different grades of KC. The graph in panel (d) represent the ratio 
of cytotoxic NK cells to cytokine producing NK cells—CD56High/CD56Low and the graph in panel (e) represent 
the ratio of neutrophils to NK cells within the leukocyte population in ocular surface wash samples of eyes with 
different grades of KC. The graphs indicate the percentage of  CD45+CD3+—Pan-T cells (f),  CD45+CD3+CD56+ 
(Natural Killer T) cells (g) and  CD45+CD3+γδTCR + (gamma delta) T cells (h) within the leukocyte population 
in ocular surface wash samples of eyes with different grades of KC. Ctrls—Controls; FFKC—Forme fruste 
keratoconus; All-KC—all the grades of keratoconus combined; SEM—standard error of the mean; Controls (23 
eyes), All-KC (51 eyes), FFKC (6 eyes), grade 1 KC (14 eyes), grade 2 KC (8 eyes), grade 3 or 4 (23 eyes); Bar 
graphs represent Mean ± SEM; *P < 0.05, **P < 0.01,***P < 0.001, ****P < 0.0001, Mann–Whitney test.
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profile was observed in KC patients with history of eye rubbing, since almost all those who presented with mild 
allergy reported history of eye rubbing. Significantly higher levels of cytokines (IL-2, IL-6, IL-12/23p40, IL-12p70, 
IL-13, IFNα), chemokines (Eotaxin/CCL11; IL-8/CXCL8; MIG/CXCL9; ITAC/CXCL11), growth factors (TGFβ1, 
EPO, VEGF) and enzyme (angiogenin); and a significant reduction in enzymes such as TIMP1 and NGAL was 
also observed in KC subjects with a history of eye rubbing (Supplementary Table 8).

Discussion
Keratoconus features global ultrastructural and molecular changes that result in focal corneal steepening and epi-
thelial thinning and subsequent decrease in visual acuity and quality of  life3. Extra-cellular matrix remodelling is a 
dynamic process that involves synchronized deposition, arrangement and degradation of ECM proteins rendering 
structural integrity to organs and tissues, thus influencing their functional status. The formation and assembly of 

Figure 3.  Tear fluid cytokines level in KC patients: The graphs indicate the concentration of IL-1α (a), IL-1β 
(b), IL-2 (c), IL-6 (d), LIF (e), IL-9 (f), IL-10 (g), IL-12p70 (h), IL-12/23p40 (i), IL-13 (j), IL-17A (k), IL-18 
(l), IL-21 (m), TNFα (n), IFNα (o), IFNβ (p) and IFNγ (q) in the tear fluid of subjects with different grades 
of KC. Ctrls—Controls; All-KC—all the grades of keratoconus combined; FFKC—Forme fruste keratoconus; 
IL—interleukin; LIF—Leukemia inhibitory factor, an IL-6 class cytokine; TNFα—Tumour Necrosis Factor 
alpha; IFN—interferon; SEM—standard error of the mean; Controls (20 eyes), All-KC (41 eyes), FFKC (6 eyes), 
grade 1 KC (6 eyes), grade 2 KC (6 eyes), grade 3 or 4 (23 eyes); Bar graphs represent Mean ± SEM; *P < 0.05, 
**P < 0.01,***P < 0.001, ****P < 0.0001, Mann–Whitney test.
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collagens, one of the main ECM core proteins, is compromised in the KC  cornea14–19. Further, the most dominant 
collagen crosslink type, lysinonorleucine, is diminished in  KC20, along with a reduction in the  expression16,19,21,22 
and  activity16 of a key endogenous collagen crosslinking enzyme, Lysyl oxidase (LOX). An imbalance in the levels 
of proteolytic enzymes and their negative regulators that can adversely impact ECM remodelling was observed 
in KC. The expression and activity of proteolytic enzymes are also increased in KC. These include matrix met-
alloproteinases (MMPs), cathepsins, collagenase, gelatinase, peptidase and  heparinase16,19,23–36. In parallel, the 
expression of endogenous regulators of proteolytic enzymes is also reduced in KC, such as alpha 1-proteinase 
inhibitor, alpha 2-macroglobulin, and tissue inhibitor of matrix metalloproteinase 1. Prolidase activity that 
facilitates collagen turnover or synthesis is also reduced in  KC35,37–39. Various factors including immune and 
inflammatory mediators can impact the above-mentioned key ECM remodelling components.

