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PURPOSE. We compared cytokines, chemokines, and growth factors in the aqueous humor
(AH) of patients with exfoliation syndrome (XFS), with exfoliation glaucoma (XFG), with
primary open angle glaucoma (POAG), and healthy controls.

METHODS. AH samples were collected from 21 patients with XFS, 28 with XFG, 14 with
POAG, and 17 healthy controls during routine cataract surgery. The protein levels of 21
cytokines and growth factors, together with TGF-β1, 2, and 3, were quantified using the
multiplex immunoassay. The levels of each protein in the four groups were compared
using the Kruskal-Wallis test.

RESULTS. Among the 24 cytokines and growth factors, 16 were out of the detectable
range in >50% of samples in at least one group; the remaining 8 cytokines and growth
factors (IL-8, MIP-1α, fractalkine, Flt3 ligand, PDGF-AA, VEGF, TGF-β1, and TGF-β2) were
included in the analysis. TGF-β1 and TGF-β2 levels were the highest in patients with XFG
and those with POAG, respectively. Expression levels of the inflammatory chemokines
IL-8, MIP-1α, and fractalkine, as well as levels of the immune cell growth factor Flt3
ligand, were significantly higher in the XFG group than in the other groups. The protein
levels of PDGF-AA and VEGF were not significantly different among the 4 groups.

CONCLUSIONS. Both TGF-β1 and inflammatory cytokines were highly expressed in the AH
of patients with XFG. Considering that the levels of these cytokines are increased by
oxidative stress and that they regulate the extracellular matrix, they may also play a role
in intraocular pressure elevation in XFG.

Keywords: exfoliation syndrome, exfoliation glaucoma, aqueous humor, cytokine, growth
factor

Exfoliation syndrome (XFS) is an age-related disease char-
acterized by the abnormal accumulation of extracellular

fibrillar material in the anterior segment of the eye.1–3 Exfo-
liative material is usually found on the pupillary border and
anterior lens capsule, and it may elevate intraocular pres-
sure (IOP) by various mechanisms, which leads to the devel-
opment of exfoliation glaucoma (XFG). The deposition of
exfoliative material on the trabecular meshwork (TM) leads
to blockage of aqueous outflow, juxtacanalicular endothelial
cell dysfunction, and alterations in protein expression in the
aqueous humor (AH).1,3

The AH contains electrolytes, organic solutes, growth
factors, and cytokines that maintain the metabolic balance
of the anterior segment of the eye.4,5 Homeostasis of the AH
can be disrupted in several ocular diseases, which leads to
elevated expression of several growth factors and cytokines.
Transforming growth factor (TGF)-β16,7 and connective
tissue growth factor (CTGF)8–10 are known to be expressed
at higher levels in the AH of patients with XFG than in the
AH of normal controls. These growth factors are involved
in the production of exfoliative materials or alterations in
cells involved in the outflow facility, resulting in increased
outflow resistance. Conversely, increased exfoliative material
or IOP elevation may lead to the secondary production of
several growth factors or inflammatory cytokines in the AH.
These can also be interconnected and create a vicious cycle.

Therefore, determining which growth factors and cytokines
show increased levels in the AH of patients with XFS and
those with XFG can provide insightful information for study-
ing the pathophysiology of XFG-associated IOP elevation.
These proteins could also be used as biomarkers to predict
the risk of XFG development from XFS.

Recently, several studies have analyzed the proteins in
the AH of patients with XFS and those with XFG11–14;
however, only few studies have simultaneously compared
growth factors and cytokines in patients with XFG to those
in patients with XFS, patients with primary open angle glau-
coma (POAG), as well as controls.15 In this study, we eval-
uated and analyzed several growth factors and cytokines in
the AH of patients with XFS, with XFG, and with POAG and
compared them with those in the AH of healthy controls. As
such, we aimed to identify which proteins could be utilized
as biomarkers specific to XFS or XFG and deduce the role
of these proteins in the development of XFG.

