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Abstract

To investigate which cytokines, chemokines and growth factors are involved in the immuno-
pathogenesis of idiopathic uveitis, and whether cytokine profiles are associated with. Serum
and aqueous humor (AH) samples of 75 patients with idiopathic uveitis were analyzed by
multiplex immunoassay. Infectious controls consisted of 16 patients with ocular toxoplasmo-
sis all confirmed by intraocular fluid analyses. Noninfectious controls consisted of 7 patients
with Behcet disease related uveitis and 15 patients with sarcoidosis related uveitis. The con-
trol group consisted of AH and serum samples from 47 noninflammatory control patients
with age-related cataract. In each sample, 27 immune mediators + IL-21 and |IL-23 were
measured. In idiopathic uveitis, 13 of the 29 mediators, including most proinflammatory and
vascular mediators such as IL-6, IL-8, IL-12, G-CSF, GM-CSF, MCP-1, IP-10, TNF-a and
VEGF, were significantly elevated in the aqueous humor when compared to all controls.
Moreover, IL-17, IP-10, and IL-21, were significantly elevated in the serum when compared
to all controls. We clustered 4 subgroups of idiopathic uveitis using a statistical analysis of
hierarchical unsupervised classification, characterized by the order of magnitude of concen-
trations of intraocular cytokines. The pathogenesis of idiopathic uveitis is characterized by
the presence of predominantly proinflammatory cytokines and chemokines and vascular
endothelial growth factor with high expression levels as compared to other causes of uveitis.
There are indications for obvious Th-1/IL21-Th17 pathways but also IL9-Th9 and increased
IFN-y-inducing cytokine (IL12) and IFN-y-inducible CXC chemokine (IP-10). The combined
data suggest that immune mediator expression is different among idiopathic uveitis. This
study suggests various clusters among the idiopathic uveitis group rather than one specific
uveitis entity.
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Introduction

Upveitis refers to a variety of clinical presentations with different phenotypes. Idiopathic from
unknown etiology (or idiopathic uveitis) is reported for 36% of cases [1, 2], and 10% leads to
blindness in developed countries. Some idiopathic uveitis could be autoimmune or infectious uve-
itis undiagnosed. There is still no gold standard for the diagnosis of these ocular inflammatory dis-
eases. The idiopathic character is a diagnosis of exclusion when the clinical, radiological and
biological work-up are noncontributive and the ophthalmological examination is nonpathogno-
monic for a particular entity. However, the question remains: what is the initial cause of those
inflammatory process in the eye? Moreover, familial cases of intermediate idiopathic uveitis and
other autoimmune diseases suggest that genetic variants and/or a single environmental agent are
probably the cause of auto-immune diseases. Indeed, the hypothesis of a susceptibility to uveitis
stemming from genetic determinants, as seen in other immunological diseases, has been initially
suggested by their mode of hereditary transmission in certain families. One hypothesis would that
an infectious agent (virus or bacteria) would activate systematically the autoreactive T lympho-
cytes in patients genetically predisposed. It is therefore possible to consider a microbial agent as
an initiating or potentiating factor. We know that in certain cases, viral infections even eradicated,
may have introduced immune responses, propagate these responses by using molecular mimics.

One means by which microbial agents can play a role is by their adjuvant effect, for exam-
ple, in shifting the balance of the immune responses which are normally controlled by the
inhibitory regulator mechanisms, toward mechanisms that predispose patients to developing
one of these illnesses.

Moreover, we know very little about the immune mechanisms involved in uveitis and in
particular in the idiopathic ones.

Research on the subject is limited due to the difficulty of obtaining histological samples
from inflamed eyes in humans. Animal models permit the exploration of these mechanisms in
vivo but are rarely relevant. Studies in mice show that effector cells Th1 and Th17 can indepen-
dently induce tissue changes in uveitis models [3]. The eye is relatively protected from the
immune system by the blood retinal barrier, by the immune inhibitor environment and active
tolerance mechanisms involving CD4+ regulatory T lymphocytes (regulatory T cells or Tregs)
that could influence the susceptibility to developing uveitis which is the case in other immuno-
logical diseases including multiple sclerosis (MS) or rheumatoid arthritis [4, 5]. The resident
retinal cells such as the Miiller glia cells and those of the pigment epithelium contribute to this
micro environment by the production of cytokines. The level of these cytokines determines
their diverse susceptibility to induce uveitis [6, 7].

The study of the immune mechanisms in idiopathic uveitis could answer this question.

By means of collecting aqueous humor (AH) samples we have direct access to the intra-ocu-
lar compartment, and an assay of the mediators of inflammation enabling the analysis of this
inflammation at the site of activity.

The aim of this study was to identify which cytokine, chemokines and growth factors are
deregulated in idiopathic uveitis and whether specific cytokines profiles are associated with
clinical manifestations. To this end, cytokines, chemokines and growth factors profiles in the
AH and serum were determined by multiplex immunoassay (Luminex®) technology.

Patients and methods
Ethics statement and subjects

This study was conducted in the Quinze-Vingts National Ophthalmologic Eye Center, Paris,
France between January 2014 and May 2016. The French institutional review boards/Ethics
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Table 1. Total number of paired AH and serum samples analyzed.

Patients groups

Noninflammatory controls
(age-related cataract)

uveitis related to Behget disease

sarcoidosis

toxoplasmosis

idiopathic uveitis

AH

total number of
samples (n)

36

15

16

75

Biological media
serum

number of samples | Degree of inflammation in anterior segment & | total number of | number of samples

analyzed (n) in vitreous (haze) (median) [min; max] samples (1) analyzed (n)

« 27 cytokines (36) 0 47 « 27 cytokines (47)

< IL-21 &IL-23 (7) 0 «IL-21 & IL-23 (16)

« 27 cytokines (5) 0 [0;1] 7 « 27 cytokines (7)

oIL-21 &IL-23 (1) | 0.5 [051] o -IL-21 & IL-23 (6)

« 27 cytokines (15) | 1 [0;2] 12 « 27 cytokines (12)

SIL-21 &IL-23 (3) | 1[0:3] o-IL-21 &IL-23
(14)

« 27 cytokines (11) | 1 [0;2] 16 « 27 cytokines (16)

o IL-21 & IL-23 (3) 1[0;2] o - IL-21 & IL-23
(14)

