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 INTRODUCTION 
 Ocular surface disorders including allergy, dry eye, and eye drop 

toxicity have in common complex inflammatory – immune proc-

esses occurring in the corneal and conjunctival tissue. The con-

junctiva is a fragile mucosa constituting the first physical and 

biological barrier of the eye, which is also exposed to ophthalmic 

medications. Preservatives are commonly used in a wide range 

of chronically administered eye drops including anti-allergy 

drugs, anti-glaucoma medications, as well as tear substitutes. 1  

However, although providing useful antimicrobial properties, 

these compounds are known to adversely cause deleterious con-

junctival tissue damage and related ocular surface inflammation 

as previously studied by our team and others. 1,2  Such a toxic 

side effect has a major health impact in ophthalmology as it is 

linked with a significant decrease in compliance further leading 

to treatment failure. 3 – 5  Several studies have demonstrated that 

benzalkonium chloride (BAC), the most widely used preserva-

tive in ophthalmology, causes irritancy symptoms, treatment 

discontinuation, and iatrogenic dry eye disease. 5 – 8   In vitro , BAC 

induces dose-dependent conjunctival cell apoptosis 9 – 13  associ-

ated with overexpression of cytokines such as tumor-necrosis 

factor- �  (TNF- � ) or interleukin (IL)-1 � . 14  Human and animal 

studies revealed that exposure to BAC-containing eye drops 

induced the overexpression of inflammatory markers, such as 

HLA-DR, ICAM-1, or Fas, 15 – 17  together with a conjunctival 

infiltration of inflammatory cells. 18 – 20  However, the mechanisms 

leading to this BAC-induced inflammatory cell accumulation 

at the conjunctival mucosa have not yet been elucidated. More 

precisely, it has never been determined whether this inflamma-

tory cell infiltration could be attributed to specific interactions 

between conjunctival epithelial cells and immune cells or only 

to nonspecific inflammatory processes secondary to tissue and 

lacrimal toxic damage. 

 CX3CL1, also called fractalkine, is the sole member of the 

CX3C-chemokine subfamily and binds to its specific receptor 

CX3CR1. 21,22  After proteolytic cleavage, this membrane-bound 

glycoprotein assumes a soluble form that induces migration 

and activation of CX3CR1-bearing cells such as T cells, natural 
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killers (NKs), monocytes, and monocyte-derived macro-

phages, as well as dendritic cells. 23 – 25  Apart from its endothelial 

expression and its involvement in atherosclerosis, 26,27  CX3CL1 

has been detected in epithelial cells from various tissues 

including bronchial and small intestine mucosae. 28 – 31  The 

recent development of transgenic mice, in which a green-

fluorescent protein gene was inserted at the CX3CR1 locus, has 

improved the  in vivo  study of CX3CR1-mediated cell homing 

and turnover in several tissues. In the eye, it has not only been 

notably studied in the retina but also in the cornea in which 

CX3CR1 signaling could mediate physiological homing of 

dendritic cells. 32 – 36  

 Given both the conjunctival inflammatory changes induced 

by BAC-containing medications and the role of CX3CL1 in 

mucosal immune disorders, we hypothesized that CX3CL1 

could be involved in ocular surface inflammation. In the present 

work, the conjunctival epithelial expression of CX3CL1 along 

with its consequences on immune cell infiltration and related 

tissue inflammation have been studied in glaucomatous patients 

treated with preserved eye drops as well as in a conjunctival cell 

model of toxicity, and in transgenic mice exposed to BAC.   

 RESULTS  
 Conjunctival expression of CX3CL1 is increased in 
patients treated with BAC-containing eye drops and 
correlates with clinical inflammation 
 In the present study, we compared the expression of CX3CL1, 

CX3CR1, and HLA-DR in glaucoma patients receiving BAC-

containing ophthalmic medication with that of patients treated 

with BAC-free medication using conjunctival imprints and 

flow cytometry (FCM). CX3CL1, CX3CR1, and HLA-DR were 

detected at relatively low levels in BAC-free control patients 

( Figure 1a and b ). In contrast, CX3CL1 and HLA-DR expres-

sions, but not that of CX3CR1, were significantly increased in the 

conjunctiva of patients treated with BAC-preserved eye drops. 

The clinical evaluation of ocular surface inflammation revealed 

that CX3CL1 conjunctival expression was positively correlated 

with clinical score of conjunctival damage in BAC-exposed 

patients ( Table 1  and  Figure 1c ). Other patient characteristics 

including clinical tear film instability (tear film break-up time) 

and treatment features, e.g., the number of daily instillations or 

the total dose of BAC, were not found to correlate with CX3CL1 

level in the conjunctiva.   
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   Figure 1             Conjunctival expression of CX3CL1 is increased in benzalkonium chloride (BAC)-exposed patients and correlates with clinical score 
of conjunctival damage. Glaucomatous patients treated over the long term with either BAC-containing eye drops ( n     =    20) or BAC-free eye drops 
( n     =    20) underwent clinical examination (see  Table 1 ) and conjunctival impression cytology combined with flow cytometry. ( a ) Conjunctival expression 
of CX3CL1 was increased in BAC-exposed patients as compared with unexposed patients. CX3CR1 was poorly detected whatever the group. 
Conjunctival expression of HLA-DR, a known biomarker for ocular surface inflammation, was also increased in BAC-exposed patients. Data are 
presented as mean ± s.e.m.  *  *  P     <    0.01. ( b ) See representative fluorescence histograms of CX3CL1 and HLA-DR expression in a patient exposed to 
BAC (shaded area) compared to an unexposed control (solid line). ( c ) Conjunctival expression of CX3CL1 as quantified by conjunctival imprints 
and flow cytometry is positively correlated ( R  2     =    0.762,  P     <    0.01) with clinical score of conjunctival damage in the patients treated with BAC-containing 
eye drops.  



