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Abstract 

IMPORTANCE: Ocular complications in infants with Congenital Zika Syndrome (CZS) have been 

reported. However, the molecular mechanisms underlying of eye dysfunctions are presently 

unknown. 

OBJECTIVE: A method (termed Cellular Imprinting Proteomics, CImP) for the identification and 

quantification of the ocular surface proteome using a minimally invasive membrane filter device 

is described. Moreover, The CImP method was applied to profile the molecular alterations in the 

eyes of infants exposed to Zika virus (ZIKV) infection during gestation. 
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DESIGN, SETTINGS AND PARTICIMPANTS: The CImP method was applied to a cohort divided 

into three conditions: 1) Ctrl (infants with no infectious diseases, n=5). 2) Zikv (infants exposed 

to ZIKV gestation, with no microcephaly, n=5). 3) ZikvCZS (infants exposed to ZIKV, with 

microcephaly, n=3). All conditions were age and sex-matched. An improved impression cytology 

method was used to capture the outermost ocular surface cells. The number of impression 

cytology membrane collected was: Ctrl (12), Zikv (14) and ZikvCZS (8). Proteins were extracted 

and analysed using mass spectrometry-based proteomics technology followed by statistical 

analysis. Parallel reaction monitoring was performed to validate the expression of specific 

protein markers.  

RESULTS: Using the CImP method, 2209 proteins were identified on the membrane-captured 

conjunctiva epithelial cells. Modulation of neutrophil degranulation, cell death, ocular and 

neurodevelopment pathways are reported in infants with CZS compared to matched controls. 

Moreover, the molecular pattern of ocular surface cells retrieved from infants infected during 

the gestation but with no CZS was different from matched controls. 

CONCLUSIONS AND PERSPECTIVES: Molecular alterations in the ocular cell surface associated 

to ZIKV infection with and without CZS complications are reported for the first time. We predict 

that this method will be introduced successfully in the study of several neurological diseases 

with the aim to identify novel diagnostic and therapeutic biomarkers. 

 

Keywords: Impression cytology, Zika virus, Ocular disorders, Neutrophil degranulation, Cellular 

imprinting proteomics. 

   

Introduction: 

Zika virus (ZIKV) is a positive-strand RNA virus belonging to the Flaviviridae family that is 

transmitted to humans predominantly by the female Aedes aegypti and Aedes albopictus 

mosquitos (1). Moreover, sexual contact, blood transfusions, laboratory and healthcare settings 
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and congenital transmission are also responsible for ZIKV infection (2). The first report of ZIKV 

infection was in a nonhuman primate in the in 1947 (3). The first ZIKV transmission to humans 

was reported in Nigeria (4) and subsequently, outbreaks in Micronesia and French Polynesia 

occurred (5). In 2015, clinicians in the Northeast Brazil correlated ZIKV infection with reports of 

newborns with microcephaly, congenital malformations, and neurological syndromes (6). Since 

then, ZIKV infection raised global public health concern due to its transmission potential and the 

different fetal and neonatal abnormalities designated Congenital Zika syndrome (CZS) (6). The 

syndrome characteristics include microcephaly, intracranial calcifications, haemorrhage, ocular 

pathology, spinal cord and peripheral nerve lesions (7, 8). Indeed, besides central nervous 

system abnormalities, ophthalmic complications have been associated to ZIKV infection in 

rhesus monkey and infants with CZS (9). Initial studies in mice lacking the type I IFN receptor 

showed that ZIKV-inoculated mice developed conjunctivitis and panuveitis. Moreover, ZIKV RNA 

was detected in all eye regions with higher levels in the retinal pigment/choroid complex and in 

the optic nerve (10). However, no ocular pathologies were observed in congenitally infected 

mice. Female rhesus monkeys infected with ZIKV early in pregnancy (weeks 6-7 of gestation) 

recapitulate the CZS observed in humans and ocular dysfunctions have been described (9, 11, 

12). Indeed, Zika virus RNA was found in fetal retina, choroid and the optic nerve (12). Infection 

of rhesus monkeys with the Brazilian strain of Zika virus was associated to periorbital myositis 

and myodegeneration (9). Several case reports and studies have described ocular pathologies in 

neonates born to mother infected with ZIKV during pregnancy (13-19). A common pattern of 

vision-threatening findings has been associated to congenital ZIKV infection and include 

chorioretinal atrophy, focal pigmentary changes in the macular region and optic nerve 

abnormalities (20). Moreover, ZIKV antigens were found in the neural retina, iris, choroid and 

the optic nerve in infants with CZS (21, 22). The association of eye abnormalities with congenital 

ZIKV infection has been reported not only in infants with microcephaly but also in infants 
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without CZS signs (23-25). Understanding the molecular mechanisms underlining the ocular 

abnormalities in ZIKV-infected infants will help in better diagnostic and therapeutic solutions. 

Impression cytology (IC) is a minimally invasive, easy to perform, robust and reliable method 

that has allowed the detection of abnormalities and monitoring treatment efficacy in ocular 

surface cells in several eye diseases (26-45). Likewise, IC has been used to evaluate ocular 

surface abnormalities in systemic diseases such as diabetes, thyroid orbitopathy, cystic fibrosis, 

celiac disease and seborrheic dermatitis (41-45). Moreover, the conjunctival epithelial cells were 

sampled from the eyes of several animal models such as rhesus monkeys, dogs, rabbit and pigs 

(46-48).  

This method is based on the application of a filter material to the exposed interpalpebral surface 

to remove the outermost layer of conjunctival cells. These cells can be subjected to histological, 

immunochemical and molecular analyses to identify specific cell morphologies, types and 

deregulated signalling pathways. Different materials and filter devices have been tested, ranging 

from polycarbonate, nitrocellulose and cellulose acetate to commercial devices such as the 

Eyeprim™(28, 49, 50), but no major differences in RNA isolation yields were observed between 

them(51). Recently, the IC method has been coupled to 2D-DIGE to study protein expression in 

patients with meibomian gland dysfunction and dry eye disease (52). Barbosa et.al. has 

described an optimized impression cytology method using nitrocellulose membrane and 

eliminating the use of invasive apparatus, which makes it especially suitable for collections of 

samples from babies and infants (53). 

Here we report: i) the development of the cellular imprinting proteomics method (CImP) for the 

analysis of the proteome of ocular surface cells and fluid imprinted on a membrane, ii) the 

application of the CImP method to ZIKV-infected infants with and without CZS and iii) the 

possibility to identify proteins that could discriminate ocular dysfunctions in infants exposed to 

ZIKV during gestation. 
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Subjects, materials and methods 

 

1. Patient cohort 

This study comprises 13 infants with and without CZS referred to the Pediatric Service of the 

Antonio Pedro University Hospital, Fluminense Federal University, Niteroi, Brazil. This study was 

approved by Institutional review board and ethics committee of Fluminense Federal University, 

protocol CAAE number 79890517.6.0000.5243, and followed the guidelines of the Declaration 

of Helsinki. All samples were collected upon informed and written consent from the 

parents/legal guardians of each participant.  Clinical examination was performed by a 

multidisciplinary team and all infants included in this study are part of a clinical follow up 

program currently in progress (54). CZS clinical diagnosis was based on the Brazilian Ministry of 

Health guidelines (55). Retrieved information has been assembled in Tables 1 and 2. 

 

2. Cellular imprinting proteomics method design 

2.1. Ocular cells collection and protein extraction on nitrocellulose membrane 

Ocular surface cells were obtained through optimized impression cytology procedure of both 

eyes as previously described (53). The cell capture area of the nitrocellulose membrane was 

immersed in a Low-binding Eppendorf tube containing 200µl of protein extraction solution 

consisting of 1% sodium deoxycholate (SDC), 1x PBS and 1x protease inhibitor cocktail (Sigma 

Aldrich) and incubated for 20 min under agitation at room temperature. Subsequently, the 

nitrocellulose membrane immersed in the extraction solution was probe tip sonicated using for 

three cycles for 20s and intervals of 10s on ice. Left and right eyes were sampled and each 

membrane sample was analysed separately (Table 1). 