« 27 cytokines (69) | 0 [0;3] 75 « 27 cytokines (63)

o IL-21 & IL-23 (58) | 1[0:4] o -IL-21 & IL-23
(68)

AH: aqueous humor; P values found by comparing grades of anterior chamber inflammation between idiopathic uveitis versus uveitis related to sarcoidosis, Behget

disease, and toxoplasmosis (P <0.001; P = 0.137 ; P <0.0001, respectively). P values found by comparing grades of vitreous haze between idiopathic uveitis versus uveitis
related to sarcoidosis, Behget, and toxoplasmosis (P = 0.6066 ; P = 0.3543 ; P = 0.116, respectively).

https://doi.org/10.1371/journal.pone.0254972.t001

Committee approval was obtained (registration number 13934 at CPP-Ile-de-France, St-
Antoine Hospital, Paris, France). Written informed consents to participate to the study were
obtained from all participants with none of the patients objecting to the use of the remnants of
their samples for further research. This study was conducted according to the tenets of the
Declaration of Helsinki.

Results of 27 cytokines, chimiokines and growth factors from paired AH and sera (n = 69
and 63, respectively) from 75 patients diagnosed with idiopathic uveitis were compared to
mediator profiles detected in paired AH and serum samples of 47 control patients from
patients with age-related cataract (n = 47 and n = 36, respectively). Results of both cytokines,
IL-21 and IL-23, from paired AH and sera (n = 68 and n = 58, respectively) from the patients
with idiopathic uveitis were compared to the ones from controls age-related cataract (n = 16
and 7, respectively). Additional information on the patient groups were presented in Table 1.

Paired sera and AH samples obtained from patients with uveitis related to toxoplasmosis
(TU) (n = 16), uveitis related to Behget disease (n = 7) and ocular sarcoidosis (N = 15) served
as disease controls. The same exclusion criteria than for the uveitis group applied to the healthy
donors and they did not have any clinical symptoms of uveitis. Exclusion criteria was glauco-
matous and diabetes because elevated IL-6 and IL-8 levels were also reported in glaucomatous
aqueous with elevated IOP and diabetes [8, 9].

Patients were identified and referred for enrolment by ophthalmologists after careful exam-
ination and evaluation by Internal Medicine specialists. The diagnosis of uveitis at the moment
of sample withdrawal was based on an ophthalmic examination consisting of visual acuity
recordings (Snellen scale), slit-lamp examination, grading of anterior chamber cells and vitre-
ous haze using the SUN grading system [10], intraocular pressure measurement, and dilated
fundus examination with indirect ophthalmoscopy. Ancillary testing such as fluorescein angi-
ography and optical coherence tomography were performed when necessary. The classifica-
tion of uveitis used was the anatomical classification (the International Uveitis Study Group
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(IUSG) [10]. The criteria for idiopathic (or unknow etiologies) were investigations oriented by
the anatomic characteristics of uveitis: negative serologic screening for syphilis, normal serum
angiotensin-converting enzyme, and interferon-gamma release, normal chest computed
tomography. Our group has published a standardized strategy that we use in routine for the
etiologic diagnosis of uveitis with first (CBC, ESR, CRP, quantiferon, syphilis serology, chest
radiograph), second (ACE, antinuclear antibodies, complement, HLA B27 etc. . .) and third
steps investigations based on the clinical type of uveitis and clinical and medical history find-
ings. A cerebral magnetic resonance imaging and anterior chamber tap with interleukin-10
analysis and cytology, Herpes viridea (HSV, VZV, CPV) PCR and/or Goldmann coefficient
are part of the second/ third steps investigations for chronic intermediate, posterior and panu-
veitis or when severe and/or corticoresistant uveitis [11]. We excluded patients based any past
history of systemic inflammation, auto-immune disease, concomitant anti-inflammatory treat-
ment, immunosuppressed state or systemic antibiotics or immunomodulatory therapy within
4 weeks before inclusion.

In this study, paired AH and serum samples of 75 patients with idiopathic uveitis were
included.

-The 47 patients who underwent cataract extraction (27 women and 20 men; median age 71
years [30-100 years]) and served as a control group had no history of uveitis. Sera and AH
samples were collected prior to cataract extraction. The baseline level of cytokines/ chemokines
in AH was determined using samples from the control group.

-For control group consistent with TU and serving as infectious disease controls, the diag-
nosis of TU was confirmed by real-time PCR detection of Toxoplasma gondii DNA or a Gold-
mann-Witmer test to prove intraocular specific antibody synthesis. Patients who were
immunocompromised, suffered from other ocular infections, or receiving local or systemic
anti-Toxoplasma treatment for active uveitis, were excluded.

With regard to rheumatologic and ophthalmic disorders, we used the the International
Study Group criteria for Behget disease [12], and international criteria for the diagnosis of ocu-
lar sarcoidosis [13].

Biological analysis

Paired samples of AH and serum were obtained from each subject at the time of clinical diag-
nosis for laboratory analysis. AH samples (100-150 uL) were collected through anterior cham-
ber paracentesis and stored, along with serum samples, at —80°C until analysis.

In each sample, 27 immune mediators were analyzed: 4 anti-inflammatory cytokines (interleu-
kin IL-1 receptor antagonist [IL-1Ra], [IL]-4, IL5, IL-10, and IL-13); 12 proinflammatory media-
tors (cytokines IL-1f, IL-2, IL-6, IL-12p70, IL-17, interferon-y [IFN-y], tumor necrosis factor-o
[TNF-a], and chemokines IL-8 [CXCL8], interferon-inducible 10-kDa protein [IP-10; CXCL10],
monocyte chemotactic protein-1 [MCP-1; CCL2], macrophage inflammatory protein-1o.
[MIP1o; CCL3]; and -1B [MIP-1B; CCL4); 3 additional mediators (cytokines IL-15 and macro-
phage migration inhibitory factor [MIF], and chemokines RANTES [regulated on activation, nor-
mal T-cell expressed and secreted; CCL5] and Eotaxin [CCL11]); granulocyte-macrophage
colony-stimulating factor [G-CSF], granulocyte-macrophage colony-stimulating factor
[GM-CSF], 4 growth factors [hematopoietic growth factor [IL-7], Fibroblast growth factor [FGF
Basic], Platelet-derived growth factor [PDGF-BB], vascular endothelial growth factor [VEGF]].