METHODS

Study Subjects

This prospective study of patients XFS, with XFG, and with
POAG and healthy controls was approved by the Yeung-
nam University Hospital Institutional Review Board (IRB)
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and followed the tenets of the Declaration of Helsinki (IRB
No. 2020-04-124). This study was performed with the prior
written consent of each participant.

AH samples with volumes of approximately 50 to 100
μL were obtained from 21 patients with XFS, 28 patients
with XFG, 14 patients with POAG, and 17 healthy controls
at the onset of routine phacoemulsification surgery from
April 2020 to June 2021 at Yeungnam University Hospital.
The samples were immediately transferred to a −80°C deep
freezer and stored until analysis.

XFG was defined according to the following criteria: (1)
untreated IOP >21mm Hg, (2) open angle on gonioscopy,
(3) glaucomatous optic disc change and corresponding glau-
comatous visual field defect, and (4) presence of exfoliation
material observed at the anterior lens capsule and/or at the
pupillary border. XFS was defined by the presence of exfo-
liation material at the anterior lens capsule in patients with
a normal optic disc and normal IOP. POAG was defined as
those cases where criteria (1), (2), and (3) were satisfied, and
where there was no exfoliation material in the eye.16

Individuals with other intraocular disorders, such as
diabetic retinopathy, those with uncontrolled IOP (>21 mm
Hg), those who underwent trabeculectomy or Ahmed valve
implantation within 6 months, and those who had used anti-
inflammatory eye drops within 6 months before cataract
surgery were excluded.

Data on the demographics, preoperative IOP, and
the number of currently using glaucoma eyedrops were
collected from the participants.

Cytokine and Growth Factor Analyses

A magnetic multiplex kit for 21 human cytokines and growth
factors (Human Growth Factor Magnetic Luminex Perfor-
mance Assay 21-plex Fixed Panel) and a kit for TGF-β1, 2,
and 3 (Magnetic Luminex Performance Assay TGF-β Base
Kit) were purchased from R&D Systems (Minneapolis, MN,
USA) and used according to the manufacturer’s instruc-
tions were purchased from R&D Systems (Minneapolis, MN,
USA) and used according to the manufacturer’s instructions.
The following cytokines and growth factors were tested
in these assays: macrophage inflammatory protein (MIP)-
1α, MIP-3β, CD40 ligand, fractalkine, MIP-2α, epidermal
growth factor (EGF), fibroblast growth factor (FGF)2, Fms-
related tyrosine kinase (Flt)3 ligand, granulocyte colony-
stimulating factor (G-CSF), granzyme B, interferon (IFN)-β,
interleukin (IL)-3, IL-8, IL-25, and IL-33, programmed cell
death-ligand 1 (PD-L1), PDGF-AA, PDGF-AB/BB, transform-
ing growth factor (TGF)-α, TNF-related apoptosis-inducing
ligand (TRAIL), vascular endothelial growth factor (VEGF),
TGF-β1, TGF-β2, and TGF-β3.

AH samples were added to a mixture of fluores-
cently labeled magnetic microspheres coupled with analyte-

specific capture antibodies. After the addition of biotinylated
detection antibodies and phycoerythrin (PE)-conjugated
streptavidin, fluorescence was quantified using the Bio-
Plex 200 system (Bio-Rad, Hercules, CA, USA). Data were
analyzed using the Bio-Plex Manager software (Bio-Rad).
Cytokine and growth factor levels were reported as mass per
volume (pg/mL). Cytokines were excluded from the analyses
when more than 50% of the values were outside the upper
or lower limits of detection. If the value was less than the
lowest detection value, 50% of the lowest detection value
was applied.17

Statistical Analysis

The Shapiro-Wilk test was used to check whether the data
were normally distributed. For comparison of continuous
variables, such as cytokine concentrations or age between
groups, the Kruskal-Wallis test was performed with a post
hoc analysis using Dunn’s test. Spearman’s correlation test
was used to calculate the correlations between the concen-
tration of each cytokine and growth factor, age of the partic-
ipant, and IOP. The level of statistical significance was set
at P < 0.05. Statistical analysis was performed using the R
statistical package version 3.5.3 (R Foundation for Statistical
Computing, Vienna, Austria).

