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Abstract

Background

The role of chemotactic protein CCL2/MCP-1 has been widely explored in age related mac-
ular degeneration (AMD) patients as well as animal models through our previous studies.

Aim
Aim of the study was to examine the association of another variance of CCL2, rs1024611 in
pathophysiology of AMD.

Methods

This particular SNP has been found to be involved in inflammatory processes in various dis-
eases. Total 171 subjects were recruited in the study with all demographic details by admin-
istering a standard questionnaire. SNP analysis was performed with TagMan assay. Linear
univariate and ANCOVA modeling was performed to show the interaction of rs1024611 with
another SNP variant of CCL-2/CCR-2 (rs4586 and rs1799865) and impact of individual
genotypes on CCL-2 expression in the context of AMD pathology.

Results

Results showed that both heterozygous (AG, p = 0.01) and homozygous (GG, p = 0.0001)
genotypes are associated with AMD pathology. Allele frequency analysis showed that ‘G’
allele is frequent in AMD patients as compared to controls (p = 0.0001). Moreover, AMD
patients who smoke were found to be associated with ‘AG’ genotype (p = 0.0145). Although,
we did not find any significant interaction between the SNP variants by linear univariate
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analysis but results show the effect of ‘CT’ genotype on ‘TT genotype in rs4586 by consider-
ing rs1024611 as covariate.

Conclusion

Based on these results it is imperative that CCL2 mediated pathology may be associated
with AMD.

1. Introduction

AMD can be defined with several pathological conditions including drusen formation, macro-
phages infiltration, apoptosis of retinal cell layers and new blood vessels formation from the
choroid. The inflammatory processes have been reported in AMD to result in drusen deposits
(dry AMD) which can further provoke the wet AMD pathology. Consequently, these patholog-
ical conditions lead to impaired visual function. Chemokine (C-C motif) ligand-2 (CCL2 or
monocyte chemoattractant protein-1) plays an important role in recruitment of monocytes
from peripheral blood [1, 2]. The cellular inflammatory processes have been implicated in sev-
eral degenerative diseases (e.g. multiple sclerosis, Alzheimer disease, arthrosclerosis, rheuma-
toid arthritis etc.) including cancer.

We wanted to examine whether there is a human link to our previous study in which we
showed that CCL2 produced from mice RPE or choroids facilitates choroidal macrophage
recruitment mediated by C5a and IgG as shown in CCL2-/- mice study. Therefore, impaired
macrophages infiltration would be expected to show AMD features from accumulation of IgG
and Cb5a and further activation of vascular endothelial growth factor (VEGF) [3]. We have also
found that “TT” genotype of both CCL2 (rs4586; p = 0.003) and CCR2 (rs1799865; p = 0.015)
genes is significantly associated with AMD pathology. In case of multivariate analysis the ‘TT’
genotype for both genes i.e. CCL2 (rs4586) and CCR2 (rs1799865) were also significantly asso-
ciated with AMD pathophysiology after adjusting for age (p = 0.005) and gender (p = 0.017)
respectively. Moreover, elevated expression levels of CCL2 and CCR2 in serum and lympho-
cytes respectively, in AMD patients, as compared to controls, have also indicated the effect of
chemokine ligands and receptors mediating cellular inflammatory processes in AMD patho-
physiology [4]. Interestingly, Despriet et al did not find any correlation of major alleles in both
CCL2 and CCR2 haplotypes with AMD patients, however, this study did not include Indian
AMD patients. Instead, the minor allele of one haplotype was found to be significant (p = 0.03)
with disease phenotypes but there was no effect on mRNA expression profile of these genes in
Caucasian population including both Netherlands and USA populations raising the impor-
tance of genetic epidemiology in AMD(5].

2. Materials and methods
2.1 Participants

111 AMD and 60 controls were recruited from Advanced Eye Centre, Post Graduate Institute
of Medical Education and Research (PGIMER), Chandigarh, India to conduct the study. Par-
ticipants were included only after obtaining written consent forms. The ethical clearance of
the study was obtained from Institutional Ethical Committee (IEC), PGIMER, Chandigarh,
India vide letter number Micro/10/1411.
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2.2 AMD diagnosis

AMD patients were recruited on the basis of their disease phenotypes observed under fundus
angiography (FA) and optical coherence tomography (OCT) by retinal specialists. Various
ophthalmic parameters were also screened which included pupils dilation, best corrected
visual acuity (BCVA), and opacity of lens by slit lamped microscopy.

2.3 Demographic information

Demographic details of the participants were obtained to correlate with the genetic outcome of
the study of AMD patients and further compared with controls. The standard questionnaire
which includes the set of queries related to food habits, smoking, and their associated co-mor-
bidities (cardiovascular history, hypertension or diabetes etc) were collected (Table 1).

2.4 Inclusion and exclusion criteria

AMD patients were recruited after comprehensive ophthalmological examination by retinal
specialist. >5 drusen with size of 125 microns in at least one eye were included as AMD
patients. Other pathological features of AMD like leaky blood vessels (by FFA) and degenera-
tion of macular photoreceptors (by OCT) were also included as AMD patients. The partici-
pants with less than 5 drusen with size of 60 microns were considered as control subjects. Any
pathological conditions resembling AMD phenotypes (e.g. uveitis, retinal dystrophy, vein
occlusion, neovascularization due to diabetic retinopathy etc) were excluded from the study.
The age below 50 years were also excluded from the study.