The current study demonstrates an altered state of immune cells and inflammatory mediators on the ocular 
surface of KC patients in a grade specific manner (Fig. 9a). IL-1β, IL-6, IL-17A, TNFα, IFNγ, IgE, MMP2, EPO, 
PDGF-BB, sVCAM, sL-selectin, granzyme-B and perforin were observed to be significantly increased compared 
to controls in two or more of KC grades. This finding is consistent with earlier observations reporting increased 
levels of IL-1β26,40–42, IL-624,26,30, TNFα41, IL-17A40,43, IFNγ44 and  MMP226 in the tear fluid of KC patients. The 
observed variation in tear fluid expression of  MMP924–33,45, IL-826,33,46, IL-1340, IL-2140, IL-2340, IFNα40,  MCP140 
and  CCL531,32,44 between the current study and previous reports, may be attributed to differences in sample size 
and stage of KC investigated in the cohort.

Allergy, atopy and eye rubbing are suggested to play an essential role in the pathogenesis of KC and one of the 
risk factors for worsening of the  disease47,48. Eye rubbing is associated with IgE driven conditions such as allergy 
or atopy with some KC patients presenting with elevated serum  IgE47. In the current study we report signifi-
cantly higher levels of tear fluid IgE in KC patients, particularly in those with history of systemic allergy further 
strengthening the relationship between IgE and KC. In addition, the levels of TNFα and sVCAM observed to be 
higher in KC were also specifically higher in those KC patients with history of systemic allergy. Tear fluid levels 
of IL-2, IL-12/23p40, IL-12p70, IL-13, IFNα, MIG/CXCL9; ITAC/CXCL11, TGFβ1, EPO, VEGF, angiogenin and 
NGAL were similarly dysregulated in those KC patients with mild ocular allergy and history of eye rubbing. In 
addition, previous studies report increase tear fluid factors such as IL-6 and TNFα levels following eye rubbing 

Figure 4.  Tear fluid chemokines level in KC patients: The graphs indicate the concentration of MCP1/CCL2 
(a), RANTES/CCL5 (b), Eotaxin/CCL11 (c), IL-8/CXCL8 (d), MIG/CXCL9 (e), IP10/CXCL10 (f), ITAC/
CXCL11 (g) and FKN/CX3CL1 (h) in the tear fluid of subjects with different grades of KC. Ctrls—Controls; 
All-KC—all the grades of keratoconus combined; FFKC—Forme fruste keratoconus; FKN—fractalkine; IL—
interleukin; MCP1—monocyte chemoattractant protein 1; MIG—monokine induced by gamma interferon; 
IP-10—Interferon gamma-induced protein 10; ITAC—Interferon-inducible T-cell alpha chemoattractant; 
RANTES—Regulated upon Activation, Normal T Cell Expressed and Presumably Secreted; SEM—standard 
error of the mean; Controls (20 eyes), All-KC (41 eyes), FFKC (6 eyes), grade 1 KC (6 eyes), grade 2 KC (6 eyes), 
grade 3 or 4 (23 eyes); Bar graphs represent Mean ± SEM; *P < 0.05, Mann–Whitney test.
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despite the absence of  allergy49. This suggests, there are specific inflammatory factors that are dysregulated in 
KC that may not be associated with allergy response. Therefore, irrespective of the association of inflammatory 
factors with other related co-morbidities, it is critical to identify them, especially those that are dysregulated and 
can alter the ECM remodelling. In addition, the role of allergy-associated factors needs to be dissected further 
to determine their contribution (either redundant or additive) in corneal ECM remodelling in conjunction with 
non-allergy associated inflammatory factors.

IL-1β is known to increase the expression of  MMPs50,51, induce ECM  degradation52, and decrease the expres-
sion of lysyl  oxidase50,53 and  collagens53 in other cells and tissues. Similarly, IL-654, IL-17A55, TNFα56 and IFNγ57,58 
induce the expression of MMPs and inhibit the production of collagen in various cells and tissues. The levels of 
TGFβ1, a potent pro-fibrotic factor, were higher in tear fluid of KC  patients40, however, the current study observed 
a significant increase in TGFβ1 only in the highest grade of KC. This finding is in line with fibrotic changes 
observed in advanced KC. Similarly, anti-inflammatory factor, IL-10 was reported to be either increased 26,40,41 
similar to the higher grade of KC in the current study or  decreased32,43,59 in tear fluid of KC patients, similar to 
early grade observation in the present study. IL-9, which is significantly reduced in KC, is a negative regulator of 
IL-17A in immune  cells60, possibly indicating one of the mechanisms underlying increased IL-17A in KC patients.