RESULTS

The characteristics of the participants are summarized
in Table 1. The mean age of the participants was 72.3 (stan-
dard deviation [SD]: 8.4), and 47.5% participants were men.
Age, sex, and IOP were not significantly different among the
four groups (P > 0.05). The number of IOP-lowering medi-
cations taken was not different between the POAG and XFG
groups (P > 0.05).

Of the 24 cytokines and growth factors, 16 (CD40 ligand,
EGF, FGF2, G-CSF, granzyme B, MIP-2α, IFN-β, IL-3, IL-25,
IL-33, MIP-3β, PDGF-AB/BB, PD-L1, TRAIL, TGF-α, and TGF-
β3) were out of the detection range in >50% of samples
in at least one group. The remaining eight cytokines and
growth factors (IL-8, MIP-1α, fractalkine, Flt3 ligand, PDGF-
AA, VEGF, TGF-β1, and TGF-β2) were included in the anal-
ysis (Supplementary Table S1).

In the intergroup comparison (Table 2, Fig. 1), TGF-β1
concentration was significantly higher in patients with XFG
than in the control group (P = 0.002). In contrast, TGF-β2
concentration was the highest in patients with POAG. The
expression of IL-8, MIP-1α, fractalkine, and Flt3 ligands was
significantly higher in patients with XFG than in the other
three groups. The protein levels of PDGF-AA and VEGF were
not significantly different among the four groups (P > 0.05).

In the correlation analysis (Fig. 2, Supplementary
Table S2), the inflammatory chemokines IL-8, MIP-1α, and

TABLE 1. Demographic and Clinical Characteristics of the Study Participants

Variables Normal POAG XFS XFG P Value

Eyes, n 17 14 21 28
Sex, male/female 8/9 7/7 8/13 16/12 0.63
Age, years 70.1 ± 9.7 71.0 ± 6.6 72.3 ± 7.6 74.3 ± 8.7 0.31
IOP, mmHg 13.8 ± 3.2 13.9 ± 1.8 15.0 ± 3.1 13.3 ± 2.7 0.25
Number of eyedrops 0 1.8 ± 0.5 0 1.5 ± 1.2 0.27

Data are presented as mean ± standard deviation (SD).
P values were calculated using the Kruskal-Wallis test followed by Dunn’s multiple comparison test.
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FIGURE 1. Levels of cytokines and growth factors in the aqueous humor, as determined using a multiplex immunoassay. *P < 0.05, **P < 0.01,
***P < 0.001 by Kruskal-Wallis test followed by Dunn’s multiple comparison test.

FIGURE 2. Correlation matrix showing correlation coefficients between the concentrations of each cytokine and growth factor in the aqueous
humor, age of the participant, and intraocular pressure. The correlation coefficient is displayed in blue in cases where the correlation
coefficient was closer to 1.
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fractalkine showed positive correlations with each other.
Similarly, the growth factors TGF-β1, TGF-β2, PDGF-AA,
and VEGF were strongly and positively correlated with
each other. Among inflammatory cytokines, the Flt3 ligand
was correlated with other growth factors, whereas among
growth factors, VEGF was correlated with other inflamma-
tory chemokines. Age was not correlated with cytokines and
growth factors, except for fractalkine. IOP was not correlated
with any of the cytokines or growth factors.

DISCUSSION

This study demonstrates that inflammatory cytokines and
chemokines, such as IL-8, MIP-1α, fractalkine, and Flt3
ligand were specifically and highly expressed in the AH
of patients with XFG, in addition to the previously known
TGF-β1.6 The levels of all these proteins were significantly
increased in patients with XFG as compared to those in
healthy controls, patients with XFS, and those with POAG.
The results suggest that these inflammatory cytokines and
chemokines and TGF-β1 are involved in the development of
XFG.