2.5 PBMC:s isolation

5ml blood was taken from all participants in EDTA vial and was kept at room temperature for
separation of two layers. Supernatant of the samples layered on equal volume of histopaque

Table 1. Demographic characteristics of controls and AMD patients.

Variables AMD Controls
Total 111 60
Male 74 39
Female 37 21
Duration of disease¥ 24.35M —
Dry 28 —
Wet 83 —
Smokers 48 11
Non Smokers 63 43
Vegetarian 59 31
Non Vegetarian 52 23
Comorbidity 81 10

No Comorbidity 28 44
Age 6517 61+13

Clinical and demographic details of subjects. AMD, age related macular degeneration; M, Months; Age, Age of onset;
Values are mean + SD or (percentage)
¥ Duration of disease is the interval between appearance of first symptom of AMD and collection of sample. AMD

subjects were asked to provide all clinical and demographic details at the age of disease-onset.

https://doi.org/10.1371/journal.pone.0193423.t001
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(SIGMA-ALDRICH, USA) and further centrifuged at 1800rpm for 30minutes. The middle
bufty coat were washed with 1X PBS and stored at -80°C for further use.

2.6 DNA isolation

Genomic DNA was extracted from PBMCs by commercially available genomic DNA kit (QIA-
GEN, Germany or INVITROGEN, USA) as per the manufacturer’s instruction. Concentration
and purity of genomic DNA were measured by UV spectrophotometer (BeckMan Coulter,
USA). The extracted DNA was appropriately coded and stored for further use.

2.7 Genotyping assay

Single nucleotide polymorphism (SNP) analysis of CCL2 rs1024611 was carried out with SNP
genotyping TagMan assay in StepOne real time PCR machine (Applied Biosysystems Inc., Fos-
ter city, CA). Reaction set up contained genomic DNA concentration of 20ng and 5ul TagMan
assay (Applied Biosystems). Final volume of the reaction was made up with master mix up to
20ul. Probes were tagged with FAM and VIC dyes to discriminate the allelic changes located at
rs1024611 in the SNP assay which posses 5’ nuclease activity. The negative control (without
genomic DNA) was also put in reaction setup. The overall protocol for SNP analysis was fol-
lowed as per the manufacturer’s instruction. The SNP analysis and reaction amplification was
done with StepOne V 2.0 software (Applied Biosysystems Inc., Foster city, CA). Fluorescence
generated from the SNP discrimination reaction was analyzed by Sequence Detection Software
(SDS). The analysis was done between fluorescence amount (Rn value) versus amplification of
the products.

2.8 Statistical analysis

Genotyping data obtained from SNP analysis was categorized in homozygous and heterozy-
gous variants. The association with SNP changes among various groups was analyzed by Pear-
son’s Chi square test. Binary logistic regression model was used to get best line fit of
distributed genotypes in the population. The correlation with SNP data and strength with dis-
ease phenotype (Odd’s ratio or OR) with 95% confidence interval was calculated by logistic
regression. All results in SNP correlation with disease pathology were considered significant
when analysis p value were less than 0.05.

2.9 Linear univariate and ANCOV A analysis

To analyze the impact and/or interaction of rs1024611 (lies in promoter region) on previously
published SNP rs4586 (lies in coding region) of CCL-2 and its receptor rs1799865 (Anand

et al., 2012) [4], we performed linear univariate modeling. Moreover, ANCOVA analysis was
also carried out to test the main effect of rs10246 on other two SNPs and vice versa by assum-
ing any one of them as covariate. We also derived the interaction model further to identify
whether presence of one SNP aggravates the AMD pathology. Bonferroni correction analysis
for multiple comparisons was done to exclude the false positive outcome of the results.

3. Results
3.1. Genotype analysis

The studied population was consisting of 111 AMD patients and 60 controls. The demo-
graphic details of the population are given in Table 1. The effect of particular genotype with
reference to disease phenotypes has been shown in Table 2. The genotype analysis revealed
both heterozygous AG and homozygous GG genotypes have their deleterious effects on AMD
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Table 2. Effect of CCL2rs1024611 variants on disease phenotype.

Genotype
CCL21rs1024611

AA
AG
GG

AA
AG
GG

Number (frequency)

AMD

40 (3.6)

40 (3.6)
31(2.8)
Wet AMD
29 (34.9)
33(39.8)
21(25.3)

https://doi.org/10.1371/journal.pone.0193423.t002

OR 95%CI P Value
Controls
41 (6.83) Reference
16 (2.67) 2.56 1.24-5.29 0.01
3(0.5) 10.59 2.99-37.43 0.0001
Dry AMD
11 (3.93) Reference
7 (2.50) 1.78 0.61-5.21 0.28
10 (3.57) 0.8 0.28-2.21 0.66

pathology as compared with controls (p = 0.01 & p = 0.0001 respectively). On the contrary,
any of the genotypes including AA, GA and GG did not demonstrate any association with wet
and dry form of AMD. Moreover, the allelic frequency data (Table 3) showed that ‘G’ allele, in
comparison to ‘A’ allele in the A/G genotype, has shown significant association with progres-
sion of AMD pathology. Similarly, both A and G alleles did not show any effect on both forms
of AMD. Moreover, we have also depicted the odd’s ratio (OR) of both allele and genotype fre-
quencies have also been plotted in Fig 1 for AMD and controls.