2.2. Protein reduction, alkylation and trypsin digestion 

Proteins were reduced with 10mM DTT for 30min at 56°C and alkylated with 40mM IAA for 30 

minutes at room temperature, in the dark. Proteins were quantified using nanodrop method 
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before porcine trypsin (Promega) was added to 1:50 ratio. The digestion, which proceeded for 

16 hours at 37°C, was blocked by adding 1% TFA final concentration before the SDC was removed 

from the solution by centrifugation at 10000xg for 10min. Tryptic peptides were desalted using 

R3 microcolumns before LC-MS/MS analysis (56, 57). 

 2.3. Liquid chromatography mass spectrometry analysis 

The peptide samples were loaded on an in-house packed pre-column (4cm × 100μm inner 

diameter, 5μm particles) using an Easy-nanoLC system (ThermoFisher) and separated by 

gradient from 3 to 28% solvent B in 100 min, 28 to 45% in 20 min, 45 - 95% B in 2 min and 8 min 

at 95% B.  (A = 0.1% FA; B = 90% ACN, 0.1% FA) at a flow of 250nL/min on analytical Reprosil-Pur 

C18-AQ column (20cm x 75μm inner diameter, 3μm particles). 

The Easy-nanoLC system was connected online to Orbitrap Fusion LumosTribrid mass 

spectrometer (Thermo Fisher) operating in positive ion mode and using data-dependent 

acquisition. The full MS scans were acquired over a mass range of m/z 350–1600 with detection 

in the Orbitrap at 120000 resolution with AGC target set to 3e6 and a maximum fill time of 

100ms. Following each MS scan, the 20 most abundant peptide ions above a threshold of 50000 

were selected in the quadrupole with an isolation window of 0.7 m/z and fragmented using HCD 

fragmentation (collision energy: 35). Fragment ions were acquired in the orbitrap at 30000 

FWHM resolution for an ion target of 50000 and a maximum injection time of 50ms, dynamic 

exclusion of 30 s and fixed first mass 110 m/z. All data were acquired with Xcalibur software 

v3.0.63 (Tune v2.0 1258). 

2.4. Database search and statistical analysis 

Raw data were searched using the MaxQuant v1.6.2.10 (MQ) and Proteome Discoverer 

v2.3.0.523 (PD) computational platforms using Andromeda (MQ) and Sequest search engines, 

respectively. The parameters used for database search were: human reviewed proteome 

database (20400 entries, downloaded from Uniprot the 01/2019) with the common 

contaminants, trypsin as cleavage enzyme, two missed cleavages allowed, 
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carbamidomethylation of cysteine as fixed modification, oxidation of methionine and protein N-

terminal acetylation as variable modifications. Protein identification was accepted with less than 

1% FDR. For the Proteome Discoverer platform, the percolator, peptide and protein validator 

nodes were used to calculate PSMs, peptides and proteins FDR, respectively. FDR less than 1% 

was accepted. Protein grouping was performed using the strict parsimony principle. Label-free 

quantification was performed in the two platforms using the extracted ion chromatogram area 

of the precursor ions activating the matching between run feature. Protein quantification 

normalization and roll-up was performed using unique and razor peptides and excluding 

modified peptides. The Intensity based absolute quantification feature (iBAQ) was activated in 

MaxQuant to calculate the relative protein abundance within samples. Differentially regulated 

proteins between the three conditions were selected using t-test with a post-hoc background-

based adjusted p-value<0.05 (10.1021/pr4006958). Statistical analyses, volcano and PCA plots 

were performed in the Perseus and Proteome Discoverer software. The data obtained from 

Proteome Discoverer were used as primary data and complemented with the MaxQuant data 

to prioritize proteins and biological processes.    

2.5. Bioinformatic analysis 

The total identified proteins were compared with the human plasma proteome database. 

Regulated proteins were matched against the human protein atlas database using eye-enriched 

and brain-enriched proteins (https://www.proteinatlas.org/). Moreover, the NEIBank was used 

to retrieve disease genes that affect vision and other disease genes with eye phenotypes 

(https://neibank.nei.nih.gov/cgi-bin/eyeDiseaseGenes.cgi). A total of 441 and 165 genes 

associated to eye diseases and other diseases were retrieved, respectively. The human plasma 

proteome was retrieved from the Human Plasma Peptide Atlas, which contains 3509 proteins 

(http://www.peptideatlas.org/hupo/hppp/). Gene ontologies categories were retrieved using 

the Protein annotation node built-in Proteome Discoverer. Moreover, STRING database 
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(https://string-db.org/) was used to build protein-protein interaction networks from regulated 

proteins and identify enriched Reactome and KEGG pathways at FDR<0.05.   

 

3. Protein abundance validation using parallel reaction monitoring (PRM) 

Differentially regulated proteins were selected for further validation by parallel reaction 

monitoring using the following criteria: a) protein differentially regulated with adjusted p-value 

<0.05, b) with more than or equal to 2 peptides, c) with more than or equal to 1 unique peptide, 

d) concordant abundance ratio of the peptides without missing cleavage and e) more than or 

equal to 2 unique peptides without missing cleavages found in more than 50% samples of each 

condition. Parallel reaction monitoring was performed using the same nLC-MS/MS setup 

described for the discovery experiment including a targeted mass list of peptides selected based 

on the characteristics described above. A list of peptides, m/z and z is provided (Supplementary 

Table S1). The raw data were searched using Proteome Discoverer (Thermo) as described above 

for the samples acquired in data dependent mode. The peptide abundances were retrieved from 

the extracted ion chromatogram (XIC) and normalized by the total base peak intensity for each 

sample. T-test statistic was performed to calculate differentially regulated peptides (p-

value<0.05) between the three conditions. ROC curves and the associated statistical parameters 

(cut-off, sensitivity and specificity) were calculated using Metaboanalyst computational 

platform (https://www.metaboanalyst.ca) within the biomarker analysis pipeline. The 

multivariate ROC analysis was performed using Random Forest as classification and ranking 

method. 

 

4. Morphological analysis and image acquisition  

To evaluate microscopic features of the cells, the nitrocellulose membranes containing collected 

cells were fixed in 4% paraformaldehyde in phosphate buffer, pH 7.4 for 4 h, at room 

temperature; rapidly vortexed to allow release of adhered cells and cytocentrifuged (Cytospin 4 
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Shandon, Thermo Scientific, Waltham, MA) at 1200 rpm, for 10 minutes at room temperature. 

Slides were prepared in quadruplicate from 3 patients per group. For each pair of slides, one 

was stained with a Diff-Quik kit, as the standard procedure, and the other one with 0.5% 

toluidine blue O solution (Fisher Scientific) for 5 min. Slides were analyzed on a BX-60 Olympus 

microscope equipped with an Olympus XC50 CCD camera with cellSens® standard digital 

imaging software (Olympus Imaging Corp., Tokyo, Japan). A total of 423 cells were analyzed (n= 

103 for control group; n= 150 for ZIKV; n= 170 for ZIKV/CZV) for qualitative and quantitative 

evaluation of morphological alterations. Keratinization was scored as initial to mild (cells 

showing initial signs of acidophilia at their surface or acidophilia detected in the peripheral 

cytoplasm) or moderate to severe (cells with a deep cytoplasm partially or fully acidophilic). 

 

Results: 

- Clinical features of the patient cohort 

Here, the cohort was divided in three conditions: 1) Ctrl, infants with no infectious diseases 

included in the screen nor neurological disorders without maternal ZIKV exposure; 2) Zikv, 

infants exposed to ZIKV with no microcephaly; 3) ZikvCZS, infants exposed to ZIKV with 

microcephaly and clinical CZS symptoms. In both Zikv and ZikvCZS conditions, the mothers were 

ZIKV positive during the first or second trimester of gestation and negative to other infectious 

agents (syphilis, toxoplasmosis, rubella, cytomegalovirus and HIV) tested. All groups were age 

and sex matched. The number of subjects was 5, 5 and 3 for the Ctrl, Zikv and ZikvCZS conditions, 

respectively. Vision impairment was observed only for the three infants belonging to the ZikvCZS 

conditions at the time of sample collection. The main pathologies observed were optic disc 

excavation and pallor, macular atrophy and abnormal ocular pigment deposition. Two infants 

were affected bilaterally and one was affected unilaterally. The ocular surface sampling was 

performed for both eyes varying between 1 to 6 membranes for each subject. The total number 
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of samples was 12, 14 and 8 for the Ctrl, Zikv and ZikvCZS, respectively (Table 1). A total of 34 

samples were analysed by the CImP method.  