The significant increase in the levels of these inflam-
matory cytokines and chemokines in the AH of patients
with XFG suggests that XFG may be a low-grade inflam-
matory condition. The presence of inflammatory cytokines
can induce various pathological conditions of the eye
through direct or indirect regulation of extracellular matrix
(ECM) remodeling, vascular permeability, and IOP.2 In fact,
inflammatory cytokines are known to cause ECM remod-
eling in various diseases, such as cancer and lung fibro-
sis.18,19 In addition, studies have revealed that the treat-
ment of various cells, including ciliary epithelial cells, with
cytokines induces the expression of ECM molecules.15,20 In
this regard, increased levels of inflammatory cytokines in
patients with XFG compared to those in patients with XFS,
those with POAG, and controls suggest that the accumu-
lation of exfoliation-related low-grade inflammatory factors
may promote TM cell remodeling by inducing ECM expres-
sion, leading to elevated IOP and the development of XFG.

In this study, the cytokines that were detected in more
than 50% of the samples of all 4 groups were IL-8, MIP-
1α, fractalkine, and Flt3 ligand, all of which showed signifi-
cantly higher expression in patients with XFG than in normal
controls and patients with POAG or XFS. IL-8 is a CXC
chemokine that attracts neutrophils, basophils, and T cells.
It also plays a role in neutrophil recruitment and degran-
ulation. Its expression is increased by oxidative stress, and
it is released from several cell types in response to inflam-
mation.21 In cultured human TM cells, increased secretion
of IL-8 has been reported in response to chronic oxida-
tive stress or pro-inflammatory cytokines, such as tumor
necrosis factor (TNF)-α and IL1-β.22,23 MIP-1α is a member
of the CC chemokine subfamily. It is secreted by various
mature hematopoietic cell types, and it functions as a medi-
ator for the recruitment and activation of macrophages.24

It is known to mediate macrophage-induced wound heal-
ing by increasing collagen synthesis and angiogenic activ-
ity.25 One study reported that MIP-1α expression increased
with age, and another study reported that MIP-1α expression
was increased in the TM tissue of patients with POAG.26,27

Fractalkine is a unique chemokine existing in a soluble form
or a membrane-bound form. Soluble fractalkine is associ-
ated with the inflammatory cascade and hence serves as
an inflammatory marker.28 It also exhibits chemo-attractive

activity for monocytes, natural killer cells, and T cells.29 Flt3
ligand is a hematopoietic cytokine that acts as the main
growth factor for dendritic cell differentiation.30 Studies on
the expression and role of fractalkine and the Flt3 ligand
in eyes are limited. However, in mesangial cells, fractalkine
induces the expression of TGF-β1 and ECM molecules, such
as fibronectin, collagen type 1, and collagen type 4.31 In
addition, the protein level of Flt3 ligand was found to be
increased in fibrotic lung tissue, and the Flt3 ligand-induced
increase in dendritic cell numbers was found to be associ-
ated with increased expression of ECM-degrading enzymes,
suggesting the possibility that the Flt3 ligand regulates fibro-
sis.19 Overall, the increase in levels of these inflammatory
cytokines and chemokines in the AH serves as a biomarker
of XFG indicative of a low-grade inflammatory state; it also
implies that expression of these cytokines may be increased
in response to oxidative stress, increasing outflow resistance
by actively regulating the ECM of TM cells, thereby causing
IOP elevation in XFG.

The levels of these inflammatory cytokines increase in
proportion to the extent of damage to the blood aqueous
barrier (BAB), which is critical for the development of XFS
and XFG. Conversely, an increase in levels of these inflam-
matory cytokines may further damage the BAB. The BAB
is mainly made up of tight junctions in the non-pigmented
ciliary epithelium and endothelial cells in the iris.32 Various
proteins and the ECM in serum can accumulate in the AH
due to damage to the vasculature constituting the BAB, and
exfoliative materials are produced by abnormal aggregation
of these proteins.2,33 Genes related to XFS, such as those
encoding fibrillin, elastin, and LOXL1, are expressed in blood
vessels, including those of the eyes.20,34 Furthermore, early-
onset XFS is related to a history of previous ocular surgery
damaging the iris, which supports the significance of BAB
disruption in the pathogenesis of XFS.33 Damage to the BAB
is closely related to oxidative stress, markers of which are
known to show increased levels in the AH of patients with
XFS.35 In addition, oxidative stress is known to induce fibro-
sis by triggering TGF-β expression and ECM synthesis; it
also increases vascular permeability by inducing endothelial
barrier dysfunction.36 Accordingly, the high levels of inflam-
matory cytokines in patients with XFG in this study suggest
that damage to the BAB and oxidative stress are the most
severe in patients with XFG and that these factors may lead
to a vicious cycle in which exfoliative materials increase
outflow resistance.