The genotype data was further associated with socio-demographic and co-morbidity vari-
ables of the participants (Table 4). The logistic regression analysis demonstrated that heterozy-
gous genotype ‘AG’ has found to be associated with smoking habits and progression of AMD
pathology. But both AA and GG genotype haven’t shown any correlation with smoking. None
of the genotypes i.e. AA, GA and GG have demonstrated significant correlation with comor-
bidity. However, GG genotype may have association with comorbidity (p = 0.0625). Food hab-
its of the participants were not found to bear significant association with any of the genotypes.

Using (i) chi-square value (ii) effect size (iii) degrees of freedom used in association (iv)
level of significance, and (v) number of observations, the power of the study has been com-
puted. All calculations were made in R software using pwr.chisq.test (w = effect size,

N = number of observations, df = degrees of freedom, sig. level = 0.05, power = NULL). By
specifying all other parameters, the power has been computed for various associations. In all
associations, the power was found to be more than 80%”.

3.2. Individual SNPs impact on AMD pathology

We have already reported exonic SNP variant of CCL2 (rs4586) and its receptors (rs1799865)
were found to be associated with AMD progression [4]. Promoter SNP variants of CCL2
(rs1024611) and CCL2 receptor (rs1799865) interaction was non-significant (F = 1.099;

Table 3. Allele frequency of CCL2 in AMD and normal controls.

Allele
CCL21rs1024611

A
G

A
G

Number (frequency)

AMD

120
102

Wet AMD

91
75

https://doi.org/10.1371/journal.pone.0193423.t003

OR 95%CI P Value
Controls
98 Reference
22 3.7864 2.2232 -6.4485 0.0001
Dry AMD
29 Reference
17 1.4059 0.7178-2.753 0.3205
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Fig 1. Schematic representation of odd’s ratio (OR) for both genotypes and allele frequencies of rs1024611 locus. (A) Genotypes frequency (B) allele frequency.

https://doi.org/10.1371/journal.pone.0193423.9001

p = 0.359). Moreover, there is no interaction between both CCL2 SNP variants i.e. promoter
and exonic variants (rs1024611 and rs4586) (F = 1.824; p = 0.127) (Fig 2A). However, the lin-

ear univariate modeling shows that the interaction between both SNPs i.e. rs1799865 and

rs4586 is non-significant (F = 0.254; p = 0.907) (Fig 2B). Although, Fig 2A shows slight inter-
action but it is statically non-significant. Therefore, we observed that all 3 SNPs (rs1024611,

rs4586 and rs1799865) were impacting the AMD pathology individually.

3.3. ANCOVA analysis

Since all the interactions between factors and co-variates were found to be non-significant,
therefore, analysis of co-variance was performed with expression levels of CCL2 as dependent
variable and other SNP variants as factors/covariates. For different factors and covariates, the
results are presented in Table 5. By considering rs1024611 as covariate and three genotypes of
CCL2rs4586 (TT =2, CT = 1 and CC = 0) were compared by taking TT as reference. It was

Table 4. Logistic regression of the association of CCL2 and progression of AMD.

Genotype ‘ Number (frequency) | OR | 95%CI ‘ P-value
CCL2rs1024611
Non Vegetarian AMD Vegetarian AMD
AA 16 (0.31) 24 (0.41) Reference
AG 23 (0.44) 17 (0.29) 2.0294 0.8329 to 4.9448 0.1193
GG 13 (0.25) 18 (0.30) 1.0833 0.4175 to 2.8109 0.8693
Smokers AMD Non Smokers AMD
AA 12 (0.25) 28 (0.44) Reference
AG 23 (0.48) 17 (0.27) 3.1569 1.2554 to 7.9384 0.0145
GG 13 (0.27) 18 (0.29) 1.6852 0.6306 to 4.5035 0.2981
AMD with Comorbidity AMD without Comorbidity
AA 27 (0.33) 13 (0.46) Reference
AG 27 (0.33) 11 (0.39) 1.1818 0.4507 to 3.0989 0.7341
GG 27(0.33) 4(0.14) 3.2500 0.9394 to 11.2437 0.0627

https://doi.org/10.1371/journal.pone.0193423.t004
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https://doi.org/10.1371/journal.pone.0193423.9002

observed that for a fixed reference TT, CT was found to be significantly (p = 0.027) affecting
the TT genotype. However, there was no effect on CC genotype (p = 0.356). Similarly, three
genotypes of CCR-2rs1799865 SNP variant (CC = 2, CT = 1 and TT = 0) were also compared
with rs1024611 CCL2 variants considering as covariate and TT genotype as reference. Remain-
ing both genotypes i.e. CT and CC were not found to be affecting TT genotype (p>0.05).
Moreover, in case of CCL-2 exonic variant as covariate and T'T genotype of CCR-2 variants as
reference, analysis showed no significant effect of CCR-2 rs1799865 genotypes CT and CC on
TT genotype (p>0.05). Therefore, impact of genotypes of CCL-2 (both promoter, the coeffi-
cient of rs1024611 is significant, as well as exonic SNP variants) and CCR-2 genes on reference
genotypes may lead to the predictive modeling which may support the experimental evidence

Table 5. ANCOVA analysis to determine the affect of genotypes on reference genotype and expression levels by considering one SNP as covariate.