 

- Cellular imprinting proteomics (CImP) method development 

The CImP method combines the impression cytology sample collection and a streamlined 

optimized sample preparation with a large-scale label free quantitative bottom-up proteomics 

approach (Figure 1). The membrane material containing ocular surface cells were transferred to 

a PBS-buffered solution containing sodium deoxycholate (SDC) detergent and proteases 

inhibitors. Cells were lysed using probe tip sonication and the proteins digested using trypsin. 

After tryptic digestion, SDC was removed by acid precipitation and peptides were analysed by 

LC-MS/MS. The analysis revealed 2209 protein groups identified with at least 1 unique peptide 

from a total of 17229 peptides (Supplementary Table S2). Of them, 2062 proteins were 

identified in all three conditions (Supplementary Figure S1A). Proteins quantified were 865, 

1465 and 1842 in 100%, 80% and 50% of the total samples, respectively (Supplementary Figure 

S1B). Peptide abundances were used to derive the principal component analysis. Discrete 

separation between the three conditions was achieved with the ZikvCZS separated from the 

others (Supplementary Figures S1C and S1D). These proteins were associated to diverse cellular 

components and biological functions (Supplementary Figures S2A and S2B). Response to 

stimulus and transport were overrepresented in these data. Proteins associated to membrane 

and extracellular space compartments were also overrepresented, showing a diverse 

distribution of biological processes and cellular compartment in the conjunctiva epithelial cell 

proteome. The Intensity Based Absolute Quantification (iBAQ) feature allowed us to quantify 

the protein abundance of the conjunctiva epithelium within each sample (58). Six proteins, 

lipocalin-1, lacritin, serum albumin, proline-rich protein 4, lysozyme and mammaglobin-B 

constitute 50% of the total abundance of the conjunctiva epithelium retrieved by the impression 

cytology method (Supplementary Figure S3A).  
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In order to identify the origin of the conjunctival epithelium proteome retrieved by impression 

cytology, we compared it with proteomes from different ocular fluids and tissues including tears, 

aqueous humour, lens, vitreous humour, retina, and retinal pigment epithelium (RPE)/choroid 

(59). The highest overlap was observed with the RPE/choroid complex proteome. However, 

vitreous humour, cornea, retina and iris proteomes covered more than 70% of the conjunctiva 

epithelial proteome. Lens and aqueous humour proteomes had lowest overlap with the 

conjunctiva epithelium proteome (Supplementary Figure S3B). These data indicate that the 

CImP method can be used in combination with other ocular fluids to discover biomarkers of 

ocular diseases. In the conjunctival epithelial proteome, we detected blood proteins such as 

albumin, immunoglobulin, haemoglobin, apolipoprotein, serotransferrin, complement factors 

and alpha-1-antitrypsin (Supplementary Table S2). However, their abundance did not hinder 

the identification of kinases, receptors and transcription factors involved in several biological 

processes ranging from metabolism to intracellular signalling (Supplementary Table S2). Due to 

that, we compared the conjunctiva surface proteome with the plasma proteome. In order to 

identify the human conjunctiva epithelial cells proteins detected in the human plasma, we 

compared our protein list with the Human Plasma Peptide Atlas containing 3509 proteins (60). 

There were 1579 proteins common to both conjunctiva epithelial cells and plasma and 630 

proteins unique to the ocular cells (Supplementary Figure S3C). These data suggest the 

possibility of using the CImP method to find biomarkers both for ocular and systemic diseases.  

 

- CImP allows the identification and quantification of ocular surface proteins in ZIKV-infected 

infants 

Comparison between the ocular surface proteome versus the brain-enriched and eye-extended 

proteome retrieved from the human protein atlas, revealed an overlap of 29 and 3 proteins, 

respectively (Supplementary Figure S3D). A comparison of the conjunctiva epithelial proteome 

with the NEIBank for eye disease genes revealed 66 genes associated to ocular diseases and 23 
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to other diseases. These data suggest the potential of the CImP method to extract proteins that 

could mirror ocular and neurological defects (Supplementary Figures S3E and S3F). Due to that, 

we applied the CImP method to identify proteins differentially regulated between the ZikvCZS, 

Zikv and Ctrl conditions. Three comparisons were made between the three conditions: a) ZikvCZS 

vs Ctrl, b) Zikv vs Ctrl and c) ZikvCZS vs Zikv. The analysis revealed 182 proteins differentially 

regulated between the ZikvCZS and control with adjusted p-value≤0.05 (Supplementary Table 

S3). In total 82 and 100 proteins were up and downregulated, respectively (Figure 2A, 

Supplementary Table S3). A total of 166 proteins were found differentially regulated between 

the Zikv and control with adjusted p-value≤ 0.05. In total 70 and 96 proteins were up and 

downregulated, respectively (Figure 2B, Supplementary Table S4). Lastly, 204 proteins were 

differentially regulated between the ZikvCZS and Zikv with adjusted p-value≤ 0.05. In total 110 

and 94 proteins were up and downregulated, respectively (Figure 2C, Supplementary Table S5). 

Combining the differentially regulated proteins in the three comparisons, 340 proteins were 

identified. Protein-protein interaction networks analysis of the different comparisons revealed 

70 and 14 Reactome pathways enriched in the ZikvCZS vs Ctrl and Zikv vs Ctrl comparisons, 

respectively (Supplementary Figure S4A). The most enriched processes were associated to a) 

immune system, b) ocular dysfunctions, c) interferon signalling, d) cell death, e) viral infection 

and f) neurological disorders (Figure 3). The immune system, neutrophil degranulation, visual 

phototransduction, metabolism of retinoids, interferon signalling, viral infection processes were 

mostly enriched in the ZikvCZS vs Ctrl and ZikvCZS vs Zikv comparisons. Selected proteins involved 

in these processes were validated by PRM analysis. 

 

-Validation of differentially regulated proteins involved in immune response, ocular disorders, 

cell death and neurological diseases 

Selected proteins associated to immune system response, ocular disorders and cell death and 

identified as differentially regulated during the discovery phase were validated by parallel 
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reaction monitoring. Two peptides per protein were monitored. A total of 72 precursor ions, 

corresponding to 54 peptides and 26 proteins were monitored (Supplementary Table S1). 

Proteins were considered validated when two peptides belonging to the same protein were 

statistically significant between the conditions and with the same regulation trend, except for 

gasdermin-D, MMP8 and S100A12, proteins that were detected with one unique peptide 

(Supplementary Table S6). The comparison between ZikvCZS and Ctrl confirmed the regulation 

of MPO, ELANE, ITGAM, RNASE3, AZU1, MMP8, PRTN3, ALDH3A1, CASP3, BID, GSDMD, DEFA1, 

S100A12, CPNE1, EPS8L2 and DMBT1 (Supplementary Table S6). The comparison between Zikv 

and Ctrl confirmed the regulation of HIST1D, BASP1 and DMBT1 (Supplementary Table S6). The 

comparison between ZikvCZS and Zikv conditions confirmed the regulation of MPO, ELANE, 

ITGAM, AZU1, PRTN3, DEFA1, S100A12, CPNE1 and DMBT1 (Supplementary Table S6). The 

single peptide abundances were used to calculate the ROC curve, sensitivity and specificity to 

discriminate the three conditions. AUC more than 0.8 on the two peptides belonging to each 

protein were considered as potential discriminative features. For the ZikvCZS vs Ctrl comparison, 

peptides belonging to ALDH3A1, CASP3, DMBT1, ITGAM, MMP8, MPO, PRTN3 and RNASE3 

proteins fulfilled the criteria (Supplementary Table S6, Supplementary Figure S5). All proteins 

were upregulated in the ZikvCZS condition compared to control. For the Zikv vs Ctrl comparison, 

peptides belonging to HIST1H1D and BASP1 were downregulated in the Zikv condition compared 

to control. (Supplementary Table S6, Supplementary Figure S6). For the ZikvCZS vs Zikv 

comparison, peptides belonging to AHNAK, AZU1, CASP3, DEFA1, DMBT1, ELANE, ITGAM, MPO, 

PRTN3, RETN, RNASE3, S100A12 (Supplementary Table S6, Supplementary Figure S7). All these 

proteins were upregulated in the ZikvCZS condition compared to Zikv. A larger dispersion of the 

ZikvCZS samples was observed compared to the other conditions indicating a variability of the 

syndrome in the clinical and molecular readout.   