Erythropoietin (EPO), a key growth factor regulating erythropoiesis, modulates ECM remodelling by stimu-
lating collagen synthesis, TIMPs and inhibiting MMPs in other  tissues61–63. The role of EPO is supported by the 
negative association between EPO and Kmax in the current study (Table 3). Therefore, the elevated EPO levels in 
KC could play a compensatory or protective role in KC. Granzyme-B and perforin produced predominantly by 
NK cells could impact ECM remodelling in the cornea. Granzyme-B is known to degrade several ECM compo-
nents. In a perforin-dependent or independent manner, it facilitates the death of structural cells by detachment-
mediated cell death—anoikis64. The elevated levels of granzyme-B and perforin and increased cytokine-producing 
NK cells in KC suggest an alleged detrimental role in KC. Beta-2 microglobulin, shown to increase in several 
inflammatory  conditions65,66 also increased in our KC cohort, can indirectly impact ECM remodelling. PDGF-
BB elevated in early stages of KC is shown to induce the expression of ECM proteins such as collagens in vitro67.

Neutrophils are the first line of innate immune defence. Neutrophils migrate to the site of injury or infec-
tion to render protection, repair and restore  homeostasis13,68. Aberrant neutrophil activation is often associated 
with pathology in a variety of  tissues13,68. Although neutrophil–lymphocyte ratio (NLR) in the circulation of 
KC patients was reported to be  increased69,70, the proportion varied between studies and one study reported no 
significant increase in the NLR in KC  patients71. Hence, studying the local neutrophil status, such as that on the 

Figure 5.  Tear fluid growth factors level in KC patients: The graphs indicate the concentration of TGFβ1 (a), 
bFGF (b), HGF (c), EPO (d), PDGF-AA (e), PDGF-BB (f) and VEGF-A (g) in the tear fluid of subjects with 
different grades of KC. Ctrls—Controls; All-KC—all the grades of keratoconus combined; FFKC—Forme fruste 
keratoconus; bFGF—basic fibroblast growth factor; HGF—Hepatocyte growth factor; EPO—erythropoietin; 
PDGF—Platelet-derived growth factor; TGFb1—Transforming Growth Factor Beta 1; VEGF—Vascular 
endothelial growth factor; SEM—standard error of the mean; Controls (20 eyes), All-KC (41 eyes), FFKC 
(6 eyes), grade 1 KC (6 eyes), grade 2 KC (6 eyes), grade 3 or 4 (23 eyes); Bar graphs represent Mean ± SEM; 
*P < 0.05, **P < 0.01,***P < 0.001, ****P < 0.0001, Mann–Whitney test.
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KC patient’s ocular surface, would prove relevant and valuable. Increased proportions of activated neutrophils 
have been observed on the ocular surface of KC patients. However, a favourable association was observed between 
these cells and corneal pachymetry indices (Table 2). Moreover, a similar relationship was observed between the 
neutrophil secreted product NGAL and corneal keratometry indices (Table 3).

Natural killer (NK) cells are also part of the innate immune system. These lymphocytes are involved in the 
first line of defence against infected and malignant cells by directly killing the cells or activating other immune 
cells by secreting cytokines and chemokines. NK cells are present on mucosal surfaces, including the cornea and 
 conjunctiva72–74. In addition, to a significantly higher proportion of NK cells present on the ocular surface of 
KC patients, a close to significant negative relationship was observed between NK cell proportion and corneal 
pachymetry indices (Table 2). The opposite association between neutrophils and NK cells with corneal pachym-
etry suggests a possible counter-regulatory role of these cells on the ocular surface of KC patients. Decreased 
neutrophils-NK cell ratio in KC compared to controls is suggestive of neutrophil–NK cell proportion imbalance 
with increased proportion of NK cells over the neutrophils on the ocular surface of KC patients. Interestingly, 
in DED, the neutrophil–NK ratio is significantly  increased10, suggesting the dominant presence of neutrophils 
on the ocular surface of DED patients. The interplay between neutrophils and NK  cells13 on the ocular surface 
and their inter-regulatory dynamics are altered in different disease processes.