CCL-2levels as dependent variable
Parameter B Std. Error t-value p-value

Covariate Intercept 0.007 0.002 4.459 0.000
Factors

CCL21s1024611 0.003 0.001 2.832 0.005

[CCL2 rs4586 = CC] -0.002 0.002 -0.925 0.356

[CCL2rs4586 = CT] -0.005 0.002 -2.228 0.027

[CCL21rs4586 = TT] Ref . .

Intercept 0.004 0.002 2.410 0.017
Covariate CCL2rs1024611 0.004 0.001 3.338 0.001
Factors [CCR2 151799865 = CC] 0.002 0.002 1.301 0.195

[CCR2 151799865 = CT] -0.003 0.002 -1.283 0.201

[CCR2 151799865 = TT] Ref . . )

Intercept 0.008 0.002 4725 0.000
Covariate CCL2 154586 0.001 0.001 1.389 0.167
Factors [CCR2 151799865 = CC] 0.000 0.002 -0.086 0.931

[CCR2 151799865 = CT] -0.004 0.002 -1.558 0.121

[CCR2 151799865 = TT] Ref

https://doi.org/10.1371/journal.pone.0193423.t005
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of enhanced expression of CCL-2 in AMD patients as compared to controls, and/or may also
modify the binding affinity of CCL-2 ligand with its receptor (CCR-2).
Therefore, we have proposed a univariate model in Eq 1:

yq:ﬂ+ai+ﬁjxy+eij (1)

Where y;;: represent CCL-2 expression, and
u: overall general effect
o;: effect of i™ genotype
X;: covariate
e;;: error with mean 0 and variance o’

To rule out the false positive outcome of the results obtained from SNPs interaction and the
ANCOVA analysis, we applied the Bonferroni correction for multiple comparisons. It is evi-
dent from Table 6 that for CCL2rs1024611 the mean difference CCL-2 levels while comparing
genotypes AG versus GG and AA versus GG were significant (p<0.05) whereas AG versus AA
were non-significant (p>0.05). However, for CCL2 rs4586 and CCR-2 rs1799865 all multiple

comparisons were revealed non-significant results (Table 6).

4. Discussion

The role of chemokine receptors and their ligands in relation to inflammatory processes in
AMD is well documented. Most macrophages or microglial cells express the receptors for che-
mokine ligands and show the chemotactic movements with chemokines gradient at inflamma-
tory site. Both chemokine receptors CX3CR1 and CCR-2 are expressed on inflammatory
macrophages but non-inflammatory macrophages contain only CX3CR1 receptor [6]. Pro-
longed and persistent existence of macrophages in sub retinal space results in the release of
various chemokines and angiogenic factors which consequently stimulate the accumulation of
drusen at local inflammatory sites. CX3CR1 variant (M280) have shown the defective migra-
tion of macrophages at inflammatory site and found to have enhanced interaction with its
ligands in retinal transmembrane [7]. The functional studies have revealed that these cascades
of pathological changes in the retinal layers and surrounding microenvironment leads to
prominent disease phenotypes i.e. formation of drusen, atrophy of photoreceptors and choroi-
dal neovascularization (CNV), mediated by CX3CR1 signaling [7-10]. Similarly, we have pre-
viously investigated the abnormal deposition of C5 and IgG molecules in CCL2-/- and CCR-
2-/- mice due to impaired macrophage recruitment at the site of deposition suggesting the
imperative role of macrophages recruitment to clear debris in between retinal layers steered by
CCL2 and CCR-2 signaling mechanism [3].

CCL2 genetic studies have not previously shown the association with AMD pathology.
Genetic analysis, by considering univariate of both CCR-2 and CCL2, along with TLR4 gene
did not reveal any association between studied SNPs and AMD pathology. Even the haplotype
analysis in case of CCR-2 and TLR4 has not shown any correlation with pathology. However,
the haplotype analysis of minor allele C35C has demonstrated pathological association
(p = 0.03) with AMD pathophysiology in Netherlands and USA populations but mRNA
expression did not show significant difference between AMD and control groups [5]. Our
investigations have demonstrated that SNP variants of both CCR-2 (rs1799865) and CCL2
(rs4586) are associated with AMD pathology. Moreover, the expression of both chemo-attrac-
tant proteins was found to be elevated in AMD patients as compared to control groups [4].
Similarly, we have also observed the association of other chemo-attractant proteins including
the CCR-3 variants [11] and expression levels of eotaxin-2[12] in AMD patients and further
comparison with control groups. Both genes primarily regulate the inflammatory processes by
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Table 6. Multiple comparison using Bonferroni correction analysis to adjust the p values for independent and/or dependent SNPs of rs4586, rs1024611 and

rs1799865.