 

- Neutrophil degranulation signature and immune response in the eye: 
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The most enriched molecular pathway throughout the comparisons was immune system 

response (Figure 3). In particular, 19 proteins were associated to neutrophil degranulation and 

all of them were upregulated in the ZikvCZS compared to controls, indicating an activation of this 

process (Supplementary Figure S4B). Indeed, a neutrophil protein signature based on neutrophil 

defensin 1 (DEFA1), neutrophil collagenase (MMP8), cytochrome b-245 heavy chain (CYBB), 

resistin (RETN), DnaJ homolog subfamily C member 5 (DNAJC5), olfactomedin-4 (OLFM4), 

eosinophil cationic protein (RNASE3), ADP-ribosyl cyclase/cyclic ADP-ribose hydrolase (BST1), 

protein S100-A12 (S100A12), neutrophil elastase (ELANE), azurocidin (AZU1), pentraxin-related 

protein (PTX3), chitotriosidase (CHIT1), Bone marrow proteoglycan (PRG2), gamma-glutamyl 

hydrolase (GGH), chitinase-3-like protein 1 (CHI3L1), protein S100-A7 (S100A7), neutrophil 

cytosol factor 2 (NCF2) and myeloperoxidase (MPO) was found in ZikvCZS group (Figure 4). The 

upregulation of MPO, ELANE, ITGAM, RNASE3, AZU1, MMP8, PRTN3, DEFA1 and S100-A12 were 

validated by parallel reaction monitoring (Supplementary Table S6, Figure 4). The interferon 

signalling pathways were enriched in the regulated proteins belonging to the ZikvCZS vs Ctrl 

comparison (Figure 3). IFIT3 protein was significantly upregulated 38 times in the ZikvCZS group 

compared to controls (Supplementary Table S2).  

 

- Activation of cell death in the conjunctiva epithelium of Zikv-infected infants: 

Cell death pathways were enriched in the regulated proteins between the ZikvCZS and control 

and the Zikv and control conditions (Figure 3). Gasdermin D was identified to be upregulated 6.5 

times in the ZikvCZS condition at p-value<0.01 and adjusted p-value<0.07 during the discovery 

phase. Differential upregulation of Gasdermin D in ZikvCZS compared to control was confirmed 

by parallel reaction monitoring of the ELCQLLLEGLEGVLR peptide, p-value=0.04 (Figure 5A). 

Moreover, caspase-3 (CASP3) and BH3-interacting domain death agonist (BID) were 

differentially regulated in the ZikvCZS condition compared to controls being 3.5 and 4 times 

upregulated in the ZikvCZS, respectively (Figure 5A). Bright field microscopy of ocular epithelial 
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cells isolated from ZIKV-infected children with CZS show clear morphological evidence (Figure 

5B) of cell death such as pyknosis (Figure 5C), karyorrehesis (Figure 5D), karyolysis (Figure 5E), 

cytoplasmic vacuolization (Figure 5F) and disintegration of the nucleus (Figure 5G). A high 

percentage of cells with these morphologies were measured in ZikvCZS condition Figure 5H). 

 

- Differential regulation of proteins associated to ocular diseases 

Ocular processes were enriched using proteins differentially regulated between the three 

conditions (Figure 3 and Supplementary Figure S4C). In our study, proteins associated with 

retinoid metabolism were downregulated in ZikvCZS compared to controls (Supplementary 

Figure 4C). Several proteins belonging to this pathway were validated by PRM (Figure 6A). 

Retinol-binding protein 4 (RBP4) was found downregulated by more than 50 times in ZikvCZS 

compared to control. The YWGVASFLQK peptide belonging to RBP4 was found downregulated 

in the ZikvCZS compared to control conditions (Supplementary Table S6). Furthermore, six 

apolipoproteins (APOA1, APOA2, APOA4, APOB, APOC2 and APOC3) were downregulated in 

ZikvCZS compared to controls (Supplementary Figure S4C). APOB was downregulated 3 times in 

the ZikvCZS condition (Supplementary Table S2). The upregulation of Aldehyde dehydrogenase 

dimeric NADP-preferring (ALDH3A1) in the ZikvCZS and Zikv conditions compared to controls 

could be related to the eye protection against oxidative damage. Alcohol dehydrogenase 1B 

(ADH1B) was identified downregulated in the ZikvCZS compared to control condition 

(Supplementary Table S6). Proteins associated to the cornified envelope were regulated in the 

three comparisons. The CImP method allowed the identification of 30 keratin proteins (KRT1, 2, 

3, 4, 5, 6A, 6B, 7, 8, 9, 10, 12, 13, 15, 15, 16, 17, 18, 19, 23, 24, 25, 31, 73, 74, 76, 77, 78, 80 and 

85, Supplementary Table S2). A different regulation pattern of keratins was identified in the 

ZikvCZS vs Ctrl (KRT15 and 23), Zikv vs Ctrl (KRT3, 6B, 16, 23, 31 and 76) and ZikvCZS vs Zikv (3, 6B, 

16, 23, 31, 76 and 85), (Supplementary Tables S3, S4 and S5). Several keratinization-related 

proteins were regulated. Reflecting the proteomics findings, quantitative analysis by bright field 
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microscopy of conjunctival epithelial cells obtained by impression cytology from children with 

CZS show a higher degree of moderate to severe keratinization while initial to moderate 

keratinization can be observed  in the Zikv group, and the control group presented less cells 

displaying any level of this process (Figure 6B). 

 

- Neurological diseases-associated proteins 

One of the statistically enriched processes was related to neurodevelopment (Figure 3). Due to 

that, we investigated specific proteins differentially regulated in the ZikvCZS vs Zikv comparison 

that could be related to this process. Copine-1 and Reticulon-4 were upregulated while the 

Afamin and Pigment epithelium-derived factor were downregulated (Supplementary Table S2). 

Copine-1 was significantly upregulated (p-value<0.001) in the ZikvCZS vs Ctrl upon monitoring by 

PRM two peptides (SDPLCVLLQDVGGGSWAELGR and EALAQTVLAEVPTQLVSYFR) 

(Supplementary Table S6). Reticulon-4 (RTN4) was identified upregulated in the ZikvCZS 

compared to control conditions.  Afamin (AFM) was downregulated 4 times in the ZikvCZS group. 

Pigment epithelium-derived factor (PEDF) was significantly downregulated in the ZikvCZS vs Ctrl 

comparison.  

 

- Infants exposed to ZIKV infection during gestation and without CZS harbour differential 

ocular surface proteome 

Clinical cases of adults infected by ZIKV presenting ocular abnormalities have been described 

(61). These data indicate that the neurotropism of the virus is not a necessary factor to elicit 

ocular dysfunctions. Indeed, in our cohort, the ocular surface proteome of the Zikv group 

compared to controls showed the regulation of 166 proteins (Figure 2). The number of enriched 

Reactome pathways and their significance had lower p-values was lower compared to the ZikvCZS 

vs control comparison (Supplementary Figure S4A). Immune system response, cell death and 

cornified envelope proteins were enriched. For the immune response pathway, the IFIT3 protein 
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was upregulated 17 times in the Zikv compared to Ctrl (Supplementary Table S2). The 

upregulation of IFIT3 was confirmed by PRM using the ATMYNLLAYIK peptide in the Zikv group 

(p-value=0.03), (Supplementary Table S6). Moreover, interferon-induced helicase C domain-

containing protein 1 (IFIH1) was upregulated 27 times in the Zikv group compared to Ctrl 

(Supplementary Table S2).   

PRM analysis of selected protein candidates identified HIST1H1D and BASP1 as discriminating 

proteins for the Zikv vs Ctrl conditions with AUC>0.8. These proteins were downregulated in the 

Zikv condition compared to control (Supplementary Table S6, Supplementary Figure S6). None 

of the children exposed to ZIKV without CZS had visual impairment at the time of collection. 

However, significant molecular alterations were detected in the eyes of infants exposed to ZIKV.  