704 VOLUME 5 NUMBER 6 | NOVEMBER 2012 | www.nature.com/mi

ARTICLES

 BAC enhances the expression of CX3CL1 through 
the TNF- �  pathway in a human conjunctival epithelial 
cell line 
 To study the mechanisms by which BAC induced the CX3CL1 

expression, a human conjunctival epithelial IOBA-NHC cell line 

was used. CX3CL1 and CX3CR1 were detected at low level by 

quantitative PCR and immunofluorescence in unstimulated cells 

( Figure 2a and b ). Similar to what was observed in conjunc-

tival imprints from patients, stimulation with BAC enhanced 

the expression of CX3CL1 but of CX3CR1. BAC significantly 

enhanced the total expression of CX3CL1 in a dose- and time-

dependent manner ( Figure 2c – f ). Surface membrane expres-

sion of CX3CL1 was significantly increased 6   h after stimulation 

with BAC and total expression was increased 6 and 12   h after, as 

assessed by FCM ( Figure 2e ). In correlation, the concentration 

of soluble CX3CL1 released into the cell supernatant rapidly 

increased after BAC stimulation as assessed by enzyme-linked 

immunosorbent assay (ELISA), suggesting a release of mem-

brane-bound CX3CL1 into the extracellular medium ( Figure 2f ). 

Influence of the TNF- �  – TNF-RI system upon CX3CL1 syn-

thesis was also studied. Recombinant TNF- �  alone induced 

an overexpression of CX3CL1 in conjunctival epithelial cells 

( Figure 2g ). In BAC-exposed cells, incubation with a blocking 

anti-TNF-RI antibody significantly inhibited BAC-enhanced 

expression of CX3CL1, suggesting that the TNF- �  pathway was 

involved in the chemokine-inducible synthesis by IOBA-NHC 

cells ( Figure 2g ).   

 BAC-stimulated human conjunctival epithelial cells 
attract leukocytes 
 The chemotactic effect of CX3CL1 on human primary leuko-

cytes was investigated by performing transmigration assays. 

Unstimulated conjunctival IOBA-NHC epithelial cells did not 

show any significant chemotactic properties ( Figure 3a ). In 

contrast, BAC-stimulated conjunctival cells attracted specific 

leukocyte subpopulations including CD45    +     CD3    +     CD56    −     

lymphocytes, CD45    +     CD14    +     monocytes, and CD45    +     CD3    +     

CD56    +     NK cells as assessed by FCM. Leukocyte preincubation 

with a blocking anti-CX3CR1 antibody significantly decreased 

CD45    +     CD14    +     cell migration and totally inhibited CD45    +     

CD3    +     CD56    +     cell migration, whereas CD45    +     CD3    +     CD56    −     

cells were not significantly affected. Human recombinant 

CX3CL1 in medium induced a similar effect as BAC-stimulated 

IOBA-NHC cells on leukocyte migration, which was inhibited 

by blockade of CX3CR1. In parallel, adherent CD14    +     mono-

cyte-derived cells did not migrate toward unstimulated conjunc-

tival epithelial cells but toward BAC-stimulated conjunctival 

cells ( Figure 3b ). Such migration was significantly decreased 

when adherent CD14    +     cells are preincubated with the blocking 

anti-CX3CR1 antibody.   

 BAC-induced macrophage infiltration in the conjunctiva 
of CX3CR1-deficient mice is decreased as compared with 
CX3CR1     +     /     +      animals 
 CX3CR1-deficient mice and their controls were used to con-

firm our human and  in vitro  findings. First, the conjunctival 

expression of CX3CL1 was assessed by ELISA in CX3CR1-

deficient mice and CX3CR1     +     /     +      mice after being exposed to 

BAC. In unexposed eyes, CX3CL1 was not detected in the 

conjunctiva of both groups. In contrast, CX3CL1 was found 

in BAC-exposed conjunctiva of both transgenic and control 

animals (1.145 ± 0.345   ng   ml     −    1  and 0.945 ± 0.295   ng   ml     −    1 , respec-

tively, NS), without any difference between both groups. 

 Second, immune cell infiltration was phenotyped by immun-

ofluorescence (IF) in flat-mounted conjunctiva. The density of 

resident CX3CR1    +     dendritic cells was neither different between 

CX3CR1-deficient mice and their controls, nor between treated 

and control eyes (70.5 ± 19.1   cells   mm     −    2  and 50.9 ± 18.1 in unex-

posed and BAC-exposed eyes of CX3CR1     +     /     +      mice, respectively, 

nonsignificant (NS); 65.4 ± 10.5 and 47.9 ± 12.9 in CX3CR1-

deficient mice, NS). Few CD11b marker-positive cells, CD3    +     

cells, F4 / 80    +     cells, and very few NKG2D    +     cells were detected 

in the unexposed conjunctiva of both CX3CR1-deficient and 

CX3CR1     +     /     +      mice ( Figure 4a ). In contrast, exposure to BAC 

induced in both groups a strong conjunctival infiltration of 

CD11b    +     cells, CD3    +     cells, and F4 / 80    +    , but not of NKG2D    +     

cells ( Figure 4a ). Interestingly, the density of F4 / 80    +     cells, as 

mainly assumed as macrophages, was lower in BAC-exposed 

CX3CR1-deficient mice than in BAC-exposed CX3CR1     +     /     +      

mice, suggesting that macrophage migration to the conjunc-

tiva depended upon the CX3CL1 – CX3CR1 interaction. For 

   Table 1     Patient characteristics and correlations with CX3CL1 
conjunctival expression 