CCL2_4586

Heterozygous CT

Homozygous CC

CCL2_1024611

Heterozygous AG

Homozygous AA

CCR-2_1799865

Heterozygous CT

Homozygous CC

Homozygous CC
Homozygous TT
Homozygous TT

Homozygous AA
Homozygous GG
Homozygous GG

Homozygous CC
Homozygous TT
Homozygous TT

https://doi.org/10.1371/journal.pone.0193423.t006

Benferroni Multiple Comparisons test
Dependent Variable: CCL2 levels

Mean Difference (I-]) Std. Error p-value 95% Confidence Interval
Lower Bound Upper Bound
.003183 .002289 383 -.002475 .008841
-.002053 .001702 485 -.006260 .002153
-.005236 .002271 .073 -.010850 .000377

Benferroni Multiple Comparisons test
Dependent Variable: CCL2 levels

Mean Difference (I-]) Std. Error p-value 95% Confidence Interval
Lower Bound Upper Bound
.000613 .001738 940 -.003683 0.004909
-.007647 .002226 0.003 -.013149 -0.002144
-.008260 .002144 0.001 -.013561 -0.002958

Benferroni Multiple Comparisons test
Dependent Variable: CCL2 levels

Mean Difference (I-]) Std. Error p-value 95% Confidence Interval
Lower Bound Upper Bound
0.003228 .002232 354 -.002289 .008745
-0.000301 .001713 985 -.004536 .003935
-0.003529 .002222 .286 -.009023 .001964

recruiting the eosinophiles and T-lymphocytes mediated mechanisms. Above mentioned stud-
ies have suggested the role of cellular processes mediated by chemo-attractant proteins in order
to regulate the inflammatory processes in AMD pathology. Interesting finding from Pham et al
have demonstrated allelic variance at rs1024611 which leads to allelic expression imbalance
(AIE) of CCL2 which has been reported in various disease phenotypes including atherosclerosis,
tuberculosis suggesting that the given allele expression is context dependent which could be
influenced with interaction of various proteins [13] that is consistent with our previous findings
[4]. Moreover, it has also been explored that CCL2 expression could also regulate the angiogenic
process by affecting VEGF and its associated molecules with the involvement of Efs-1 transcrip-
tion factor [14]. Similarly, our findings with VEGF [15] and its receptor i.e. VEGFR2 have been
found to be associated with AMD pathology and the expression levels of both proteins were sig-
nificantly high in AMD patients as compared to age matched controls [16].

Pathological hallmarks of AMD are similar to age related changes like metabolic changes
and apoptosis [17, 18] and enhanced inflammatory responses evident from various age related
and inflammatory diseases including Alzheimer’s disease, ischemia, and myocardial infarction
[19-21]. In all these studies, the CCL2 expression was found to be elevated suggesting that
AMD pathological phenomenon are induced with inflammatory responses created by various
cellular and protein responses. Additionally, we have recently demonstrated the elevated
SODL1 levels in AMD as compared to controls, which also show the inflammatory response
characterizing AMD [22].

Smoking has also been shown to have impact on various diseases and has been found to be
associated with CCL2 polymorphism and their levels in patients of myocardial infarction [21].
Smoking can also hamper the development of organs in offspring [23, 24]. However, the pre-
cise mechanism behind pathological changes induced by smoking in association with genetic
markers is being debated. In our finding with CCL2 it has been shown that heterozygous allele
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AG is more frequent (p = 0.0145) in smoker AMD patients as compared to non-smoker AMD
patients, suggesting a causative role of smoking in possible alteration of genetic allele which
may lead to differential expression of CCL2 protein in the AMD patients [21]. Similarly, logis-
tic regression analysis has also demonstrated correlation of homozygous allele ‘GG’ with co-
morbidity (p = .0625) in AMD patients even though it was not significant.

The studies have shown the SNP changes from A to G in enhancer region at -2578 position
(rs1024611; A>G@G) lead to increase expression levels of CCL2 in various bio-fluids [21, 25, 26]
and facilitate the leukocytes recruitment in the tissues [27]. In our earlier observations we have
found increased levels of CCL2 in AMD patients as compared to controls but how rs1024611
influences the CCL2 expression is still unclear. However, it has been demonstrated by various
studies that rs1024611 polymorphism induces the transcriptional activity of CCL2 gene [28,
29]. ‘G’ allele has found to be induced higher expression of CCL2 protein in in vitro and in vivo
as compared to ‘A’ allele. Similarly, leukocytes with ‘GG’ genotype as compared to ‘AA’ geno-
type have also induced increased production of CCL2 protein. Therefore, these studies suggest
the biological impact of the rs1024611 polymorphism in inflammation by recruitment mono-
cytes [21, 26] and its pathological impact on various diseases. We have, however, not analysed
the half life and affinity of receptor.

Conclusively, our finding suggests the genetic role of CCL2 mediated processes in AMD
pathology which may lead to infiltration of macrophages and other monocytes thus signifying
the importance of inflammatory processes in AMD. It is possible that other environmental
changes like smoking may be associated with AMD thus influencing CCL2 genotype. However,
additional studies of CCL2 genes in South Indian population, which differs in dietary and envi-
ronmental exposure, based on our current and previous finding with CCL2[4], are warranted.

Acknowledgments

We are sincerely thankful to all the participants and AMD patients who were involved in the
study. We also show our gratitude to all the staff and volunteers of Neuroscience research Lab
and Advanced Eye Centre for the study.

Author Contributions

Conceptualization: Suresh Kumar Sharma, Akshay Anand.
Data curation: Neel Kamal Sharma, Ramandeep Singh.
Formal analysis: Kaushal Sharma, Suresh Kumar Sharma.
Funding acquisition: Akshay Anand.

Investigation: Akshay Anand.

Methodology: Neel Kamal Sharma.