AH and serum samples were analyzed by multiplex immunoassay (Luminex®). The assay
plate layout consisted in a standard series in duplicate (1 to 32 000 pg/mL), four blankwells
and 10pL duplicates of AH samples, diluted to 50 pL with BioPlex Human serum diluent.
Quantitative determination was performed using an Invitrogen Human Cytokine 27-Plex
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Panel. The 27 plex was enriched with and one separate Invitrogen Human Cytokine 2-Plex
Panel for IL-21, IL-23 and in accordance with the manufacturer’s protocol (BioRad®).

Statistical analysis

Data were presented as median and range (min, max). Non-parametric Kruskal-Wallis and
Fisher’s exact tests were performed to compare continuous variables, as appropriate. P values
less than 0.05 were considered significant. The statistical analyses were performed using
GraphPad Prism version 8.0.1, Graph Pad Software, Inc, San Diego, CA.

The comparaison of dosage of different cytokines, chemokines and growth factors between
idiopathic uveitis and various controls was done using a non-parametric test of Kruskal-Wallis.

The representation of cytokine distributions (boxplots) was performed according to pathol-
ogy groups, with comparisons between controls vs other pathologies (Behcet, sarcoidosis and
toxoplasmosis) with a correction of P-values with the method of Bonferroni (to avoid alpha
risk inflation due to multiple comparisons).

The classification of cytokines in idiopathic uveitis was done by selecting only the uveitis
significantly different from those of the controls. The method used is the hierarchical unsuper-
vised classification after focusing and reducing the data (subtract the mean and divide by stan-
dard deviation) in order to report the cytokines in the same unit (around 0).

A distribution of clinical data according to the groups identified in the classification was
presented. No comparison tests were conducted because of the exploratory nature of the analy-
sis as well as the low number per group.

Results chemokines, cytokines and growth factors in the serum

Patients with idiopathic uveitis exhibited higher levels of IP-10, IL-17, and IL-21 than serum
samples of cataract patients.

Specifically, median levels of chemokines and cytokines IP-10, IL-17, and IL-21 were signifi-
cantly elevated in the serum of patients with idiopathic uveitis as compared with nonflammatory
controls: 671 pg/mL [157-3063] vs 526 pg/mL, for IP-10 ; 173 pg/mL [39-500] vs 49 pg/mL for
IL-17 and 28 pg/mL [0-382] vs 0 pg/mL for IL-21 (p = 0.0032, p< 0,0001, p = 0.0007, respectively)
(Fig 1). Median levels of IL-23 were decreased in the serum of patients with idiopathic uveitis as
compared with noninflammatory controls: 11 pg/mL [0-187] vs 6 mg/mL [0-22] (p< 0.0001).

However, median levels of the following mediators in serum in patients with idiopathic
uveitis were not significantly different as compared with controls: proinflammatory cytokines
and chemokines IL-1, IL-6, IFN-y, TNF-o,, MCP-1, G-CSF, MIP-1a, and MIP-1; anti-
inflammatory cytokines IL-10, IL1-Ra, and the angiogenic growth factor VEGF.

Some patients with idiopathic uveitis had increased levels of chemokines, cytokines and
growth factors as compared with the cut-off defined in control patients (mean + 3 standard
deviation): IL-23 in 6 patients, IL-7 in 7 patients, IL-1B and PDGF-BB in 5 patients; IL-6 in 4
patients ; IL-1Ra in 3 patients; IL-2, IL-4, IL-10, IL-12, GM-CSF, VEGF in 2 patients and IL-
15, G-CSF, IFN-y, MIP-1a, MIP-1B3, RANTES, TNF-a. in one patient ; nonetheless, differences
between median levels found in the samples from patients with idiopathic uveitis as compared
with the controls’ were not significant for those mediators (Fig 2).

Results chemokines, cytokines and growth factors in the AH (Table 2 &
Figs 3-7)
Patients with uveitis exhibited higher levels of IL-5, IL-6, IL-8, IL-12, IP-10, MCP-1, G-CSF,

GM-CSF, MIP-10a, MIP-1B, TNF-o and VEGF than intraocular fluid samples of cataract
patients, whilst IL-4 was lower.
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Fig 1. Dot plots of immune mediators, IL-17 and IP-10 in the serum. IL-17 and IP-10 in the serum are increased in
patients with idiopathic uveitis (n = 63) compared with serum of noninflammatory controls patients (cataract age-
related) (CTL) (n = 47). Medians levels for IL-21 and IL-23 in the serum: elevated for IL-21 and decreased for IL-23 in
patients with idiopathic uveitis (N = 68) as compared with noninflammatory controls patients (cataract age-related)
(CTL) (N =16). * =P<0.05; ** = P<0.01; *** = P<0.001.

https://doi.org/10.1371/journal.pone.0254972.9001

Specifically, median levels of chemokines, cytokines, and growth factors were significantly
increased in the AH of idiopathic uveitis as compared with noninflammatory controls: IL-1Ro
was 50.92 pg/mL [0-126.9] vs 0.83 pg/mL, IL-5 was 0 pg/mL [0-5.52] vs 0 pg/mL; IL-6 was
81.73 pg/mL [8.82-511.2] vs 6.64 pg/mL, IL-8 was 22.23 pg/mL [2.12-87.86] vs 2.76, 'IL-9 was
2.85 pg/mL [0-8.8] vs 0 pg/mL, IL-12 was 11.13 pg/mL [5.67-20,49] vs 3.30; Eotaxine was 6.29
pg/mL [0-30.61] vs 0 pg/mL ; IP-10 was 4442 pg/mL [462.8-17790] vs 284.74; G-CSF was 9.98
pg/mL [1.47-113.3] vs 0.64 pg/mL, MCP-1 was 125.2 pg/mL [46.24-315.8] vs 59; GM-CSF
was 3.5 pg/mL [0-100.40] vs 0 pg/mL; MIP-1o was 1.21 pg/mL [0-2.66] vs 0 pg/mL, MIP-1
was 27.2 pg/mL [11.16-47.61] vs 0 pg/ml, le TNF-o with 0 pg/mL [0-6.3] vs 0 pg/mL and
VEGF with 79.19 pg/mL [26.84-160.6] vs 0 pg/mL.

Conversely, mean levels of IL-4, IL-7, IL-15 and PDGF-BB were significantly decreased in
AH of idiopathic uveitis as compared with noninflammatory controls.