    

  Patients 
with BAC-

free 
medication  

  Patients 
with BAC-
containing 
medication  

  Correla-
tion with 
CX3CL1 

level  

    Patients  

      Age (year)  60.9 ± 15.5  62.8 ± 11.7  0.06 

      Sex ratio (M / F)  0.66  0.82   

    Treatment  

      Duration (year)  7.3 ± 2.8  9 ± 4.6  0.072 

       Current number of 
BAC-containing eye 
drops (drop / day) 

 0  2.25 ± 0.6  0.058 

       Absolute number 
of BAC-contain-
ing eye drops 
(frequency × years) 

 0  14.1 ± 8.1  0.199 

    Clinical examination  

       Conjunctival 
hyperemia (0 – 5) 

 0.45 ± 0.54  1.75 ± 0.65  0.232 

       Conjunctival 
damage (0 – 9) 

 0.7 ± 0.84   1.7 ± 1.36**    0.762**  

       Tear film break-up 
time (s) 

 9.2 ± 2  7.5 ± 2.5  0.206 

     BAC, benzalkonium chloride; F, female; M, male.   
     Data are presented as mean ± s.e.m. ( n =20 in each group). Correlations with 
CX3CL1 level were performed in BAC-exposed patients and are expressed 
as  R  2  coeffi cient of the Spearman’s rank test. ** P     <    0.01.   
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CD11b    +     and CD3    +     cells, no statistical difference was found 

between groups.   

 Cytokine profile in the conjunctiva of CX3CR1-deficient 
mice exposed to BAC is different from that of 
CX3CR1     +     /     +      animals 
 To study the cytokine phenotype of infiltrated conjunctivas, 

cytokine expression pattern in the conjunctiva of transgenic 

mice and their controls was determined using proteome pro-

filer array. ICAM-1, C5a, TNF- � , IL-1 �  / ra, interferon (IFN)- � , 

CCL2, and CXCL11 were detected in the conjunctiva of both 

CX3CR1-deficient mice and their controls, whereas G- / GM-

 / M-CSF, IL-1 �  / -2 / -3 / -4 / -5 / -6 / -7 / -10 / -12 / -13 / -16 / -17 / -23 / -27, 

CCL-1 / -2 / -3 / -4 / -5 / -11 / -12 / -17, CXCL-9 / -10 / -12, and MIP-2 

were not. In CX3CR1     +     /     +      animals, BAC exposure increased con-

junctival expression of ICAM-1, C5a, TNF- � , IFN- � , IL-1 �  / ra, 

CCL2, and CXCL11 as compared with that of unexposed con-

junctiva ( Figure 4b ). BAC-enhanced expression of C5a, TNF- � , 

INF- � , and CXCL11 was significantly reduced in CX3CR1-

deficient mice as compared to their CX3CR1     +     /     +      controls. 
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       Figure 2             The expression and release of CX3CL1 by a human conjunctival epithelial IOBA-NHC cell line is modulated by benzalkonium chloride 
(BAC) through the tumor-necrosis factor- �  (TNF- � ) pathway. ( a ) BAC stimulation increased CX3CL1 expression (12   h after 15-min exposure to 0.01 %  
BAC) whereas CX3CR1 was not detected as assessed by indirect immunofluorescence. Representative images taken from three independent 
experiments; alexaFluor-488 (green) for CX3CL1 and receptor staining, propidium iodide (red) for nucleus. Original magnification  × 200. Bar    =    50    � m. 
( b ) BAC stimulation increased CX3CL1 mRNA level (3   h after 15-min stimulation with 0.01 %  BAC) whereas CX3CR1 mRNA was not affected. 
 *  *  P     <    0.01. ( c ,  d ) Dose-dependent effect of BAC stimulation on CX3CL1 total cell expression (12   h after a 15-min stimulation) as assessed by flow 
cytometry.  *  *  P     <    0.01. See representative gating method in IOBA-NHC cells and representative fluorescence histogram of CX3CL1 expression 
depending on BAC concentration. ( e ) Time-dependent effect of 0.01 %  BAC stimulation (15   min) on CX3CL1 surface membrane expression and 
total expression as assessed by flow cytometry.  *  *  P     <    0.01 vs. t0. ( f ) BAC-induced release of CX3CL1 into cell supernatant as assessed by ELISA. 
 *  *  P     <    0.01 vs. t0. ( g ) Blockade of TNF-RI using neutralizing anti-body (30-min preincubation) inhibited the BAC-enhanced expression of CX3CL1 
(12   h after 15-min exposure to 0.01 %  BAC) as assessed by flow cytometry. Recombinant TNF- �  (10   ng   ml     −    1 ) was used as positive control.  *  *  P     <    0.01. 
Data in graphs are presented as mean ± s.e.m. from at least three independent experiments.   
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On the contrary, BAC-enhanced conjunctival expression of 

ICAM-1 and of CCL2 was significantly higher in CX3CR1-

deficient mice than in control animals ( Figure 4b ).    