Supervision: Akshay Anand.

Writing - original draft: Kaushal Sharma.

Writing - review & editing: Neel Kamal Sharma, Ramandeep Singh, Suresh Kumar Sharma,
Akshay Anand.

References

1. Qian Bz, LiJ, Zhang H, Kitamura T, Zhang J, Campion LR, et al. CCL2 recruits inflammatory mono-
cytes to facilitate breast-tumour metastasis. Nature. 2011; 475(7355):222-5. Epub 2011/06/10.
PubMed Central PMCID: PMCPmc32085086. https://doi.org/10.1038/nature10138 PMID: 21654748

PLOS ONE | https://doi.org/10.1371/journal.pone.0193423  April 17,2018 10/12


https://doi.org/10.1038/nature10138
http://www.ncbi.nlm.nih.gov/pubmed/21654748
https://doi.org/10.1371/journal.pone.0193423

@° PLOS | ONE

CCL2 genetic variant rs1024611 in India AMD pathology

10.

1.

12

13.

14.

15.

16.

17.

18.

Raoul W, Auvynet C, Camelo S, Guillonneau X, Feumi C, Combadiere C, et al. CCL2/CCR2 and
CX3CL1/CX3CR1 chemokine axes and their possible involvement in age-related macular degenera-
tion. Journal of neuroinflammation. 2010; 7:87. Epub 2010/12/04. https://doi.org/10.1186/1742-2094-7-
87 PMID: 21126357; PubMed Central PMCID: PMCPmc3003653.

Ambati J, Anand A, Fernandez S, Sakurai E, Lynn BC, Kuziel WA, et al. An animal model of age-related
macular degeneration in senescent Ccl-2- or Ccr-2-deficient mice. Nature medicine. 2003; 9(11):1390—
7. Epub 2003/10/21. https://doi.org/10.1038/nm950 PMID: 14566334.

Anand A, Sharma NK, Gupta A, Prabhakar S, Sharma SK, Singh R, et al. Single nucleotide polymor-
phisms in MCP-1 and its receptor are associated with the risk of age related macular degeneration.
PloS one. 2012; 7(11):e49905. Epub 2012/11/28. https://doi.org/10.1371/journal.pone.0049905 PMID:
23185481; PubMed Central PMCID: PMCPmc3503775.

Despriet DD, Bergen AA, Merriam JE, Zernant J, Barile GR, Smith RT, et al. Comprehensive analysis
of the candidate genes CCL2, CCR2, and TLR4 in age-related macular degeneration. Investigative oph-
thalmology & visual science. 2008; 49(1):364—71. Epub 2008/01/04. https://doi.org/10.1167/iovs.07-
0656 PMID: 18172114; PubMed Central PMCID: PMCPmc2754756.

Geissmann F, Jung S, Littman DR. Blood monocytes consist of two principal subsets with distinct migra-
tory properties. Immunity. 2003; 19(1):71-82. Epub 2003/07/23. PMID: 12871640.

Daoudi M, Lavergne E, Garin A, Tarantino N, Debre P, Pincet F, et al. Enhanced adhesive capacities of
the naturally occurring lle249-Met280 variant of the chemokine receptor CX3CR1. The Journal of bio-
logical chemistry. 2004; 279(19):19649-57. Epub 2004/03/03. https://doi.org/10.1074/jbc.M313457200
PMID: 14990582.

Combadiere C, Feumi C, Raoul W, Keller N, Rodero M, Pezard A, et al. CX3CR1-dependent subretinal
microglia cell accumulation is associated with cardinal features of age-related macular degeneration.
The Journal of clinical investigation. 2007; 117(10):2920-8. Epub 2007/10/03. https://doi.org/10.1172/
JCI31692 PMID: 17909628; PubMed Central PMCID: PMCPmc1994614.

Raoul W, Keller N, Rodero M, Behar-Cohen F, Sennlaub F, Combadiere C. Role of the chemokine
receptor CX3CR1 in the mobilization of phagocytic retinal microglial cells. Journal of neuroimmunology.
2008; 198(1-2):56—61. Epub 2008/05/30. https://doi.org/10.1016/j.jneuroim.2008.04.014 PMID:
18508131.

Ma W, Zhao L, Fontainhas AM, Fariss RN, Wong WT. Microglia in the mouse retina alter the structure
and function of retinal pigmented epithelial cells: a potential cellular interaction relevant to AMD. PloS
one. 2009; 4(11):e7945. Epub 2009/11/26. https://doi.org/10.1371/journal.pone.0007945 PMID:
19936204; PubMed Central PMCID: PMCPmc2775955.

Sharma NK, Gupta A, Prabhakar S, Singh R, Bhatt AK, Anand A. CC chemokine receptor-3 as new tar-
get for age-related macular degeneration. Gene. 2013; 523(1):106—11. Epub 2013/04/10. https://doi.
org/10.1016/j.gene.2013.03.052 PMID: 23566847

Sharma NK, Prabhakar S, Gupta A, Singh R, Gupta PK, Gupta PK, et al. New biomarker for neovascu-
lar age-related macular degeneration: eotaxin-2. DNA and cell biology. 2012; 31(11):1618-27. Epub
2012/10/03. https://doi.org/10.1089/dna.2012.1786 PMID: 23025269.