We found some patients with idiopathic uveitis and higher levels of IL-1B, IFN-y and IL-23
in AH compared with noninflammatoy controls, although their median of concentration was
not significantly increased compared with controls (Table 2).
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Fig 2. Dot plots of immune mediators, IL-1B, IL-6, IFN-y and TNF-a. IL-1p, IL-6, IFN-y and TNF-a. in serum of
noninflammatory controls patients (cataract age-related) (CTL) (N = 36) as compared with immune mediators in
the serum of patients with idiopathic uveitis (n = 51) but differences in both groups are not significant. Note that
few isolated patients with idiopathic uveitis had cytokines increased in serum samples. * = P<0.05; ** = P<0.01; *** =
P<0.001.

https://doi.org/10.1371/journal.pone.0254972.9002

Uveitis-associated cytokines/chemokines/ growth factors cluster represent
various inflammatory ocular biology pathways

We clustered 4 subgroups of idiopathic uveitis using a statistical analysis of hierarchical unsu-
pervised classification, characterized by the order of magnitude of concentrations of intraocu-
lar mediators (cytokines/ chemokines/ growth factors) (Fig 8).

The 1st cluster (in pink in Fig 8) presents AH mediators concentrations slightly increased
(although significantly different from those found in the control group); the 2°¢ cluster (in
green in Fig 8) presents AH mediators concentrations mildly increased; the 3™ cluster (in blue
in Fig 8) presents mediators concentrations moderatly increased and concentrations of media-
tors IL-7, IL-15 and PDGF-BB quite similar of those found in noninflammatory controls; and
the 4™ cluster (in black in Fig 8) presents a higher increase of levels of mediators.
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Table 2. Concentrations (pg/ml) of immune mediator expression in aqueous humor (AH) from 75 samples of patients with idiopathic uveitis and 36 samples of
noninflammatory controls patients (age-related cataract). n = patients number.

Groups
Variable Idiopathic uveitis, n = 75 Noninflammatory controls (age-related cataract without uveitis), n = 42 P*
IL-1B 0 [0-0.46] 0 [0-0.43] 0.1033
IL-1Ra 50.92 [0-126.9] 0.83 [0-61.69] 0.0342
IL-2 0 [0-0] 0 [0-0] 0.8926
IL-4 0 [0-0] 0[0-0,4] 0.0439
IL-5 0 [0-5.52] 0 [0-0] <0.0001
IL-6 81.73 [8.82-511.2] 6.64 [2.3-40.96] 0.0079
IL-7 0 [0-18.72] 7.63 [1.89-33.11] 0.1194
IL-8 22.23 [2.12-87.86] 2.76 [1.62-6.36] 0.0013
IL-9 2.85 [0-8.8] 0 [0-0.34] 0.0004
IL-10 0[0-10.18] 0.35 [0-2.16] 0.1115
IL-12 11.13 [5.67-20.49] 3.3 [1.07-6.57] <0.0001
IL-13 0.46 [0-3.9] 0.1 [0-1.08] 0.2153
IL-15 0 [0-0] 0 [0-8.56] 0.0042
IL-17 0[0-9.96] 0[0-115.0] 0.0204
IL-21 0 [0-26.09] 0 [0-0] 0.0504
IL-23 0[0-4.92] 0 [0-0] 0.0338
Eotaxin 6.29 [0-30.61] 0 [0-0] <0.0001
FGF-basic 0 [0-0] 0 [0-0] 0.1238
G-CSF 9.98 [1.47-113.3] 0.64 [0-1.89] <0.0001
GM-CSF 0 [0-100.4] 0 [0-2.39] 0.1270
IFN-y 0 [0-0] 0 [0-0] 0.1119
IP-10 4442 [462.8-17790] 284.7 [134.8-484.6] <0.0001
MCP-1 125.2 [46.24-315.8] 59 [4.11-95.26] <0.0001
MIP-1o 1.21 [0-2.66] 0 [0-0] 0.00001
PDGEF-bb 0 [0-0] 1.69 [0-13.46] 0.0728
MIP-1B 27.2 [11.16-47.61] 0[0-7.88] <0.0001
RANTES 0 [0-0] 0 [0-0] 0.1656
TNF-a 0[0-6.3] 0 [0-0] 0.0006
VEGF 79.19 [26.84-160.6] 0 [0-24.37] <0.0001

*Significant P values are noted in right column of the Table. Statistical analysis was done with non parametric Kruskal-Wallis and Fisher’s exact tests for the comparison

of dosage of different cytokines between idiopathic uveitis and controls in aqueous humor (medianes of concentrations). A P value < 0.05 was considered significant.

https://doi.org/10.1371/journal.pone.0254972.t1002

Three patients” samples were excluded from the biostatistical analysis (Fig 8) because they
presented levels of mediators to high compared with the others. Those 3 patients had idio-
pathic uveitis of panuveitis type (two patients had relapsing uveitis of that kind).

Clinical features of these 4 clusters of patients are presented in Table 3.

We compared the median AH concentrations of cytokines and chemokines between nonin-
flammatory controls and patients with uveitis related to Behget disease, sarcoidosis, TU and
idiopathic uveitis (Fig 9) for those 4 mediators significantly elevated in idiopathic uveitis as
compared as noninflammatory controls: IL-6, TNF-o, IL-12 and IP-10. IL-6, TNF-a and P-10
were found significantly elevated in the AH of patients with uveitis related to Behget disease,
sarcoidosis and TU as compared with noninflammatory controls. IL-12 was found elevated in
all uveitis causes as compared as noninflammatory controls except in TU.
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Fig 3. Dot plots of immune mediators: IL-1p, IL1-Ra, IL-6, IL-8, in aqueous humor of patients with idiopathic
uveitis (N = 64) as compared with immune mediators in the aqueous humor of noninflammatory controls
patients (cataract age-related) (N = 36). Note that few isolated patients with idiopathic uveitis had an immune
mediator elevated. * = P<0.05 ; ** = P<0.01; *** = P<0.001.

https://doi.org/10.1371/journal.pone.0254972.9003

We further compared the same cytokines and chemokines (IL-6, TNF-a, IL-12 et IP-10),
between noninflammatory controls with uveitis related to sarcoidosis, TU and idiopathic uve-
itis with the exclusion of Behget disease related uveitis, due to to disparate orders of values (Fig
10): AH contained much higher levels of those mediators in Behget disease as compared as
other causes of uveitis (Fig 10).