 

Discussion: 

Here, we present the CImP method, Cellular Imprinting Proteomics, build on the optimized 

impression cytology procedure previously described (doi: https://doi.org/10.1101/577668) 

followed by an integrated mass spectrometry-based quantitative proteomics approach to 

identify the ocular epithelial surface proteome and its modulation in pathophysiological 

conditions. Impression cytology technique has emerged as an important non- or minimally 

invasive technique to diagnose and understand molecular alterations in ocular diseases. As of 

January 2019, 936 manuscripts were retrieved in Medline (PubMedNCBI 

http://ncbi.nlm.nih.gov) using the term “impression cytology” in the title/abstract and only 5 of 

them were associated also to the word “proteomics”. One seminal work on impression cytology 

and proteomics used 2D-DIGE approach to investigate the ocular dysfunctions in patients with 

meibomian gland dysfunction and dry eye disease was published (52). In this study, an 8 mm in 

diameter cellulose disc was applied to the eye on both sides to improve the number of captured 

cells. A lysis buffer containing urea as chaotropic agent and CHAPS as detergent was used to 

extract cellular proteins before precipitation and resuspension for 2D-DIGE. Using this 
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technique, 348 protein spots corresponding to different proteoforms were visualized. Statistical 

analysis revealed 17 differentially regulated spots that were selected for MALDI TOF/TOF 

analysis. Dotblot validation of annexin A1, protein S100A8 and protein S100A4 was performed, 

showing the reliability of this technique.  

Applying the CImP method, protein extraction is based on SDC, a trypsin and MS-compatible 

detergent, allowed a streamlined approach without extra steps and protein loss. Membranes 

from the left and right eye of each patient were collected to improve the sampling coverage. 

The CImP method was applied to a cohort of infants exposed to ZIKV infection during gestation 

with or without microcephaly grouped into three conditions: Ctrl, Zikv and ZikvCZS. Large-scale 

quantitative proteomics using nLC-MS/MS allowed us to identify 2062 proteins with high 

confidence, representing the first description of the ocular epithelial proteome collected by 

impression cytology. Intra-sample quantitative analysis revealed that six proteins (lipocalin-1, 

lacritin, serum albumin, proline-rich protein 4, lysozyme and mammaglobin-B) constituted 50% 

of the total amount of the ocular epithelial proteome. Lipocalin, lacritin and lysozyme are also 

involved in host response to infections. Lipocalin-1 (LCN1, human tears lipocalin) and neutrophil 

gelatinase-associated lipocalin (LCN2) were among the top 100 most abundant proteins in the 

ocular surface conjunctiva proteome (Supplementary Figure S2A). Lipocalins are extracellular 

proteins and belong to the lipocalin superfamily that bind and transport hydrophobic 

compounds such as lipids, hormones and vitamins. LCN1 binds phospholipids and retinol (62) 

and is expressed mainly in the lachrymal and salivary glands. LCN2 binds preferentially iron and 

is expressed mainly in the bone marrow (63). Moreover, LCN1 and LCN2 mediate immune and 

inflammatory response against microbial and fungal infections (64-66). Interestingly, LCN1 was 

the most abundant protein within the total proteins identified, contributing to 18% of the total 

protein abundance. Dota A. et al. showed that LCN2 was a conjunctiva epithelium-specific gene 

(67). The difference could be due to the collection method. Indeed, compared to our improved 

impression cytology approach, brush cytology was used to obtain conjunctival epithelium, a 
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method that collects all epithelial cell layers of the conjunctival epithelium (67). Human 

secretoglobin 2A1 (mammaglobin-B, SCGB2A1) is a small protein with unknown function, 

homolog to mammaglobin-A, that is expressed in tears, lacrimal glands and in the keratinized 

stratified squamous epithelium of the eyelid as well as in the stratified epithelium of the 

conjunctiva and in the orbicularis oculi muscle (68). Lysozyme is one of the most abundant 

proteins in the human tear proteome (1mg/mL) with antimicrobial activity (69). Comparison 

with the proteome of other ocular tissues and fluids revealed high similarity with the 

RPE/choroid and less similarity with lens and aqueous humour. Furthermore, the CImP method 

was applied to map the ocular surface proteome of infants exposed to ZIKV infection with and 

without CZS compared controls. Proteins differentially regulated between the different 

comparisons revealed the modulation of pathways involved in immune system response, cell 

death, ocular and neurological dysfunctions. A total of 26 proteins involved in different cellular 

events were validated by PRM. Proteins associated to immune system response and neutrophil 

degranulation were upregulated in the ZikvCZS and Zikv compared to Ctrl condition. The 

upregulation of neutrophil-associated proteins during flavivirus infection has been shown (70, 

71). Neutrophil defensin-1 belongs to the defensins family present in the neutrophil granules 

with activity against bacteria, fungi, parasites and viruses (72, 73). DEFA1 was found upregulated 

in the cerebrospinal fluid of patients infected with West Nile virus with neuroinvasive 

complications (74). DEFA1 gene expression was upregulated in the blood of Dengue-infected 

children with haemorrhagic fever (75). Myeloperoxidase activity and expression was elevated in 

mice infected by the intracranial route by DENV-3 confirming the neutrophil infiltration (76). 

Moreover, MPO was released by neutrophils collected from mice infected with Japanese 

Encephalitis virus (71). A transcriptomic analysis of peripheral blood mononuclear cells isolated 

from children with acute-phase Dengue haemorrhagic fever revealed an activation of the 

S100A12 protein (77). Neutrophil collagenase was released in the culture medium of immune 

cells treated with Dengue virus NS1 resulting in endothelial glycocalyx degradation and vascular 
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permeability (78). Olfactomedin-4 is a granular protein induced by G-CSF in mature granulocytes 

(79, 80), also expressed in a subset of neutrophils and was found regulated in septic patients 

and in paediatric respiratory syncytial virus infection (81). Interestingly, OLFM4 null mice 

challenged with Staphylococcus aureus and Helicobacter pilori were more resistant to infection 

compared to the wild type (82, 83). 

As observed for West Nile virus, herpes simplex virus-1 and ebola virus, Zika virus has tropism 

for immunoprivileged organs like the brain and the eye (84, 85). The infection and persistence 

in these organs pose new challenges in understanding the dynamics of viral spreading, life cycle 

and clearance. Neutrophils are essential effectors of the innate immune response. Their 

recruitment in an infected tissue is a host-defence mechanism that can induce tissue damage if 

not finely regulated. Infection of neonatal C57BL/6 wild-type mice at 1 day post birth with ZIKV 

showed that the virus infects the cornea and retina resulting in chorioretinal lesions (86). The 

infection is followed by inflammatory cells infiltration and increased local expression of 

chemokines. In ZIKV-infected patients, there is an increased cellular infiltration and 

inflammation (87). Neutrophil degranulation pathway was found to be activated in the 

conjunctival epithelial cells retrieved from ZIKV-infected children with CZS. This pathway is 

associated to neutrophils migration towards the inflammatory site mobilizing granules with 

antimicrobial properties. Moreover, neutrophils secrete inflammatory cytokines and mediators 

stimulating T-cells. Immune activation has been associated to inflammatory and degenerative 

eye diseases such as adult macular degeneration and uveitis (88). In the brain of infected mice, 

neutrophils and mononuclear cells were infiltrated and polymorphonuclear cells (PMNs) were 

detected near blood vessel (89). Neutrophil and eosinophil infiltration has been described in 

several ocular pathologies such as ocular Stevens-Johnson syndrome, mucous membrane 

pemphigoid, Wegener's granulomatosis and cicatricial pemphigoid (90-93). Microscopy analysis 

of the cells content of membranes retrieved from the Zikv and ZikvCZS conditions revealed an 

increase in immune cells infiltrates associated with an activated ocular surface inflammatory 
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response to ZIKV infection. In particular, we show the overexpression of neutrophils and 

eosinophil granule constituents correlated to the activation of neutrophil degranulation process 

in Zikv and ZikvCZS children compared to controls. It is unclear if the immune cells infiltration 

would be the indirect cause of chorioretinal lesions or if the ZIKV itself elicits these eye 

abnormalities or a combination of the two phenomena.  

Another important cell biology process that interferes with the flavivirus is the interferon 

signalling pathway. RNA intermediates of viral replication are recognized by cytosolic and 

endosomal pattern recognition receptors that induce type-I interferon expression and secretion 

which leads to autocrine and paracrine activation of interferon stimulated genes such as 

interferon-induced with tetratricopeptide repeats (IFIT) genes. These genes control early viral 

infection in several cells and tissues. It has been reported that Zika virus upregulates IFIT1 and 

IFIT3 expression in human dendritic cells (94). Moreover, ZIKV increase the expression of IFIT1 

in mouse and human testis (95) and the upregulation of ISG genes has been found in mice brains 

infected with lymphocytic choriomeningitis virus or West Nile virus (96). These results indicate 

that ocular surface expression of IFIT3 can be associated to Zika virus infection.  