 DISCUSSION 
 The chemokine CX3CL1 is involved in the immune cell traf-

ficking by attracting CX3CR1-bearing macrophages and cyto-

toxic lymphocytes. 22 – 26  Deregulation of CX3CL1 expression in 

mucosal or epidermal tissues has been incriminated in several 

extraocular diseases such as asthma, Sj ö gren syndrome, and 

psoriasis. 29 – 31,37,38  Here we originally demonstrated that an 

epithelial synthesis of CX3CL1 in the conjunctival mucosa is 

involved in ocular surface inflammation. We also show that 

BAC, the most widely used preservative in ophthalmic prepa-

rations, enhances inflammatory cell migration to the conjunc-

tiva by modulating CX3CL1-mediated epithelial – immune cell 

interaction. 

 First, we report a constitutive expression of CX3CL1 in the 

non-inflammatory conjunctiva of humans as assessed by impres-

sion cytology. This basal epithelial expression had been previ-

ously reported in the tonsil, gut, small intestine, and skin, 29,30  but 

not in the ocular surface. Thus, CX3CL1 could be involved in the 

physiological homing of resident immune cells such as CX3CR1-

bearing dendritic cells. On the contrary, CX3CR1 was poorly 

detected. Consistent with this finding, CX3CR1 has never been 

detected in any types of epithelial cell or tissue. Conjunctival 

imprints combined with FCM is a simple, noninvasive  ex vivo  

method recently used to quantify cell markers expressed at the 

human ocular surface. In the present study, CX3CL1 expres-

sion was originally found to be significantly increased in 

patients receiving BAC-preserved eye drops as compared with 

patients with BAC-free medication. We had previously identi-

fied some biomarkers associated with ocular surface disorders 

including allergy, dry eye, and preservative-induced inflamma-

tion. 7,39  We had previously reported that BAC enhanced the 

expression of inflammatory markers (HLA-DR, ICAM-1), ILs 

(IL-8), and both chemokine receptors (CCR4 and CCR5), further 

underscoring complex inflammatory processes following BAC 

exposure. 16,17,39,40  Here, HLA-DR was also found to be overex-

pressed in BAC-exposed patients, but no significant correlation 

was found either between HLA-DR and CX3CL1 expression 

or between HLA-DR expression and the clinical examination. 

In contrast, CX3CL1 conjunctival level correlated with con-

junctival damage score as assessed by the clinical examination, 

suggesting that CX3CL1 expression in the conjunctiva closely 

reflects the clinical severity of the disease. Complementarily, 

Enriquez-de-Salamanca  et al.  41  recently reported an increase in 

CX3CL1 concentration in tears of patients with dry eye, which 

also correlated with the disease severity, further confirming 

the role of this chemokine in ocular surface disease. It could 

have been interesting to quantify the conjunctival density of 

immune cells, and especially macrophages, to precise whether 

it correlated with CX3CL1 expression and the disease sever-

ity. However, this evaluation would have required conjunctival 

biopsies to assess the whole conjunctiva immune cell infiltra-

tion, which was not ethically feasible in our patients. Hence, 

CX3CL1 could constitute a new biomarker of inflammation in 

ocular surface disorders. We thus hypothesized that CX3CL1 

epithelial synthesis could have a pivotal role in conjunctival 

immunity by directly influencing immune cell migration and 

further inflammatory-mediated cytotoxicity to the fragile ocular 

surface structures. 

  In vitro , the human conjunctival epithelial IOBA-NHC cell 

line was exposed to various concentrations of BAC and assessed 

for CX3CL1 – CX3CR1 expression over time. We had previously 

developed this toxic cell model to demonstrate that BAC induces 

apoptosis in a dose-dependent manner. 10  Here we report that 
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   Figure 3             Conjunctival epithelial cells stimulated by benzalkonium 
chloride (BAC) attract leukocytes through CX3CL1 – CX3CR1 interaction. 
Human primary leukocytes migrated for 3   h toward a human conjunctival 
epithelial IOBA-NHC cell line stimulated with BAC (0.01 %  BAC for 
15   min, 6   h before the assay). ( a ) Non-adherent leukocytes were 
characterized for CD45, CD3, CD14, and CD56 expression using 
multicolor flow cytometry. Unstimulated conjunctival cells did not show 
any chemotactic property. BAC-stimulated conjunctival cells attracted 
leukocytes. Leukocyte preincubation for 30   min with blocking anti-
CX3CR1 antibody partially or totally blunted this chemotactic effect. 
( b ) Similar results were found for the migration of CD14    +     adherent 
leukocytes, which migrated toward BAC-stimulated conjunctival cells 
through CX3CR1 signaling. Recombinant CX3CL1 (10   ng   ml     −    1 ) in 
medium was used as positive control. Data in bar graphs are presented 
as mean ± s.e.m. from at least three independent experiments.  *  P     <    0.05, 
 *  *  P     <    0.01 vs. unstimulated conjunctival cells;   § §    P     <    0.01 vs. unblocked 
leukocytes.  
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BAC increases the expression and release of CX3CL1 in a dose- 

and time-dependent manner. Interestingly, BAC-enhanced 

expression of CX3CL1 was found to depend upon the TNF- �  

pathway. A recent  in vitro  study reported not only an overexpres-

sion of TNF- � , but also of IL-1, IL-10, and IL-12, in conjunctival 

cells exposed to BAC  in vitro.  14  We suggest that BAC-enhanced 

expression of TNF- �  may upregulate CX3CL1 in an autocrine 

way by binding with TNF-RI. It is noteworthy that overexpres-

sion of CX3CL1 is observed in response to very low concen-

trations of BAC, i.e., inferior to the minimal concentration 

leading to significant cell apoptosis. 42  Moreover, present BAC 

concentrations are inferior to what is commonly used in current 

ophthalmic medications, further underlying a proinflammatory 

property of this compound even at very low dose. 