Pham MH, Bonello GB, Castiblanco J, Le T, Sigala J, He W, et al. The rs1024611 regulatory region
polymorphism is associated with CCL2 allelic expression imbalance. PloS one. 2012; 7(11):e49498.
Epub 2012/11/21. https://doi.org/10.1371/journal.pone.0049498 PMID: 23166687; PubMed Central
PMCID: PMCPmc3500309.

Stamatovic SM, Keep RF, Mostarica-Stojkovic M, Andjelkovic AV. CCL2 regulates angiogenesis via
activation of Ets-1 transcription factor. Journal of immunology (Baltimore, Md: 1950). 2006; 177
(4):2651-61. Epub 2006/08/05. PMID: 16888027.

Sharma K, Sharma NK, Singh R, Anand A. Exploring the role of VEGF in Indian Age related macular
degeneration. Annals of neurosciences. 2015; 22(4):232—7. Epub 2015/11/04. https://doi.org/10.5214/
ans.0972.7531.220408 PMID: 26526736; PubMed Central PMCID: PMCPmc4627204.

Sharma NK, Gupta A, Prabhakar S, Singh R, Sharma S, Anand A. Single nucleotide polymorphism and
serum levels of VEGFR2 are associated with age related macular degeneration. Current neurovascular
research. 2012; 9(4):256—65. Epub 2012/10/04. PMID: 23030506.

Sharma K, Sharma NK, Anand A. Why AMD is a disease of ageing and not of development: mecha-
nisms and insights. Frontiers in aging neuroscience. 2014; 6:151. Epub 2014/07/30. https://doi.org/10.
3389/fnagi.2014.00151 PMID: 25071560; PubMed Central PMCID: PMCPmc4091411.

Anand A, Sharma NK, Singh R, Gupta A, Prabhakar S, Jindal N, et al. Does DcR1 (TNF-related apopto-
sis-inducing-ligand Receptor 3) have any role in human AMD pathogenesis? Scientific reports. 2014;
4:4114. Epub 2014/02/19. https://doi.org/10.1038/srep04114 PMID: 24534820; PubMed Central
PMCID: PMCPmc3927205.

PLOS ONE | https://doi.org/10.1371/journal.pone.0193423  April 17,2018 11/12


https://doi.org/10.1186/1742-2094-7-87
https://doi.org/10.1186/1742-2094-7-87
http://www.ncbi.nlm.nih.gov/pubmed/21126357
https://doi.org/10.1038/nm950
http://www.ncbi.nlm.nih.gov/pubmed/14566334
https://doi.org/10.1371/journal.pone.0049905
http://www.ncbi.nlm.nih.gov/pubmed/23185481
https://doi.org/10.1167/iovs.07-0656
https://doi.org/10.1167/iovs.07-0656
http://www.ncbi.nlm.nih.gov/pubmed/18172114
http://www.ncbi.nlm.nih.gov/pubmed/12871640
https://doi.org/10.1074/jbc.M313457200
http://www.ncbi.nlm.nih.gov/pubmed/14990582
https://doi.org/10.1172/JCI31692
https://doi.org/10.1172/JCI31692
http://www.ncbi.nlm.nih.gov/pubmed/17909628
https://doi.org/10.1016/j.jneuroim.2008.04.014
http://www.ncbi.nlm.nih.gov/pubmed/18508131
https://doi.org/10.1371/journal.pone.0007945
http://www.ncbi.nlm.nih.gov/pubmed/19936204
https://doi.org/10.1016/j.gene.2013.03.052
https://doi.org/10.1016/j.gene.2013.03.052
http://www.ncbi.nlm.nih.gov/pubmed/23566847
https://doi.org/10.1089/dna.2012.1786
http://www.ncbi.nlm.nih.gov/pubmed/23025269
https://doi.org/10.1371/journal.pone.0049498
http://www.ncbi.nlm.nih.gov/pubmed/23166687
http://www.ncbi.nlm.nih.gov/pubmed/16888027
https://doi.org/10.5214/ans.0972.7531.220408
https://doi.org/10.5214/ans.0972.7531.220408
http://www.ncbi.nlm.nih.gov/pubmed/26526736
http://www.ncbi.nlm.nih.gov/pubmed/23030506
https://doi.org/10.3389/fnagi.2014.00151
https://doi.org/10.3389/fnagi.2014.00151
http://www.ncbi.nlm.nih.gov/pubmed/25071560
https://doi.org/10.1038/srep04114
http://www.ncbi.nlm.nih.gov/pubmed/24534820
https://doi.org/10.1371/journal.pone.0193423

@° PLOS | ONE

CCL2 genetic variant rs1024611 in India AMD pathology

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

Pola R, Flex A, Gaetani E, Proia AS, Papaleo P, Di Giorgio A, et al. Monocyte chemoattractant protein-
1 (MCP-1) gene polymorphism and risk of Alzheimer’s disease in Italians. Experimental gerontology.
2004; 39(8):1249-52. Epub 2004/08/04. https://doi.org/10.1016/j.exger.2004.05.001 PMID: 15288699.

Kim MP, Wahl LM, Yanek LR, Becker DM, Becker LC. A monocyte chemoattractant protein-1 gene
polymorphism is associated with occult ischemia in a high-risk asymptomatic population. Atherosclero-
sis. 2007; 193(2):366—72. Epub 2006/08/29. https://doi.org/10.1016/j.atherosclerosis.2006.06.029
PMID: 16934270.