We compared the 4 subgroups of idiopathic uveitis defined by the statistical method shown
in Fig 8.

The first group had relatively weak cytokine values, although significantly different from
those of the non-inflammatory control (‘idiop 1°); A second group presented moderate high
cytokine values (‘idiop 2°); A third group presented moderate high cytokine values (IL-6, TNF-
o, IP-10) except for the IL-12, which is very high (‘idiop 3’); and finally, a fourth group had
very high cytokines and chemokines values (‘idiop 4°).
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Fig 4. Dot plots of immune mediators: IL-10, IL-12, IL-17, G-CSF, in aqueous humor of patients with idiopathic
uveitis (N = 64) as compared with immune mediators in the aqueous humor of noninflammatory controls
patients (cataract age-related) (N = 36). Note that few isolated patients with idiopathic uveitis had an immune
mediator elevated. * = P<0.05 ; ** = P<0.01; *** = P<0.001.

https://doi.org/10.1371/journal.pone.0254972.9004

Discussion

Idiopathic uveitis is the predominant diagnosis in most series from tertiary clinics. Idiopathic
uveitis is one of the most challenging inflammatory eye disease because of the lack of under-
standing of the mechanism governing the disease. This study describes the Th17/Th1/Th2
cytokine, chemokine and growth factor profile in aqueous humor samples and serum from
eyes with idiopathic uveitis, determined with a multiplex-based technology.

The analysis of AH samplings from patients with idiopathic uveitis confirmed elevated lev-
els of cytokines and chemokines mostly of inflammatory type as compared with noninflamma-
tory controls. In that, our study is in accordance with previous studies [14, 15].

In particular, idiopathic uveitis seems being associated with higher AH levels of the follow-
ing immune mediators: IL-1Ro,, IL-6, IL-8, IL-12, IL-17, IP-10, MIP-1a, MIP-183, MCP-1,
G-CSF and TNF-o. We also found other mediators elevated, IL-5 and IL-9.
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Fig 5. Dot plots of immune mediators: IFN-y, IP-10, MCP-1, MIP-1a, in aqueous humor of patients with
idiopathic uveitis (N = 64) as compared with immune mediators in the aqueous humor of noninflammatory
controls patients (cataract age-related) (N = 36). Note that few isolated patients with idiopathic uveitis had an
immune mediator elevated. * = P<0.05 ; ** = P<0.01; *** = P<0.001.

https://doi.org/10.1371/journal.pone.0254972.9005

To our knowledge, our study is unique in that we focused specifically on idiopathic uveitis
and their immune mediators. Previous studies have considered cytokines in patients with idio-
pathic uveitis localized in the intermediate eye segment, however without distinguishing idio-
pathic uveitis from multiple sclerosis, sarcoidosis or Lyme borreliosis. In particular, higher AH
levels have been shown for IL-1f, IL-6, IL-8, IL-10, IL-12(p70), IFNy and CCL2/MCP-1 as
compared with noninflammatory controls [15].

First, our study described the Th1 cytokines, i.e., TNF-o,, IFN-y-inducing cytokine (IL-12)
and IFN-y-inducible CXC chemokine (IP-10).

Our data show that increased levels in HA of mediators involved in the production and the
activity of IFN-y may play an important immunopathogenic role in idiopathic uveitis.

We confirmed common knowledge that some patients with idiopathic uveitis have
increased AH level of IFN-y. In our study, median of concentrations of INF-y was not signifi-
cantly elevated in the whole cohort of patients with idiopathic uveitis but three patients had
AH levels higher than the cut-off as defined in noninflammatory controls (cut-off = mean + 3
standard deviations). Previous studies have shown significantly AH elevated IFN-vy in patients
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Fig 6. Dot plots of immune mediators: MIP-1B, RANTES, TNF-a, in aqueous humor of patients with idiopathic uveitis (N = 64) as
compared with immune mediators in the aqueous humor of noninflammatory controls patients (cataract age-related) (N = 36).
Note that few isolated patients with idiopathic uveitis had an immune mediator elevated. * = P<0.05; ** = P<0.01; *** = P<0.001.

https://doi.org/10.1371/journal.pone.0254972.9006

with idiopathic anterior uveitis of anterior and intermediate anatomical type [14, 16-18]. In
herpetic viral etiology, mean level of IFN-y is higher than in other viral uveitis and in noninfec-
tious uveitis [19, 20].

In our study, IL-12 was the cytokine most commonly elevated in patients with idiopathic
uveitis and its median level was also elevated in the AH. IL-12 is an immunoregulatory cyto-
kine which plays a key role in the polarization of the naive Th cells and influences IFN-y pro-
duction [21-23]. Our results regarding IL-12 confirms the immune mechanism Th1 serving a
preponderant role in human uveitis [22]. Although intraocular levels of IL-12 have been
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Fig 7. Dot plots of immune mediators: VEGF and PDGEF-BB, in aqueous humor of patients with idiopathic uveitis
(N = 64) as compared with immune mediators in the aqueous humor of noninflammatory controls patients
(cataract age-related) (N = 36). Note that few isolated patients with idiopathic uveitis had an immune mediator

elevated. * = P<0.05; ** = P<0.01; *** = P<0.001.

https://doi.org/10.1371/journal.pone.0254972.g007
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Fig 8. Heat map analysis comparing aqueous humor cytokine concentrations in 64 the idiopathic uveitis samples
and 47 non-inflammatory controls (age-related cataracts). Only significant different cytokines in idiopathic uveitis
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Table 3. Comparison between 4 sub-groups patients with idiopathic uveitis (n = 64") and their clinical parameters.

variable
Sex
Age, median

eye

uveitis

vasculitis

degree of inflammation in anterior segment
degree of inflammation in vitreous
choroidal granulomas

macular edema

papillitis

course

episode

Groups

1N =26 2N=14 3N=8 4N =13

13 (50%) 6 (43%) 5 (62%) 9 (69%)