 CX3CL1 assumes both a transmembrane form and a soluble 

form, presenting the dual functions of an adhesion molecule 

and a chemoattractant. To define its effects on immune cell 

attraction to the conjunctiva, chemotaxis migration assay was 

carried out combining human blood leukocytes and conjuncti-

val IOBA-NHC cells. We demonstrate that BAC exposure gives 

direct chemotactic properties to conjunctival epithelial cells 

that significantly attract CD3    +    , CD14    +    , and CD56    +     leuko-

cytes through the CX3CL1 – CX3CR1 interaction. CX3CR1 is 

known to be expressed in circulating lymphocytes, monocytes, 

and NKs. 21 – 25  Herein, CX3CR1 blockade significantly inhib-

ited the migration of CD14    +     monocytes – monocyte-derived 

cells and CD3    +     CD56    +     NKs, but not that of CD3    +     CD56    −     

lymphocytes. Consistent with this, CX3CR1-related immune 

cell migration is known to depend on the subtype of leukocytes 

as well as on their expression pattern of chemokine receptors, 43  

further emphasizing that other chemokine systems are likely to 

regulate lymphocyte migration. 

 Transgenic mice have been generated to follow the immune 

cell turnover in relation with CX3CL1 – CX3CR1. 39,40,43  Given 

our results from migration assays, we investigated  in vivo  the 

inflammatory cell infiltration into the conjunctiva of CX3CR1-

deficient mice and their CX3CR1     +     /     +      controls. BAC exposure 

was found to enhance the conjunctival expression of CX3CL1 

in mouse, similarly to what was observed in human. We did 

not find any difference in the density of CX3CR1    +     resident 

dendritic cells between CX3CR1-deficient mice and their con-

trols. Consistent with this result, a previous study in the mouse 

retina, iris, and ciliary body reported that dendritic cell hom-

ing does not depend on CX3CR1. 44  On the contrary, another 

elegant study by Chinnery  et al.  found CX3CR1-dependent 

dendritic cell turnover in the cornea. 32  These different find-

ings may stem from differences in structure between the cornea 

and the other ocular tissues. Similarly, CD45    +     cell infiltration 

was not different in untreated conjunctiva of CX3CR1-deficient 

mice as compared with that of CX3CR1     +     /     +      animals. In BAC-

exposed eyes, we report an accumulation of inflammatory cells 

at the conjunctiva, as previously observed in patients as well 

as in murine models. 15,18 – 20  Furthermore, we show that BAC 

enhances  in vivo  the expression of ICAM-1, C5a, TNF- � , IL-1, 

and IFN- �  in the conjunctiva. Interestingly, we report that BAC-

induced conjunctival infiltration by F4 / 80    +     marker-positive 

cells, as commonly assume as macrophages, is deeply reduced 

in the conjunctiva of CX3CR1-deficient animals as compared 

with CX3CR1     +     /     +      controls. Accordingly, a recent study on 

an animal model of corneal alkali burn reported that CX3CR1-

deficient mice presented a decrease in macrophage infiltration in 

the cornea compared with wild-type animals, whereas CD11b    +     

and CD3    +     cell infiltration was not affected, similarly to what 

we observed. 45  

 We report that BAC not only enhances MHC class II and 

inflammatory cytokine expression in epithelial cells but also 

induces monocyte-derived cell migration to the conjunctiva 

via CX3CL1 – CX3CR1 interaction. These results suggest that 

CX3CL1 chemokine axis is also involved in pro-inflammatory 

processes induced by BAC, whereas CX3CR1     +      cells are commonly 
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     Figure 4             Macrophage recruitment and cytokine expression pattern are impaired in the conjunctiva of CX3CR1-deficient transgenic mice. Eyes were 
exposed to 0.05 %  benzalkonium chloride (BAC)-containing eye drops (15 drops in one hour) 12   h before  ex vivo  analyzes. ( a ) Immunophenotyping of 
cell infiltration in flat-mounted conjunctivae. Low immune cell infiltration was found in the conjunctiva of unexposed eyes of both CX3CR1-deficient and 
CX3CR1     +     /     +      control animals ( n     =    10 in each group). No significant difference was found between groups. BAC exposure induced a major conjunctival 
infiltration by immune cells in both groups ( n     =    10 in each group). The conjunctiva of CX3CR1-deficient mice presented a lower density in F4 / 80    +     cells, 
as mainly assumed as macrophages, compared with CX3CR1     +     /     +      control animals. ( b ) Cytokine expression profile in the mouse conjunctiva using 
proteome profiler array. BAC-enhanced level of C5a, tumor-necrosis factor- �  (TNF- � ), interferon (IFN)- � , and CXCL11 was reduced in CX3CR1-
deficient mice as compared with CX3CR1     +     /     +      control animals ( n     =    10 in each group). In contrast, ICAM-1 and CCL2 level was further increased by 
BAC in CX3CR1-deficient mice than in controls. Data represent changes in cytokine expression of BAC-exposed conjunctivae relative to unexposed 
conjunctivae. Data in graph are presented as mean ± s.e.m.  *  *  P     <    0.01.  
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described in previous studies as  “ patrolling ”  monocytes rather 

than pro-inflammatory ones. Indeed, blood monocytes consist 

of two principal populations with distinct properties: CX3CR1lo 

CCR2    +     Ly6c    +     murine monocytes, which share common fea-

tures with human CD14    +     CD16lo monocytes, are more likely to 

migrate to inflamed tissue, and CX3CR1hi CCR2    −     Ly6c    −     cells, 

which may correspond to human CD16    +     monocytes, could be 

considered as  “ patrolling ”  monocytes. 46,47  However, whether 

these two monocyte subsets are distinct cells or the same at dif-

ferent stages of maturation is still debated. At least, they are asso-

ciated with tissue pathology and wound-healing depending on 

the kind of tissue and the stage / severity of disease. In accordance 

with our findings, previous studies reported that the recruit-

ment of monocyte-derived macrophages to inflamed tissue is 

depended, at least in part, on CX3CL1 – CX3CR1 interaction. In 

the vasculature, Combadi è re  et al.  26  demonstrated in CX3CR1-

deficient mice a 50 %  decrease in macrophage infiltration and a 

59 %  decrease in plaque formation in a model of atherosclerosis. 