Another important process that was activated in the eyes of infants exposed to ZIKV infection 

was cell death. Gasdermin is an effector of pyroptosis cell death (97, 98). Pyroptosis was 

observed in 1992 as Caspase-1-programed cell death and was later termed in 2001 as to 

differentiate it from the morphologically distinct apoptosis. Age-related macular degeneration 

involves primarily the cell death of retinal pigment epithelium. Gao J. et al. injected amyloid beta 

intravitreously inducing sustained activation of the inflammasome (99). They identified the 

activation of apoptosis and pyroptosis mediated by enhanced caspase-1 immunoreactivity, 

augmented NF-κB nuclear translocation, increased IL-1β vitreal secretion, and IL-18 protein 

levels. Moreover, elevated levels of cleaved caspase-3 and gasdermin D were found in RPE-

choroid tissues. Moreover, the role of pyroptosis effectors was investigated in in pterygia 

compared with normal human conjunctival epithelium (100). Pterygium is a common ocular 
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disease characterized by proliferating fibrovascular tissue. Pyroptosis displays a role in the 

pathological process of pterygium formation and progression. Recently, differential Gasdermin-

D expression and cleavage was reported in experimental cerebral ischemia and reperfusion 

model (101). NLRP3 activation increased the levels of IL-18 and IL-1b after middle cerebral artery 

occlusion/reperfusion and this process was mediated partly by caspase-1 dependent cleavage 

of gasdermin-D. The upregulation of GSDMD, CASP3 and BID in the eyes of infants exposed to 

Zikv during the first trimester of gestation indicate an increase in ocular cell death.    

The metabolism of retinoids in the retina is essential for vision (102). Indeed, the 

photoisomerization of opsin-bound 11-cis-retinal to all-trans-retinal is critical to activate the 

phototransduction signalling events within the visual cycle. In order to restore the 11-cis-retinal, 

a series of metabolic reactions are needed including the reduction of all-trans-retinal to all-

trans-retinol (103). All-trans-retinol, also known as vitamin A, is also introduced by food intake. 

Dysregulation of retinoid metabolism has been associated with several ocular diseases such as 

Stargardt disease, Autosomal recessive cone-rod dystrophy, Autosomal recessive childhood-

onset severe retinal dystrophy, Leber congenital amaurosis and Autosomal recessive retinitis 

punctata albescens (104-107). RBP4 is a 21kDa protein synthesized primarily in the liver and 

other tissues such as retinal pigment epithelium and choroidal plexus brain (108, 109). It belongs 

to the lipocalin superfamily and the main function is to bind retinol (Vitamin A1) in hepatocytes 

and deliver it to peripheral tissues (110). Retinol, in the form of retinal, is essential for the visual 

cycle and defects in RBP4 expression have been associated to ocular diseases. In human 

patients, iris coloboma, atrophy or focal loss of the retinal pigment epithelium (RPE) and the 

choroid have been associated to a homozygous splice site variant (c.111+1G>A) and 

heterozygous missense mutations (Ile41Asn and Gly75Asp) in the gene encoding retinol binding 

protein 4 and consequent serum level reduction (111, 112). Mice lacking RBP4 had impaired 

visual function and transgenic expression of human RBP4 induced normal electro-retinogram 

and retinol metabolism (113-115).  
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Six apolipoproteins were downregulated in the ZikvCZS condition compared to control. Recently, 

ApoA-I has been identified as an all-trans-retinoic acid-binding protein in the choroid and sclera 

conditioned media of chick tissue (116). Abetalipoproteinemia is an autosomal recessive disease 

caused by genetic mutations in the MTTP (microsomal triglyceride transfer protein) gene that 

result in the inability to synthesize the APOB. The signs and symptoms of this disease are severe 

deficiency of fat-soluble vitamins such as vitamin A, E and K. The ocular complications of this 

disease involve diffuse and sometimes patchy pigmentary changes often called atypical retinitis 

pigmentosa (117). Aldehyde dehydrogenase dimeric NADP-preferring (ALDH3A1) is an enzyme 

that catalyses the oxidation of aldehydes compromise 5-50% of the human cornea (118-120). 

ALDH3A1 has a protective function in the cornea by reducing 4-Hydroxynonenal–protein 

adducts upon exposure to UV radiation (121). Moreover, ALDH3A1 exerts a “suicide” function 

in the cornea by autoxidation of specific amino acids, protecting it from UV light exposure (121, 

122). ALDH3A1 null mice developed cataracts at one-month age (123). One of the ocular 

abnormalities observed in children infected with Zika virus was cataract formation. Moreover, 

cornea opacity was detected in ZIKV-infected infants. ALDH3A1 was identified upregulated in 

pterygium tissues compared to healthy conjunctiva (124). High concentrations of corneal 

ALDH3A1 have been associated to antioxidant protection of UV-induced free radicals and 

through the synthesis of NADPH (125, 126). Alcohol dehydrogenase is a zinc metalloenzyme that 

catalyse the oxidation of alcohol to aldehyde displaying specificity for different substrates such 

as retinol (127). ADH1B was identified downregulated in keratoconus corneal fibroblasts 

compared to healthy cornea fibroblasts and suggested as a possible marker of keratoconus 

(128). Interestingly, ADH1B was not regulated in the comparison between ZIKV and controls.  

Several proteins involved in the cornified epithelium envelope were identified. The cornified cell 

envelope constitutes a protective barrier of squamous epithelial cells (129). In skin 

keratinocytes, cornified cell envelope precursors such as involucrin, loricrin, small proline-rich 

proteins, late envelope proteins (LEPs), and filaggrin are crosslinked by transglutaminase 
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forming a 5- to 10-nm mature envelope adjacent to the cell membrane (130-132). Corneal cell 

envelope bears similarities with the epidermidis (133). However, the absence of a water-

impermeable layer and the need of oxygen and nutrients to permeate the cornea epithelium 

indicate that envelope proteins are associated to other functions besides protective. 

Pathological keratinization of the corneal and conjunctival mucosal epithelia is associated to 

ocular diseases and severe visual loss (132). Elevated levels of involucrin and filaggrin have been 

associated to Stevens-Johnson syndrome (132). Moreover, upregulation of transglutaminase 1, 

involucrin, filaggrin, and the cytokeratin pair 1/10 proteins was detected in the conjunctiva of 

patients with chronic cicatricial phase including Stevens-Johnson syndrome, oculat cicatricial 

pemphigoid and chemical injuries (134). Keratin 13 (KRT13) was found within the most abundant 

proteins in the ocular conjunctiva proteome. This data confirmed previous transcriptomic 

analysis of the human cornea and conjunctiva (135). KRT13 is an acidic keratin expressed in 

unkeratinized, stratified squamous epithelium (136). This protein has been identified as a 

specific conjunctival, non-corneal epithelial cell marker using immunocytochemistry applied to 

impression cytology specimens (137). Moreover, KRT4/KRT13 pair has been used to identify 

differentiating cells in internal stratified epithelial cells (138). The higher expression of KRT13 in 

Zikv and ZikvCZS compared to control can be associated to keratinization of conjunctival epithelial 

cells. Taken together, various keratinization-related proteins were regulated in the comparison 

between ZikvCZS and Zikv with Ctrl. The molecular data were supported by microscopy analysis. 

The molecular alterations observed on the ocular surface of infants with CZS were validated by 

clinical and microscopy analysis. Indeed, the three infants with CZS presented optic disc pallor 

and excavation and altered macular pigment with pigment deposition. Moreover, bright field 

microscopy data indicated a higher degree of moderate to severe keratinized ocular epithelial 

cells in the ZikvCZS compared to control condition (Figure 6B).   