McDermott DH, Yang Q, Kathiresan S, Cupples LA, Massaro JM, Keaney JF Jr., et al. CCL2 polymor-
phisms are associated with serum monocyte chemoattractant protein-1 levels and myocardial infarction
in the Framingham Heart Study. Circulation. 2005; 112(8):1113—20. Epub 2005/08/24. https://doi.org/
10.1161/CIRCULATIONAHA.105.543579 PMID: 16116069.

Anand A, Sharma NK, Gupta A, Prabhakar S, Sharma SK, Singh R. Superoxide dismutase1 levels in
North Indian population with age-related macular degeneration. Oxidative medicine and cellular longev-
ity. 2013; 2013:365046. Epub 2013/12/24. https://doi.org/10.1155/2013/365046 PMID: 24363822;
PubMed Central PMCID: PMCPmc3864086.

Al-Odat |, Chen H, Chan YL, Amgad S, Wong MG, Gill A, et al. The impact of maternal cigarette smoke
exposure in a rodent model on renal development in the offspring. PloS one. 2014; 9(7):e103443. Epub
2014/07/25. https://doi.org/10.1371/journal.pone.0103443 PMID: 25058584; PubMed Central PMCID:

PMCPmc4110029.

Allina J, Grabowski J, Doherty-Lyons S, Fiel MI, Jackson CE, Zelikoff JT, et al. Maternal allergy acts
synergistically with cigarette smoke exposure during pregnancy to induce hepatic fibrosis in adult male
offspring. Journal of immunotoxicology. 2011; 8(4):258—64. Epub 2011/07/02. https://doi.org/10.3109/
1547691X.2011.589412 PMID: 21718087.

Cho ML, Kim JY, Ko HJ, Kim YH, Kim WU, Cho CS, et al. The MCP-1 promoter -2518 polymorphism in
Behcet'’s disease: correlation between allele types, MCP-1 production and clinical symptoms among
Korean patients. Autoimmunity. 2004; 37(1):77-80. Epub 2004/04/30. PMID: 15115316.

Fenoglio C, Galimberti D, Lovati C, Guidi |, Gatti A, Fogliarino S, et al. MCP-1 in Alzheimer’s disease
patients: A-2518G polymorphism and serum levels. Neurobiology of aging. 2004; 25(9):1169-73. Epub
2004/08/18. https://doi.org/10.1016/j.neurobiolaging.2003.11.008 PMID: 15312962.

Gonzalez E, Rovin BH, Sen L, Cooke G, Dhanda R, Mummidi S, et al. HIV-1 infection and AIDS demen-
tia are influenced by a mutant MCP-1 allele linked to increased monocyte infiltration of tissues and
MCP-1 levels. Proceedings of the National Academy of Sciences of the United States of America. 2002;
99(21):13795-800. Epub 2002/10/11. https://doi.org/10.1073/pnas.202357499 PMID: 12374865;
PubMed Central PMCID: PMCPmc129777.

Rovin BH, Lu L, Saxena R. A novel polymorphism in the MCP-1 gene regulatory region that influences
MCP-1 expression. Biochemical and biophysical research communications. 1999; 259(2):344—8. Epub
1999/06/11. https://doi.org/10.1006/bbrc.1999.0796 PMID: 10362511.

Jibiki T, Terai M, Shima M, Ogawa A, Hamada H, Kanazawa M, et al. Monocyte chemoattractant protein
1 gene regulatory region polymorphism and serum levels of monocyte chemoattractant protein 1 in Jap-
anese patients with Kawasaki disease. Arthritis and rheumatism. 2001; 44(9):2211-2. Epub 2001/10/
11. PMID: 11592387.

PLOS ONE | https://doi.org/10.1371/journal.pone.0193423  April 17,2018 12/12


https://doi.org/10.1016/j.exger.2004.05.001
http://www.ncbi.nlm.nih.gov/pubmed/15288699
https://doi.org/10.1016/j.atherosclerosis.2006.06.029
http://www.ncbi.nlm.nih.gov/pubmed/16934270
https://doi.org/10.1161/CIRCULATIONAHA.105.543579
https://doi.org/10.1161/CIRCULATIONAHA.105.543579
http://www.ncbi.nlm.nih.gov/pubmed/16116069
https://doi.org/10.1155/2013/365046
http://www.ncbi.nlm.nih.gov/pubmed/24363822
https://doi.org/10.1371/journal.pone.0103443
http://www.ncbi.nlm.nih.gov/pubmed/25058584
https://doi.org/10.3109/1547691X.2011.589412
https://doi.org/10.3109/1547691X.2011.589412
http://www.ncbi.nlm.nih.gov/pubmed/21718087
http://www.ncbi.nlm.nih.gov/pubmed/15115316
https://doi.org/10.1016/j.neurobiolaging.2003.11.008
http://www.ncbi.nlm.nih.gov/pubmed/15312962
https://doi.org/10.1073/pnas.202357499
http://www.ncbi.nlm.nih.gov/pubmed/12374865
https://doi.org/10.1006/bbrc.1999.0796
http://www.ncbi.nlm.nih.gov/pubmed/10362511
http://www.ncbi.nlm.nih.gov/pubmed/11592387
https://doi.org/10.1371/journal.pone.0193423