In the nervous system, the role of CX3CL1 – CX3CR1 is debated 

as it was found to act to neuroprotection by some authors 48  or to 

induce microglial activation and neuroinflammation by others. 

For instance, Donnelly  et al.  49  recently reported in a model of 

spinal cord injury a relative decrease in Ly6c    +     iNOS    +     MHCII    +     

CD11c    −     CD11b    +     macrophage infiltration in mice lacking 

CX3CR1 as compared with wild-type animals, which promoted 

neuronal recovery. 49  Closer to our patients – animal model that 

is mucosal inflammation at the ocular surface, Kostadinova 

 et al.  50  reported a 40 %  decrease in macrophage infiltration in 

the mucosa of CX3CR1-deficient mice in an animal model of 

toxic-mediated acute colitis. 

 In human patients exposed to BAC, we also reported that 

conjunctival expression of CX3CL1 by epithelial cells was 

correlated with ocular surface damage and inflammation as 

assessed by clinical examination. In experimental stroke, stud-

ies demonstrated that a deletion of CX3CL1 or CX3CR1 con-

ferred neuroprotection. 51,52  In toxic-induced inflammatory 

bowel disease, Kostadinova  et al.  reported a decrease in the 

nitrite level of inflamed tissue as well as a decrease in the disease 

severity in mice lacking CX3CR1 as compared with wild-type 

animals. Owing to direct apoptotic and oxidative properties of 

the BAC previously applied onto the conjunctiva, we were not 

able to assess directly the cytotoxic effects of CX3CR1-related 

recruitment of F4 / 80    +     cells. Thus, we performed inflammatory 

marker – cytokine proteome profiling in the mouse conjunctiva 

to better precise the consequences of this specific immune cell 

infiltration. We report a significant decrease in complement C5a 

fragment in the conjunctiva of BAC-exposed CX3CR1-deficient 

as compared with CX3CR1     +     /     +      controls, which could be linked 

with a decrease in local inflammatory processes at the ocular 

surface. We also found in CX3CR1-deficient mice a significant 

decrease in TNF- �  and IFN- �  levels suggesting partial suppres-

sion of the T H 1 inflammatory cascade and / or a lack of NK infil-

tration in the conjunctiva of transgenic mice exposed to BAC. 

Accordingly, previous studies on the intestinal mucosa inflam-

mation demonstrated that CX3CL1 triggered the release of 

TNF-a, IFN-g, and IL-6, i.e., Th-1 cytokines, whereas Th-2 

cytokines were not affected. 49,53  Our team previously studied 

the conjunctival expression of CCR4 and CCR5 aiming at dis-

criminating the Th1 / Th2 processes involved during various 

ocular surface diseases. 39  Interestingly, both CCR4 and CCR5 

were found to be increased in patients exposed to BAK, which 

underlines the complex interactions involved in such a toxic-

mediated ocular inflammation. Here we show that CX3CL1 –

 CX3CR1 interaction is involved in macrophage recruitment, 

conjunctival inflammation, and disease severity in BAC-

mediated ocular inflammation, further underscoring that the 

nature of CX3CR1-related monocyte – macrophage recruit-

ment and activation may depend on tissue- and disease-specific 

mechanisms. 

 Clinical surveys as well as experimental studies have previ-

ously demonstrated that ophthalmic treatments cause secondary 

conjunctival inflammation related to the preservative toxicity. 

Preservatives such as BAC, however, are still commonly used 

in several ophthalmic medications against allergy, dry eye dis-

ease, and glaucoma, adding to ocular surface inflammation and 

damage. We originally report that a toxic exposure of the con-

junctival mucosa modulates epithelial – immune cell interaction 

through the CX3CL1 – CX3CR1 signaling pathway, and directly 

stimulates immune cell recruitment and related tissue inflam-

mation. These original results suggest that conjunctival expres-

sion of CX3CL1 could constitute a novel biomarker for ocular 

surface inflammation, and has to be further studied in other 

ocular surface disorders such as allergy or dry eye.   

 METHODS     
  Patients and conjunctival impression cytology   .   Twenty glaucoma-
tous patients treated with BAC-preserved medication and 20 patients 
treated with BAC-free medication underwent clinical ocular exami-
nation and impression cytology. Clinical evaluation of the conjunc-
tiva was routinely assessed using the slit-lamp by scoring conjunctival 
hyperemia (range, 0 – 5), conjunctival epithelium damage using lis-
samine green staining 54  (van Bijsterveld index, range, 0 – 9), and tear 
break up time using fluorescein. Experiments were conducted in the 
Clinical Investigation Centre for Ocular Surface Pathology (Centre 
Hospitalier National d ’ Ophtalmologie des Quinze-Vingts, INSERM-
DHOS CIC 503, Paris, France) in accordance with the Declaration of 
Helsinki, Scotland amendment, 2000. Ethics committee approval was 
obtained from the Comit é  de Protection des Personnes (Ile de France V, 
agreement number 10793) and all the patients gave informed consent 
before the study. Conjunctival imprints were collected as previously 
described. 55    