In order to correlate alteration in the ocular surface proteome with neurodevelopmental 

abnormalities associated to ZIKV infection, we focused on regulated proteins involved in 
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neurological dysfunctions. Copine-1 (CPNE1) is a phospholipid binding protein located in the 

plasma membrane of various cell types. In brain cells, CPNE1 is closely associated with AKT 

signaling pathway, which is important for neural stem cell (NSC) functions during brain 

development. In this study, abundant expression of CPNE1 was observed in neural lineage cells 

including NSCs and immature neurons in human (139). Moreover, Copine-1 plays a key role in 

the activation of mTOR-Akt pathway in neural stem cells during brain development. Over-

expression of each C2 domain of CPNE1 increased neurite outgrowth and expression of the 

neuronal marker protein neurofilament (NF) (139). A fine regulation of Copine-1 expression is 

crucial for correct brain development. In the ocular surface of infants with CZS the upregulation 

of Copine-1 indicates the abnormal brain development and could be used as a marker of 

immature neurons. Similarly, Reticulon-4 subfamily is composed of three proteoforms (Nogo-A, 

Nogo-B and Nogo-C). RTN4 is an inhibitor of axon outgrowth and causes collapse of neurite 

growth cone (140-143). Moreover, RTN4A was found to interact with Bcl-2 and Bcl-XL, apoptosis-

inhibitors, demonstrating a pro-apoptotic role (144). This protein was upregulated in ZikvCZS 

condition compared to control. Within the same group, Afamin is a vitamin E-binding 

glycoprotein that is expressed in the liver and is found in plasma, follicular and cerebrospinal 

fluids (145, 146). Moreover, Afamin was neuroprotective in vitro on primary neurons treated 

with hydrogen peroxide and amyloid (147). Afamin expression was detected in porcine, human 

postmortem, and mouse brain capillaries and it was identified as α-Tocopherol transport protein 

across the blood-brain barrier (148). Interestingly, proteomic analysis of the cerebrospinal fluid 

of rhesus monkeys infected with simian immunodeficiency virus with central nervous system 

complications revealed downregulation of afamin and vitamin E (148). Due to that, the 

downregulation of afamin protein on the ocular surface of infants with CZS could be associated 

to neurodevelopment disorders. PEDF is a secreted 50kDa proteins and a non-inhibitory 

member of the serine protease inhibitor (SERPIN) gene family with antiangiogenic, anticancer 

and neurotrophic properties (149, 150). This factor is expressed in all region of the brain and 
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was shown to induce neuronal differentiation in human retinoblastoma cells (149). Moreover, 

PDEF has been shown to promote neuron survival on cerebellar granule cells, microglia, brain 

ischemia injury and promote self-renewal of neural stem cells (151-154). The downregulation of 

PDEF in ZikvCZS compared to Ctrl and Zikv conditions suggests a possible role in neurological 

diseases.  

Impression cytology has been used to detect superficial viral infections such herpes simplex 

virus, varicella zoster virus, and adenovirus.  We searched for Zika virus proteins in the ocular 

surface proteome and no viral proteins were detected in these samples. However, the presence 

of ZIKV antigens were detected in the ocular tissue samples from 4 deceased fetuses with a 

diagnosis of CZS using a ZIKV NS2B protein antibody (21). The antigen was detected in the iris, 

neural retina and in the optic nerve. Moreover, RT-PCR analysis of the aqueous sample from a 

Brazilian man with ZIKV infection was positive and ZIKV was identified in conjunctival swabs 

obtained from 6 patients with ZIKV infection (155, 156).  In our data, ZIKV proteins were not 

detected using the CImP method. This could be due to the eye region sampled and the low 

abundance of viral proteins compared to host proteins. Moreover, the infants were infected in 

the first trimester of gestation and at the time of sample collection the viremia could have been 

drastically decreased.  

The comparison between Zikv and Ctrl conditions revealed 166 differentially modulated proteins 

associated to pathways previously described for the ZikvCZS group (Supplementary Table 3). 

Interestingly, the fold changes observed for the Zikv vs Ctrl group were lower indicating a mild 

but significant remodelling of the ocular proteome in infants exposed to ZIKV during the first 

trimester of gestation. In particular, IFIT3 and IFIH1 were upregulated in the Zikv conditions 

compared to control. IFIH1 gene encodes a cytoplasmic receptor of the pattern-recognition 

receptors family that recognizes viral RNA, playing a role in the innate immune response against 

viral infection (157, 158). The recognition of viral RNA is an ATP-dependent process that induces 

IFIH1 polymerization and activation of type 1 interferon signalling cascade (159). IFIH1 loss-of-
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function variants are unable to produce IFN-β and have been reported to restrict the replication 

of human respiratory syncytial virus and rhinoviruses (160). The range of non-microcephalic 

anomalies associated to ZIKV infection pose an important clinical and social challenge. The 

identification of early molecular alterations can improve our understanding of these effects and 

help in predicting clinical outcome (161).Taken together, these results call for an active 

surveillance of ophthalmological complications in children exposed to ZIKV during the first 

trimester of gestation but without CZS. 

 

Conclusions: 

The CImP method present here is a simple, robust, sensitive and effective method for the 

molecular profiling of ocular surface cells. The first human conjunctival ocular proteome is 

presented here with more than 2000 proteins identified. The method was applied to understand 

the molecular alterations in children exposed to ZIKV infection during gestation with and 

without CZS (Figure 7). Proteins involved in neutrophil degranulation, neurodevelopment 

processes and ocular dysfunctions were validated using parallel reaction monitoring confirming 

the differential expression between the groups. The data presented here show a regulation of 

neutrophil degranulation and immune cells infiltration, neurodevelopment and ocular 

dysfunctions. Our study using the CImP method indicates the occurrence of neutrophil and 

eosinophil infiltration and degranulation in the conjunctival epithelium in children exposed to 

ZIKV infection. The combination of molecular markers and microscopic evaluation of neutrophils 

could improve the diagnostic and prognostic of ocular dysfunctions in ZIKV infected children. 

However, additional evidences are needed to clarify the pathophysiological role and clinical 

relevance of neutrophils in this disease. The “ocular fingerprint” would be a powerful tool, 

guiding the physicians towards a clinical decision on the better treatment aiming at a 

personalized medicine approach for CZS. Congenital Zika syndrome is associated with a wide 

spectrum of abnormalities that range from mild to severe symptoms (162). These differences 
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can be attributed to the viral strains and load, time of the infection and the different genetic 

background of the hosts. Due to that, these parameters should be considered to get a deeper 

understanding of this disease. Another important aspect of ocular pathologies in congenital ZIKV 

infection will be the discordant clinical outcomes in twin pregnancies (163). Indeed, studying 

ocular abnormalities in twins with congenital ZIKV infection should help elucidate the 

mechanism of ZIKV eye infection. The CImP method has the potential to provide detailed 

cytological and molecular data be applied to several ocular and neurological diseases that 

involve ocular dysfunction (164-166).  The availability of advance of large scale and high-

throughput technology will enable the CImP method to be applicable to screen large cohorts. 

Few biomarker studies applied to human tears have gone from the discovery to the validation 

phase and none of them has gone into the clinic (167). It is urgent to develop standard operating 

procedures for assessing specific biomarkers using the CImP method and validate them in 

multicentre clinical studies (168, 169).  
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Tables 

Table 1: Clinical and demographic data of the patient cohort. Ctrl: children with normal 

development, without ZIKV exposure. Zikv: children infected by Zika virus during gestation and 

without Congenital Zika Syndrome. ZikvCZS: children infected by Zika virus during gestation and 

with Congenital Zika Syndrome. 

 Ctrl Zikv ZikvCZS 

N° of patients 5 5 3 

Age at sample collection 
(months, Mean ± SD) 

21,4 ± 1,8 22,4 ± 3,5 22,3 ± 4,2 

Gender    

M 3 3 2 

F 2 2 1 

Sampling 

(n° of membranes/subject) 
   

1 0 1 0 

2 4 2 2 

3 0 1 0 

4 1 0 1 

6 0 1 0 

Total 12 14 8 

ZIKV exposition    

Y 0 5 3 

N 5 0 0 

ZIKV symptoms (trimester)    

1° - 1 2 

2° - 1 1 

3° - 2 0 

Zika congenital infection    

Y 0 0 3 

N 5 5 0 

Microcephaly    

Y 0 0 3 

N 5 5 0 

Vision impairment    

Y 0 0 3 

N 5 5 0 

Type - - 
optic disc excavation and pallor; 

abnormal pigment deposition 
and macular atrophy 
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Table 2: Clinical and demographic data of the patient cohort and respective mothers. Ctrl: 

children with normal development, without ZIKV exposure. Zikv: children infected by Zika virus 

during gestation and without Congenital Zika Syndrome. ZikvCZS: children infected by Zika virus 

during gestation and with Congenital Zika Syndrome. 