Regarding VEGF, there is a discrepancy between the
results of studies. One study reported that the VEGF level
was higher in patients with XFG and those with POAG than
in controls, but no difference was observed between patients
with XFG and those with POAG.37 Another study reported
that both patients with XFS and those with XFG showed
higher VEGF concentrations than the controls.38 However,
one study reported no differences in VEGF levels between
controls, patients with POAG, and those with XFG.11 It is
still unclear whether the level of VEGF reflects the ischemic
intraocular condition due to high IOP or if it is specific to
XFG or POAG. In this study, the VEGF concentration was
not significantly different among the XFS, XFG, POAG, and
control groups. These results might be related to the fact that
there was no difference in IOP in the groups in this study,
and VEGF might not be directly involved in the development
of XFG or POAG. However, the VEGF level was positively
correlated with IL-8, MIP-1α, Flt3 ligand, PDGF-AA, TGF-
β1, and TGF-β2 levels, suggesting that VEGF plays a role



Cytokine and Growth Factor in Exfoliation Glaucoma IOVS | December 2021 | Vol. 62 | No. 15 | Article 6 | 6

in regulating inflammatory cytokines or fibrogenic growth
factors, which may indirectly affect the characteristics of
the TM.

This study has several limitations. First, the number of
AH samples in each group was small, thereby potentially
causing a type 2 statistical error in the comparison of some
cytokines between groups. Second, although we tried to
evaluate as many cytokines and growth factors as possi-
ble with small volumes of AH using a multiplex system, a
number of cytokines and growth factors were not detected
in most of the control samples, making it impossible to
compare these substances among groups. The creation of a
new panel, comprising cytokines that are highly expressed
in XFG specifically and are well detected in normal controls,
could help identify novel cytokine expression patterns that
can be utilized in the diagnosis and determination of prog-
nosis of XFG in the future. Third, even though the IOP
was not significantly correlated with the elevated levels of
cytokines in the AH of patients with XFG in this study,
we cannot overlook the fact that IOP may affect the levels
of cytokines because we did not include patients with an
uncontrolled IOP. In addition, although the number of IOP-
lowering eyedrops was not significantly different between
the POAG and XFG groups, eyedrop use might affect the
levels of cytokines in the AH.39,40 Further studies includ-
ing patients with a high IOP with and without eyedrop
use may help to determine the effect of both IOP eleva-
tion and eyedrop use on the levels of cytokines in the AH
of patients with XFG. Fourth, we did not evaluate clinical
characteristics, such as baseline IOP, visual field defect, or
optic disc parameters in relation to the concentration of each
cytokine. This needs to be analyzed using more samples in
the future. Finally, and most importantly, we only inferred
the possible roles of certain cytokines and growth factors
in the development of XFG by observing that they were
expressed at high levels in the eyes of patients with XFG.
The mechanism by which these molecules regulate IOP and
affect the development of XFG should be elucidated by
investigating the expression of these molecules in human
tissue, in vitro experiments using TM cells, and animal
studies.

In summary, we analyzed several cytokines and growth
factors in the AH of patients with XFG, with XFS, and with
POAG using a multiplex immunoassay. We confirmed that
the expression of TGF-β1, the inflammatory chemokines
IL-8, MIP-1α, and fractalkine, and the immune cell growth
factor Flt3 ligand were significantly high in patients with
XFG. These inflammatory cytokines could be induced by
oxidative stress and regulate the ECM; therefore, these
cytokines may also play a role in increasing outflow resis-
tance and IOP, together with fibrogenic growth factor TGF-
β1, contributing to the development of XFG. Further molec-
ular studies are needed to verify the detailed function of
these cytokines in relation to the pathogenesis of XFG.
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