38.5 [22;94] 43.5 [26;88] 50 [2095] 62 [20;87]
OD 7 (27%) 6 (43%) 4 (50%) 3(23%)
oS 4 (15%) 3(21%) 3(38%) 4 (31%)
ouU 15 (58%) 5(36%) 1(12%) 6 (46%)
intermediate 5(19%) 7 (50%) 3 (38%) 3 (23%)
posterior 16 (62%) 4 (29%) 5(62%) 5(38%)
panuveitis 5(19%) 3 (21%) 0 (0%) 5(38%)
absent 11 (42%) 9 (64%) 5(62%) 9 (69%)
present 15 (58%) 5(36%) 3 (38%) 4 (31%)
venous 11 (42%) 3(21%) 3 (38%) 3(23%)
arterial 1 (4%) 0 (0%) 0 (0%) 1 (8%)
venous+ arterial 3 (12%) 2 (14%) 0 (0%) 0 (0%)
(median; min-max) 0 [0;3] 0 [0;1] 0 [0;0] 0.5 [0;2]
vitritis (median; min-max) 1[0;3] 0.75 [0;2] 1 [0;2] 1 [0;4]
yes 2 (8%) 1(7%) 0 (0%) 2 (15%)
yes 5(19%) 7 (50%) 2 (25%) 5 (42%)
yes 2 (8%) 6 (43%) 1(12%) 4 (31%)
acute 11 (42%) 3(21%) 5(62%) 5(38%)
relapsing 7 (27%) 3 (21%) 1(12%) 5(38%)
chronic 8 (31%) 8 (57%) 2 (25%) 3(28%)

OD: right eye; OS: left eye; OU: both eyes; grading of anterior chamber cells and vitreous haze using the SUN grading system [10].

“Three patients were excluded because of very high levels of chemokines/ cytokines (see Fig 8). Those patients had no common clinical signs except their age: one

patient was 14 yo and 2 patients were respectively 66 and 78 yo. The two previous patients experienced relapsing uveitis episodes.

https://doi.org/10.1371/journal.pone.0254972.t003

shown higher in patients with intermediate uveitis than in noninflammatory controls’ eyes,
those levels were not correlated to the activity of the disease in those previous studies [21, 24—
26].

We found elevated levels of IP-10 in the AH and the serum of patients with idiopathic uve-
itis. IP-10 is linked to the monokines induced by IFN-y (IFN-y-inducible CXC chemokine)
and to the IFN-inducible T cell o chimioattractant, that controls the migration and adhesion
of activated T cells and NK cells [4-27]. The IP-10 expression is increased in various cells,
including endothelial cells, keratinocytes, fibroblastes, astrocytes, moncytes and neutrophiles
by stimulation of IFN-c, IFN-f, IEN-y, LPS and in T cells by antigen activation [28]. IP-10 is
also expressed in many Th1l mediated human diseases. IP-10 levels are correlated to the infil-
tration by the T cells suggesting that IP-10 plays a role in the attraction of T cells towards the
sites of inflammation [29, 30]. IP-10 is also a chemoattractant for monocytes/macrophages,
NK cells and dendritic cells [31, 32].

The median level of TNF-o of increased in our study representing 14 among 69 (20%) of
the AH samples from the patients with idiopathic uveitis (Table 4, Supplemental data). There
are discordant previous results as regards to AH levels of proinflammatory cytokine TNF-o in
idiopathic uveitis. For Valentincic et al, the TNF-o. levels in active idiopathic uveitis and in the
anatomic intermediate uveitis type, did not seem being increased [14], conversely to another
report of noninfectious uveitis [19]. TNF-q, is essential for the induction and maintenance of
inflammation in the autoimmune reactions and is released by macrophages and T
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Fig 9. Boxplots of 4 immune mediators significantly elevated in the aqueous humor of patients with idiopathic uveitis
(Idiop): IL-6, TNF-a, IL-12 and IP-10, as compared to immune mediators in the aqueous humor of patients with uveitis
related to Behget disease, sarcoidosis, TU (Toxo) and noninflammatory controls (T). Significant P values are noted in the
upper part of each graph. A P value < 0.05 was considered significant.

https://doi.org/10.1371/journal.pone.0254972.9009

lymphocytes during the inflammatory response. It affects the activation of leukocytes and their
infiltration by upregulation of adhesions molecules and activation of macrophages. It also
drives the lymphocytic Thl response in the tissues [33].

Next, our study described the Th17 cytokines (IL-17A, IL-17F, IL-21, IL-22 and IL-23).

We found that IL-17 was significantly elevated in both serum and AH and IL-21 was ele-
vated in the serum of patients with idiopathic uveitis. It seems that some idiopathic uveitis
might be associated to a concomittant active systemic inflammation, of Th17 nature, that is
herein also found in the serum samples. IL-17 elevated levels have been also described in the
serum of sarcoidosis [34] and IL-17/ IL-21 in birdshot chorioretinopathy and in Vogt-Koya-
nagi-Harada disease [35, 36]. IL-17 is produced by a subset of CD4+ cells refered to as Th17
cells but also by T CD8" cells [37], NK cells [38] and by y8 lymphocytes [38].

IL-17 controls the expression of cells that express the IL-17 receptor (IL-17R) with an
increased secretion of IL-6, IL-8, MCP-1 and G-CSF with the induction of a chronic inflam-
mation with monocytes and macrophages infiltrates [39]. This might correspond to the patho-
physiological mechanism of idiopathic uveitis because we demonstrated elevated median
levels of IL-6, de MCP-1 and G-CSF in the AH of the samples we analyzed. Of note, higher lev-
els of MCP-1 in AH have also been previously described in idiopathic uveitis but in the ana-
tomical type of intermediate uveitis, only [12].

Next, we studied the Th2 and Th9 cytokines (IL-4, IL-10, IL-13 et IL-9).

In 10 AH samples among the 69 that were tested in our study, IL-10 levels were found
(14.5%) elevated. Although IL-10 levels were lower than IL-6 excluding the differential diagno-
sis of primary ocular lymphoma [40]. This is in disagreement with a previous study that
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Fig 10. Boxplots of 4 immune mediators significantly elevated in the aqueous humor of patients within 4 sub-groups of
idiopathic uveitis (Idiop 1, 2, 3 and 4): IL-6, TNF-0, IL-12 and IP-10, as compared to immune mediators in the aqueous
humor of patients with uveitis related to sarcoidosis, TU (Toxo) and noninflammatory controls (T). Significant P values
are noted in the upper part of each graph. A P value < 0.05 was considered significant.

https://doi.org/10.1371/journal.pone.0254972.9010

showed that IL-10 levels were similar to the noninflammatory controls’ [12]. IL-10 is an anti-
inflammatory cytokine that supresses the expression of pro-inflammatory chemokines and
cytokines TNF-a, IFN-y and IL-1f [41], adhesion molecules, as well as antigen-presenting and
costimulatory molecules in monocytes/macrophages, neutrophils, and T cells [42]. A previous
study has shown IL-10 elevated in 3 among the 22 AH samples from idiopathic uveitis that
might reflect the immunoregulator role of this cytokine [12]. This corresponds to a control of
inflammatory process in correlation with elevated levels of IL-6 [17, 40, 43].