Gamma delta T cells, innate-like lymphoid cells are commonly present in mucosal surfaces contributing 
to both homeostasis and  disease75–77, and their numbers are increased in inflamed ocular surface  mucosa78,79. 
Gamma delta T cells produce various cytokines, including IL-17A, IFNγ and TNFα77,80. In the current study, a sig-
nificant increase in gamma delta T cells, along with a significant increase in -17A, IFNγ and TNFα, was observed 
in KC. The association between the proportion of gamma delta T cells, inflammatory cytokines (Table 1c), and 
corneal keratometry/pachymetry indices (Table 2) support their role in KC pathogenesis.

The current findings confirm that the various grades of KC are characterized by distinct changes in immune 
cell subset proportions on the ocular surface and tear fluid inflammatory factors that correlate to corneal ker-
atometry and pachymetry indices. Grade-specific differences in immuno-inflammatory factors observed in the 
current study could be related to disease progression, the compensatory reparative response and the associated 
expression of core ECM proteins in the KC  cornea81. Limitations of the study are the small sample size of patients 
in the earlier grades of KC and the collection of superficial and trafficking immune cells rather than cells embed-
ded deep in the mucosal tissue.

Figure 6.  Tear fluid soluble cell adhesion molecules and soluble receptors level in KC patients: The graphs 
indicate the concentration of sICAM1 (a), sVCAM (b), sL-selectin (c), sP-selectin (d), sTNFRI (e), sTNFRII 
(f) and sIL-1R1 (g) in the tear fluid of subjects with different grades of KC. Ctrls—Controls; All-KC—all the 
grades of keratoconus combined; FFKC—Forme fruste keratoconus; sICAM1—Intercellular Adhesion Molecule 
1; sVCAM—vascular cell adhesion molecule; sTNFRI—soluble tumor necrosis factor receptor 1; sTNFRII—
soluble tumor necrosis factor receptor II; sIL-1R1—soluble interleukin 1 receptor type ISEM—standard error of 
the mean; Controls (20 eyes), All-KC (41 eyes), FFKC (6 eyes), grade 1 KC (6 eyes), grade 2 KC (6 eyes), grade 
3 or 4 (23 eyes); Bar graphs represent Mean ± SEM; *P < 0.05, **P < 0.01,***P < 0.001, ****P < 0.0001, Mann–
Whitney test.
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The current study describes ocular surface immuno-inflammatory landscape in KC and provides important 
information pertaining to the biologically active components on the ocular surface of KC. The following are the 
summary of the key novel findings (1) Proportion of ocular surface immune cell profile status (11 subsets) in KC 
patient eyes will have very profound impact on our understanding of KC. (2) Given the fact that understanding 
of KC evolved from “non-inflammatory disease” to the current general agreement that it does indeed have a 
strong inflammatory component, current data on immune cells and their correlation to tear inflammatory fac-
tors provides the first concrete evidence of an immunologically relevant source of inflammation in KC patients. 
(3) NK cells were found to be elevated significantly across the groups, while neutrophils were not. Note that 
NK cell dysregulation and its correlation with secreted factors granzymes and perforins (which are known to be 
secreted by NK cells, but not reported in KC literature) shown in the study have not been reported previously in 
the ocular surface field. This suggests a causal relationship between the secretory profile of the dysregulated NK 
cells in KC eyes. (4) The ratio of neutrophils to NK cells that is opposite in KC compared to DED is an entirely 
new concept in the field which can be harnessed in designing treatment options for KC. (5) T-cells and γδTCR+T 
cells in particular were significantly positively correlated with clinical indices K-mean while negatively corre-
lated with corneal thickness. Further this cell type correlated significantly with specific inflammatory cytokines 
in patients. (6) 50 different soluble factors across different functional class (cytokines, chemokines, soluble cell 
adhesion molecules, soluble receptors, growth factors, enzymes) including IgE were measured in tear fluid across 
different of grades of KC along with the matched immune cells is a comprehensive and important addition to KC 
knowledge base. In addition to well-known inflammatory factors, we also identified novel factors significantly 
altered on the ocular surface in KC. Irrespective of the source of the immune-inflammatory components it is 
very pertinent to understand and study the newly observed deregulated factors (Fig. 9) on the ocular surface in 
KC pathogenesis, disease monitoring and treatment planning. Our findings support the value of non-invasive 
methods to interrogate the immune status of the ocular surface to monitor and prevent disease progression 
and guide targeted therapies. In future, in vitro mechanistic validation and a prospective clinical study focused 
on the relationship between ocular surface immuno-inflammatory factors and corneal changes documented 