  Human conjunctival epithelial cell line   .   IOBA-NHC cells, a spontane-
ously immortalized conjunctival epithelial cell line, 56  were grown under 
standard conditions as previously described. 11  Cells from passages 20 – 30 
were used in all experiments. Cells were seeded (80,000 per ml) in six-
well culture plates (TPP, Trasadingen, Switzerland) for PCR with reverse 
transcription, FCM, and ELISA, or grown on 22-mm glass coverslips for 
IF, fed with medium for 24   h, then stimulated with various concentra-
tions of BAC in PBS for 15   min followed by 12-h culture in medium. 
TNF- �  (50   ng   ml     −    1 ) was used as a positive control. Blocking anti-
TNF-RI antibody (10    � g   ml     −    1 , MAB 625, R & D Systems, Minneapolis, 
MN) was added in both stimulation and recovery mediums to determine 
the dependence of BAC-induced CX3CL1 synthesis upon TNF- �  / TNF-
RI. Mouse IgG1 at the same concentration was used as a negative control. 
For quantitative PCR with reverse transcription, total mRNA was isolated 
from cultured TCs using the NucleoSpin RNA II extraction kit 
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(Macherey-Nagel, D ü ren, Germany). For FCM, cells were gently dis-
lodged by 0.05 %  EDTA, resuspended in PBS with 0.4 %  paraformal-
dehyde, and divided into 100,000 cell samples. Cells grown on glass 
coverslips were dried and fixed in PBS with 4 %  paraformaldehyde before 
processing for IF.   

  Animals   .   Homozygous CX3CR1 gfp / gfp  transgenic mouse strains on 
C57BL / 6 background and their CX3CR1     +     /     +      controls were generated as 
previously described. 34,36  Animals were kept in pathogen-free conditions 
with food and water available  ad libitum  and housed in a 12-h light / 12-h 
dark cycle. All the experiments were conducted in accordance with the 
Association for Research in Vision and Ophthalmology for the Use of 
Animals in Ophthalmic Research. Acute exposure to BAC was carried 
out by applying one drop of BAC solution (0.05 % , 50    � l 0.9 %  NaCl) in 
the right eye and one drop of the vehicle in the left control eye, 15 times 
at 5-min intervals, consistently with a previously validated toxicological 
model. 57  For CX3CL1 detection in the mouse conjunctiva, 10 mice were 
euthanized 6   h after BAC exposure and the conjunctiva were carefully 
removed and immediately conditioned for ELISA. To characterize the 
immune cell infiltration (20 animals) and related cytokine profile (20 
animals), conjunctiva were taken 12   h after the BAC exposure.   

  Quantitative PCR   .   Primers for human CX3CL1 (forward: 5 � -CATCA
TGCGGCAAACGCGCA-3 � ; reverse: 5 � -TGCTTCTCGAAG
GTGCCGCC-3 � ) and CX3CR1 (forward: 5 � -GGTTCCCTTGGCAG
TCCACGC-3 � ; reverse: 5 � -TCCCACCAGGCCAATGGCAA-3 � ) were 
designed and purchased from Eurogentec (Angers, France). The mRNA 
was extracted from IOBA-NHC cells as described above, then reverse-
transcribed (CyberGreen, Biorad, Marnes-LA-Coquette, France). Relative 
quantitation of target genes was calculated according to the compara-
tive  C  t  method, i.e., normalized to an endogenous control S18 gene and 
relative to a calibrator after calculating the efficiency coefficient. The 
results are presented as the relative fold change using the  �  C  t  method 
compared with unstimulated control. A negative control was routinely 
used omitting mRNA from the reaction mixture.   

  Flow cytometry   .   Expression of HLA-DR, CX3CL1, and CX3CR1 in 
human conjunctival impression cytology and epithelial cell line was 
assessed by FCM using FC 500-CXP flow cytometer (Beckman Coulter, 
Miami, FL). Samples were incubated for 1   h at room temperature with 
primary anti-HLA-DR antibody (1 / 50, clone TAL.1B5, DakoCytomation, 
Glostrup, Denmark), anti-CX3CL1 (1 / 200, clone 81506, R & D Systems), 
or anti-CX3CR1 (1 / 500, clone 183-2, Imgenex, San Diego, CA) in PBS 
with 1 %  bovine serum albumin (BSA) followed by counterstaining with 
the corresponding fluorescein isothiocyanate-conjugated secondary 
antibody (DakoCytomation). Isotype-matched antibodies were used as 
negative controls. Cells were preincubated and immunostained by add-
ing or not 0.5   mg   ml     −    1  saponin to determine total or surface expression 
respectively. For each specimen, at least 1,000 cells per antibody were 
analyzed. The results were expressed as the increase in percentage of 
positive cells compared with that of unspecific isotypic control.   

  Enzyme-linked immunosorbent assay   .   The release of CX3CL1 in cell 
supernatants of human IOBA-NHC cells was measured by an ELISA 
kit (DY365, R & D Systems). The 96-well microtiter plates were coated 
overnight with capture monoclonal antibody then nonspecific binding 
was blocked for 2   h with 1 %  BSA in PBS. Duplicate samples (100    � l) of cell 
supernatants or serial dilutions of recombinant CX3CL1 standards were 
incubated for 2   h, incubated with detection monoclonal antibody for 2   h, 
followed by 20-min incubation with horseradish peroxidase-conjugated 
streptavidin. Reaction product was detected using color reagent. Optical 
density was read (450 – 570   nm, TECAN, Mannedorf, Switzerland) and 
averaged from ten measurements per well. Sensitivity was 615   pg   ml     −    1 . 