We found the median levels of IL-9 (a Th9 cell-specific cytokine) elevated in the AH of idio-
pathic uveitis. Th9 cells are a sub-population of CD4" T cells and they produce IL-9 and IL-10
in the presence of IL-4 and TGF-p [44, 45]. Mouse models have indicated a role for Th9 cells
in immunity and immune-mediated disease and recent studies have indicated that IL-9-pro-
ducing cells contribute to a group of autoimmune and chronic inflammatory disorders includ-
ing systemic lupus erythematosus (SLE), multiple sclerosis (MS), inflammatory bowel diseases
(IBD), rheumatoid arthritis (RA), asthma and psoriasis [46-48]. To our knowledge we are the
fist to report increased IL-9 levels in HA in idiopathic uveitis.

o Other chemokines and cytokines

A previous study has shown a positive correlation between the different cytokines, chemo-
kines being elevated (IL-6, IL-8, MCP-1, and IFN-v), in the AH of patients with idiopathic uve-
itis [12]. We confirmed an increase of median levels of IL-6, IL-8 and MCP-1.

We confirmed the findings of elevated median levels of IL-8 in 15 AH samplings from
patients with idiopathic uveitis as previously demonstrated in intermediate uveitis of idio-
pathic origins [12] but also in Behcet disease and in active noninfectious uveitis [49]. IL-8 has
arole in the neutrophils activation and in leukocytes migration into inflamed tissues.
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Table 4. Immune mediator expression (cytokines, chemokines and growth factors) elevated in patients with idiopathic uveitis and disease control groups (infec-
tious and noninfectious uveitis) as compared with noninflammatory controls (n = number of patients). The numbers in brackets represent the number of samples for
which the mediator result was found to be high.

Infectious uveitis

Toxoplasmosis
(TU)

27 cytokines

serum (n = 16)

AH (n=11)

IL-2, GM-CSF (1)

G-CSF, IEN-y, IP-10 (9)

eotaxin (7)

MCP-1 et TNF-a (5)

1L-8 (4)

IL-4 (3)

IL-1, IL-6, IL-9, IL-10, IL-12,

IL-13, MIP-1a, PDGF-BB, VEGF (2)
IL-1Ra, IL-2, IL-17, RANTES, VEGF (1)

cytokines serum (n = 14) AH (n=3)
IL-21, IL-23
none IL-21 (1)
noninfectious uveitis
sarcoidosis 27 serum (n = 12) AH (n=15)
cytokines
IL-1B, IL-1Ra, IL-2, IL-6, éotaxine, IP-10 (14)
G-CSF, GM-CSF, IP-10, IFN-y, MCP-1, eotaxine (7)
MIP-1b, TNF-a (1) MIP-1a,
1L-8, G-CSF (6)
TNF-o. (4)
IFN-y (3)
IL-1B, IL-7, MIP-1b et PDGF-BB (2, 4)
IL-1Ra, IL-4, IL-10, IL-9, IL-13, IL-15,
VEGF (1)
cytokines serum (n = 14) AH (n=3)
IL-21, IL-23
none none
Behcet 27 serum (n=7) AH (n=5)
cytokines
IL-1B (2) IP-10 (5)
IL-6, IL-8, G-CSF, MCP-1 (4)
IL-1B, IL-1Re, IL-7, IL-9, IL-12, IL-13, eotaxin, IFN-y, MIP-1c, PDGF-BB,
TNF-o. (3)
cytokines serum (n = 6) AH(n=1)
IL-21,1L-23
none none
idiopathic uveitis 27 serum (n = 63) AH (n =69)
cytokines
1L-7 (7) IL-12 (36)
PDGF-BB (5) IP-10 (32)
1L-5, IL-6 (4) G-CSF (29)
IL-1Ra(3) IL-5 (26)
IL-1B, IL-2, IL-4, IL-10, IL-12, GM-CSF, VEGF (2) IL-10 (22)
IL-15, G-CSF, IFN-y, MIP-10, MIP-1B, RANTES, VEGF (21), MCP-1 (18)
TNF-o (1) IL-6 (15), IL-8, TNF-c. (14)
IL-13 (12), FGE-b (10), IL-17 (10)
IL-12, MIP-10,, GM-CSF, PDGF-BB (8)
IL-1Ra (5), MIP-1B, (7), RANTES (6)
1L-2 (4), IL-4, IFN-y (3), IL-1B (2),
IL-7 (1)
cytokines serum (n = 68) AH (n =58)
IL-21,1L-23

IL-21 (38)
IL-23 (6)

IL-21, IL-23 (16)

https://doi.org/10.1371/journal.pone.0254972.t1004
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Moreover, IL-8 induces the differentiation of mononuclear cells into infiltrative granulocytes
and the adhesion of leukocytes from the peripheral blood to the endothelial cells. In previous
studies, the increase of IL-8 in the ocular form of Behcet disease has been shown as having the
role to attract the polymorphonuclear neutrophils towards the lesions [50, 51].

The median levels of IL-6 were elevated in the AH from patients with idiopathic uveitis.
This is in agreement with previous studies that showed an increase of IL-6 in the anatomical
types of anterior uveitis [12, 52, 53]. Herein, we were able to demonstrate that increase of IL-6
also in intermediate, posterior and panuveitis. IL-6 is pleiotropic and proinflammatory pro-
duced by T cells, monocytes, macrophages and synovial fibroblastes. This cytokine is involved
in the Th17 cells differentiation by regulating the balance between Th17 lymphocytes and Treg
cells and is also involved in suppressing the differentiation [54]. IL-6, IL-8 and MCP-1 have
been shown as regulated by the nuclear factor NF-kB pathway that plays a key role in the
immune response [55]. Previous study have shown increased IL-6 and IL-8 in the intraocular
samples of patients with TU, viral uveitis, Fuchs iridocyclitis, ocular Behcet disease and pediat-
rics uveitis [12, 56].