Figure 7.  Tear fluid enzymes level in KC patients: The graphs indicate the concentration of MMP2 (a), MMP9 
(b), TIMP1 (c), MPO (d), NGAL (e) and angiogenin (f) in the tear fluid of subjects with different grades of 
KC. Ctrls—Controls; All-KC—all the grades of keratoconus combined; FFKC—Forme fruste keratoconus; 
MMP—matrix metallopeptidases; MPO—myeloperoxidase; NGAL—neutrophil gelatinase-associated lipocalin; 
TIMP1—tissue inhibitor of metalloproteinases 1; SEM—standard error of the mean; Controls (20 eyes), All-KC 
(41 eyes), FFKC (6 eyes), grade 1 KC (6 eyes), grade 2 KC (6 eyes), grade 3 or 4 (23 eyes); Bar graphs represent 
Mean ± SEM; *P < 0.05, **P < 0.01,***P < 0.001, ****P < 0.0001, Mann–Whitney test.
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by keratometry, pachymetry and ultrastructure (e.g., polarization-sensitive optical coherence tomography) are 
needed to determine the functional relationships between these factors and KC pathogenesis.

Figure 8.  Tear fluid secreted factors level in KC patients: The graphs indicate the concentration of granzyme-B 
(a), perforin (b), IgE (c), sFasL (d) and β2 microgloublin (e) in the tear fluid of subjects with different grades of 
KC. Ctrls—Controls; All-KC—all the grades of keratoconus combined; FFKC—Forme fruste keratoconus; IgE—
immunoglobulin E; sFasL—soluble Fas ligand; SEM—standard error of the mean; Controls (20 eyes), All-KC 
(41 eyes), FFKC (6 eyes), grade 1 KC (6 eyes), grade 2 KC (6 eyes), grade 3 or 4 (23 eyes); Bar graphs represent 
Mean ± SEM; *P < 0.05, **P < 0.01, Mann–Whitney test.

Table 1.  Association between ocular surface immune cell type proportion and their characteristic secretory 
factors levels in the tear fluid of study subjects. r = Spearman rank correlation coefficient.

Soluble factors r P value

(a) CD56Total cells

Granzyme-B 0.334 0.009

Perforin 0.382 0.002

(b) CD66bTotal cells

MPO 0.269 0.036

NGAL 0.325 0.011

(c) CD3+γδTCR +T cells

TNFα 0.411 0.001

IFNγ 0.383 0.002

IL-17A 0.423 0.001
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Figure 9.  Ocular surface immuno-inflammatory status in KC: (a) The schematic represents the immune cell 
subtypes on the ocular surface of KC patients (across different grades of the disease) that were significantly 
different increased or decreased compared to controls. The schematic also indicates the various tear fluid 
soluble factors whose levels were significantly altered in KC (across different grades of the disease) compared 
to controls. (b) Represents the hypothetical immuno-inflammatory amplification cycle in keratoconus 
pathogenesis. External stimuli including physical and/or biological stimuli, oxidative stress, eye rubbing, 
etc., can stimulate the corneal structural cells such as the epithelium and keratocytes to secrete various active 
biologically active factors, including those with inflammatory and chemoattract properties. This will facilitate 
the recruitment and activation of immune cells on the ocular surface. The activation of immune cells might 
result in additional secretion of immune- and inflammatory mediators which can adversely impact the 
homeostasis and function of the corneal structural cells. This can result in aberrant extra-cellular matrix (ECM) 
remodeling due to decreased collagen synthesis, reduction in endogenous cross-linking enzyme and increased 
degradation of ECM proteins via proteases. Thus, causing structural and biomechanical changes characteristics 
of KC. The function of corneal epithelium and keratocytes will further be influenced by changes in the 
biophysical cues due to altered ECM remodeling, thus contributing to disease progression in KC.
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