 CX3CL1 expression in the mouse conjunctiva was measured in tis-
sue lysates by an ELISA kit (DY472, R & D Systems) as described above. 
Conjunctivae were sonicated on ice during 5   s in lysis buffer (20   m m  

Tris-HCl, 10 %  glycerol, 2   m m  EDTA, 137   n M  NaCl) with a protease 
inhibitor cocktail (10    � g   ml     −    1  aprotinin, 10    � g   ml     −    1  leupeptin, and 
10    � g   ml     −    1  pepstatin), then centrifugated (10,000    g  at 4 ° C) during 5   min. 
Sensitivity was 781   pg   ml     −    1 .   

  Immunofluorescence   .   Expression of CX3CL1 and CX3CR1 was assessed 
by IF in conjunctival cell line. Cells were blocked for nonspecific binding 
with normal goat serum in PBS / 0.1 %  Triton for 30   min, incubated at 
room temperature for 2   h with either anti-CX3CL1 (1 / 200, clone 25088, 
Abcam, Cambridge, MA) or anti-CX3CR1 (1 / 200, clone 8021, Abcam) 
primary antibody, then counterstained with secondary Alexa Fluor 488 
antibody (Invitrogen, Carlsbad, CA) for 1   h. Isotype-matched antibodies 
were substituted for primary as negative controls. Cells were mounted 
in aqueous mounting medium with propidium iodide to be further 
analyzed using light epifluorescence microscopy. 

 Characterization of inflammatory cell infiltration in the mouse con-
junctiva was assessed by IF. Conjunctival flat mounts were incubated 
in 0.1 %  triton-X in PBS with 1 %  BSA for 30   min, incubated overnight 
at 4 ° C with primary antibodies — anti-CD3 (clone 17-A2), anti-CD11b 
(cloneM1 / 70), anti-NKG2D (clone191004), and anti-EMR1 / -F4 / 80 
(clone521204) — purchased from R & D Systems, followed by counter-
staining with the corresponding secondary Alexa Fluor 555 antibody 
(Invitrogen) in PBS with 10 %  mouse serum for 2   h. Specimens were flat 
mounted in aqueous mounting medium with 46-diamidino-2-phenyl 
indole and analyzed using a light epifluorescence microscope. Infiltrated 
cells in the superficial conjunctiva were counted in five 0.15-mm 2  fields 
(magnification  × 200) per specimen and the results were reported as 
number of cells per mm 2 .   

  Proteome profiling   .   Cytokine expression in the mouse conjunctiva was 
determined by a proteome profiler array (mouse cytokine array panel 
A, ARY006, R & D Systems) in tissue lysates obtained as described above. 
Each membrane was incubated overnight at 4 ° C with each sample mixed 
with the detection antibody cocktail, revealed with 30-min incubation 
with streptavidin – horseradish peroxidase followed by 5-min incubation 
with chemiluminescent reagent, then exposed to X-ray film in cassette 
during 10   min. Films were scanned and array image files were analyzed 
using ImageJ software (NIH, Bethesda, MD). Cytokine detection is 
expressed as the average signal intensity of duplicate spots subtracted 
from signal background and normalized to total protein concentration.   

  Chemotactic migration assay.      Primary blood leukocytes were isolated 
from heparinized venous blood (CTS Saint-Antoine, Paris, France) by one-
step centrifugation on a Ficoll separating solution (Eurobio, Courta-boeuf, 
France) and cultured for 24   h in Dulbecco ’ s modified Eagle ’ s medium with 
BSA. Non-adherent leukocytes were resuspended at 1,000,000   cells   ml     −    1 , 
whereas adherent leukocytes were harvested with 0.5 %  EDTA, and resus-
pended at 200,000   cells   ml     −    1  for separate assays. Chemotaxis was assayed 
in a six-well chemotaxis chamber through 5- and 8- � m pore-sized filters 
(Costar, Cambridge, MA). One milliliter of cell suspension of leukocytes 
was preincubated or not with blocking anti-CX3CR1 antibody at satu-
rating concentration (30   min, 15    � g   ml     −    1 , Torrey Pines Biolaboratories, 
Secaucus, NJ) and was loaded onto the filter. Normal rabbit IgG from 
R & D Systems was used as negative control. The lower chamber contained 
medium only, unstimulated conjunctival epithelial cells, or conjuncti-
val cells previously stimulated with 0.01 %  BAC (15-min stimulation). 
Recombinant CX3CL1 (10   ng   ml     −    1 ) in free medium was used as positive 
control. The plates were incubated for 3   h. Nonadherent blood cells that 
migrated to the lower chamber were counted and characterized for their 
expression of CD45, CD3, CD14, and CD56 by FCM using direct multi-
color immunostaining (Cyto-Stat6607073, 6603909, Beckman Coulter). 
In the migration assays for adherent leukocytes, cells that migrated to 
the bottom surface of the filter were stained with primary anti-CD14, 
counterstained with Alexa Fluor 488 secondary antibody, and counted in 
ten fields ( × 200) per filter. The results are expressed as chemotactic index, 
i.e., the ratio of migrated cells normalized to the control.   
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  Statistical analysis   .   All data are reported as means ± s.e.m. and represent 
at least three independent experiments. Data were controlled for normal 
distribution and the analysis was performed with NCSS software (NCSS, 
Kaysville, UT) using the  t -test or the analysis of variance test for com-
parisons, and the Pearson ’ s coefficient for correlations. A value of  P     <    0.05 
was considered significant.       
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