We found G-CSF median levels elevated in the AH of patients with idiopathic uveitis.
Increased G-CSF have also been found in serum and synovial fluid of patients rheumatoid
arthritis and correlated with disease severity [57]. Adding G-CSF increases the number of neu-
trophils in the serum and the endogenous G-CSF is important for the basal granulopoiesis.
The infiltration of target tissues by the recruitment of neutrophils during inflammation is
characteristic in both acute and chronic settings and the leukocytes population is mostly poly-
nuclear neutrophils found in the inflammed joints in rheumatoid arthritis, for instance [58].

We found median levels of MCP-1 (CCL-2) elevated in the AH of patients with idiopathic
uveitis in our study. MCP-1 is one of the key chemokines that regulate migration and infiltra-
tion of monocytes/macrophages into foci of active inflammation [59].

We found in the AH from patients with idiopathic uveitis, an elevated median level of IL-5.
IL-5 is a cytokine produced by Th2 activated lymphocytes and mastocytar cells that selectively
stimulate the differentiation, proliferation and fonctionnal activation of eosinophils. In Takase
et al’s study, IL-5 was detected in the AH samples from patients with viral acute retinal necrosis
and in patients with anterior uveitis related to herpesvirus. IL-5 was not detected in noninfec-
tious uveitis [17].

In our study IL-1P was elevated in 3 out of 69 samples from patients with idiopathic uveitis
only (4%). IL-1p acts locally like an amplification signal in the pathological process associated
with chronic inflammation as show previously in the vitreous from patients with idiopathic
panuveitis [60].

As regards to the chemokines and cytokines found in the serum, some isolated patients
with idiopathic uveitis had some other mediators elevated apart from IL-17, IP-10 and IL-21.
Those mediators were the following ones: IL-1B, IL-1Ra,, IL-2, IL-4, IL-6, IL-7, IL-10, IL-12,
IL-15, IFN-y, G-CSF, MIP-10, MIP-1f, TNF-a, RANTES, PDGF-BB and VEGF, meaning that
various sub-groups in idiopathic uveitis might exist (Table 4, Supplemental data). Yet, a major
obstacle for using anti-VEGF intraocular treatments for inflammatory macular edema for
therapeutic targeting is the notoriously lack of dosing VEGF in the ocular samples in clinical
practice. This implies the hypothesis that VEGF may contribute to the development of uveitic
macular edema. Several small retrospective and prospective studies have shown a moderate
reduction of macular thickness and the need for an ongoing phase III randomized parallel
design trial (MERIT study (NCT02623426). Interestingly, we found 21 samples of AH with
VEGEF elevated out of 69 samples of AH in idiopathic uveitis. More studies are needed to deter-
mine if the optimal efficacy of anti-VEGF treatments is found in the eyes where VEGF levels
are increased. Our study shows that this rate is not increased in all AH samples.
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The limitation of the study is that the degree of inflammation in the anterior segment was
lower in idiopathic uveitis as compared as ocular sarcoidosis and ocular toxoplasmosis. More-
over, we have analyzed the aqueous humor which is more convenient to get in routine practice
than vitreous humor. The use of aqueous humor allowed us to analyze what is to our knowl-
edge the largest series published of 75 aqueous humors from eyes affected by idiopathic uveitis.
It has been in a previous paper that the mediators are present in significantly higher concentra-
tions the vitreous humor in the 24 cell group than in the 0-1 cell group (according to cells in
anterior chamber and in vitreous), whereas those of IL-10 and IL-26 were significantly higher
in the 0-1 cell group [61].

Conclusion

Noninfectious uveitis represents a clinically heterogeneous set of ocular diseases that share
immune characteristics with systemic auto-inflammatory conditions [62-65].

The main aim of the study was to explore the cytokines/ chemokines/ growth factors profile
of noninfectious uveitis to better understand its enigmatic etiology and lay the groundwork for
emerging anti-cytokines based therapeutics (biologics) and anti-VEGF treatments.

Unbiased computational mining of multiplex immunoassay data identified 4 clusters of
mediators (cytokines/ chemokines and growth factors) characterized by the order of magni-
tude of concentrations of intraocular cytokines.

Idiopathic uveitis in humans has long been considered as a Th1-mediated disease, with
interferon (IFN)-y and IL-12 as signature cytokines. We confirm those findings in idiopathic
uveitis of the intermediate and posterior anatomical types because we found IFN-y increased
in the AH samples tested. In several causes of uveitis however, it has been shown that both
innate and adaptive immunity, leading to the activation of the IL-23/Th17 axis, may contribute
to the initiation of tissue inflammation. The inflammatory mechanisms in the cases of idio-
pathic uveitis are possibly mediated by the Th17 pathway because we demonstrated IL-17 ele-
vated in both AH and serum and IL-21 elevated in the serum.

In our present study, IL-9 has been also demonstrated to be probably involved in the patho-
genesis of idiopathic uveitis because we demonstrated IL-9 levels being elevated in the AH as it
has been shown in other chronic inflammatory disease but also of auto-immune pathogenesis.

We also present data on increased ocular concentrations of IFN-y-inducing cytokine (IL-
12) and IFN-y-inducible CXC chemokine (IP-10), suggesting that IFN plays a central role in
cellular immunity. In our study, this hypothesis was also suspected by the statistical analysis of
hierarchical unsupervised classification, that described 4 subgroups (or clusters) of idiopathic
uveitis characterized by the order of magnitude of concentrations of intraocular cytokines.

Other proinflammatory (IL-6, IL-8, IP-10, MCP-1, G-CSF, MIP-1c. et MIP-1 et TNF-0.)
and antiinflammatory (IL-1Ro) immune mediators were increased in AH samples from idio-
pathic uveitis. Moreover, we also demonstrated in the serum samples of patients with idio-
pathic uveitis elevated levels of IL-17, IL-21 and IP-10 that might imply a systemic immune
mechanism for some of them instead of a purely ocular limited disease as suggested by the
clinical examination.

Supporting information

S1 Data.
(XLSX)

S2 Data.
(XLSX)
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