 Ctrl Zikv ZikvCZS 

Birth date (semester)    

1°/2016 2 4 1 

2°/2016 3 1 2 

Encephalic perimeter 

 (cm, Mean ± SD) 
33,4 ± 2,6 33,6 ± 1,5 29,5 ± 0,8 

Apgar score    

0-3 0 0 0 

4-6 0 1 0 

7-10 5 4 3 

Age mother 

 (years, Mean ± SD) 
29  ± 9,1 29 ± 6,5 33,6 ± 12 

Exanthema    

Y 5 5 3 

N 0 0 0 

PCR Zika mother    

Positive 0 5 3 

Negative 5 0 0 
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Figures 

Figure 1: Cellular imprinting proteomics (CImP) method applied to ocular surface alterations 

during Congenital Zika Syndrome. Experimental workflow of the CImP method applied to a 

cohort of infants exposed to ZIKV during gestation with Congenital Zika Syndrome (ZikvCZS n=3) 

and without Congenital Zika Syndrome (Zikv, n=5) and age and sex-matched controls (Ctrl, n=5) 

(group selection). The sample collection was obtained using nitrocellulose filters used to capture 

the ocular surface epithelial cells and fluid (sample collection). Proteins were extracted from the 

membrane, digested and analysed by mass spectrometry (sample processing). Database search 

and statistical analysis were performed in order to identify differentially expressed proteins 

(discovery). Protein candidates were validated by parallel reaction monitoring and microscopy 

analysis confirmed the presence of specific biological processes (data integration).   

 

Figure 2: Proteins differentially regulated between ZikvCZS vs Ctrl (A), Zikv vs Ctrl (B) and ZikvCZS 

vs Zikv (C). Proteins with adjusted pvalue<0.05 were considered statistically significant. D) 

Overlap between the differentially regulated proteins in the three comparisons.  

 

Figure 3: Pathways modulated in ZikvCZS, Zikv and Ctrl conditions. Pathways enriched in the 

different datasets (total regulated, ZikvCZS vs Ctrl, Zikv vs Ctrl and ZikvCZS vs Zikv) and grouped 

into immune system, ocular disorders, interferon signalling, cell death, viral infection and 

neurological diseases.  

B) Differentially regulated proteins associated to the ocular disorders pathway identified during 

the discovery phase and validated by PRM. The peptide abundance for each protein is reported 

for the ZikvCZS, Zikv and Ctrl groups.  

 

Figure 4: Differentially regulated proteins belonging to the immune system pathway identified 

during the discovery phase and validated by PRM. The peptide abundance for each protein is 

reported for the ZikvCZS, Zikv and Ctrl groups.  

 

Figure 5: Differentially regulated proteins belonging to the cell death pathway identified during 

the discovery phase and validated by PRM. The peptide abundance for each protein is reported 

for the ZikvCZS, Zikv and Ctrl groups (A). Representative cells from uninfected group show 

normal morphology (B). Nuclear and cytoplasmic alterations observed in cells collected 

from ZIKV (infected with no clinical signs) (B–left panel; C and F, left panel) or ZIKV/CZV 

(diagnosed congenital Zika syndrome (B, right panel; D, E and F, right panel) children. 
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Quantitative analyses show increased number of conjunctval cells with morphological 

signs of degeneration/cell death. Cells were collected by impression cytology, 

cytocentrifuged and stained with Diff-Quik or toluidine blue (H). A total of 423 cells were 

counted and scored for morphological changes. 

 

Figure 6: Differentially regulated proteins belonging to the ocular disorders pathway identified 

during the discovery phase and validated by PRM. The peptide abundance for each protein is 

reported for the ZikvCZS, Zikv and Ctrl groups. Representative images and quantitative 

morphological analyses of cells collected from children with ZIKV (infected with no clinical signs), 

ZIKV/CZV (diagnosed congenital Zika syndrome) or uninfected controls using impression 

cytology. Cytocentrifuged preparations were stained with Diff-Quik (B). A total of 423 cells were 

counted and scored for morphological signs of Keratinization. 

 

Figure 7: Summary of the findings provided by clinical data, CImP/PRM data, and microscopy 

showing biological events related to gestational ZIKV exposure with and without CZS. Impression 

cytology membranes collected from a cohort of infants exposed to ZIKV during the first trimester 

of gestation and with CZS (ZikvCZS) revealed ocular alterations such as optic disc excavation and 

pallor, abnormal pigment deposition and macular atrophy. These alterations were not detected 

in the Zikv and Ctrl conditions. The Cellular Imprinting Proteomics approach detected several 

proteins involved in immune response, cell death, ocular and neurological disorders 

differentially regulated. These molecular alterations were confirmed by microscopy analysis 

with defects in the morphology of epithelial cells collected from the ZikvCZS group. 

 

 

Supplementary Figures 

Supplementary Figure S1: A) Comparison of proteins identified from impression cytology 

membranes using the CImP method. The membranes were collected from infants exposed to 

ZIKV during the first trimester with (ZikvCZS) and without microcephaly (Zikv) and infants not 

exposed to ZIKV infection (Ctrl). B) Percentage of proteins identified in 100, 80 and 50% of the 

samples investigated.  C) Distribution of protein abundance of samples within the three 

conditions. D) Principal component analysis of the samples belonging to the three conditions 

using the total quantified proteins. 
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Supplementary Figure S2: Gene ontology analysis of the total identified proteins using the 

Proteome Discoverer 2.3 node. A) Biological processes enriched in the total identified proteins. 

B) Cellular components enriched in the total identified proteins. 

 

Supplementary Figure S3:  A) Abundance of proteins identified in the epithelial cells and fluid 

extracted using the impression cytology technique. Intensity-based absolute quantification 

(iBAQ) was used to calculate the intra-sample protein abundance and the proteins were ranked 

based on their abundance. B) Comparison of proteins identified using the impression cytology 

method with the proteome of different ocular tissues and fluids (tears, aqueous humour, lens, 

vitreous humour, retina, and retinal pigment epithelium (RPE)/choroid, according to Ahmad 

et.al. (59). C) Comparison of proteins identified using the impression cytology method in this 

study and the human plasma proteome, according to Schwenk et.al. (60). D) Comparison of 

proteins identified using the impression cytology method in this study and brain and eye-

enriched proteins reported in the Human Protein Atlas database. E) Comparison of proteins 

identified using the impression cytology method in this study and genes involved in eye diseases 

reported in the NEIBank database. F) Comparison of proteins identified using the impression 

cytology method in this study and genes identified in the eye compartments involved in other 

diseases as reported in the NEIBank database.  

 

Supplementary Figure S4: Molecular pathways enriched using the differentially regulated 

proteins. A) Number of Reactome and KEGG pathways enriched in the differentially regulated 

proteins datasets (FDR<0.05). B) Protein-protein interaction map of the differentially regulated 

proteins involved in the immune response pathway in the ZikvCZS vs Ctrl comparison. C) Protein-

protein interaction map of the differentially regulated proteins involved in ocular disorders in 

the ZikvCZS vs Ctrl. 

  

Supplementary Figure S5: Validation of differentially expressed proteins by PRM in the ZikvCZS 

vs Ctrl comparison. A-P) Peptides belonging to protein candidates that discriminated the ZikvCZS 

and Ctrl conditions with AUC>0.8. A,B) P05164 (MPO, Myeloperoxidase); C,D) P11215 (ITGAM, 

Integrin alpha-M); E,F) P12724 (RNASE3, Eosinophil cationic protein); G) P22894 (MMP8, 

Neutrophil collagenase); H,I) P24158 (PRTN3, Myeloblastin); J,K) P30838 (ALDH3A1, Aldehyde 

dehydrogenase, dimeric NADP-preferring); L) P42574 (CASP3, Caspase-3) and M,N) Q9UGM3 

(DMBT1, Deleted in malignant brain tumors 1 protein).  
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Supplementary Figure S6: Validation of differentially expressed proteins by PRM in the Zikv vs 

Ctrl comparison. A-D) Peptides belonging to protein candidates that discriminated the Zikv and 

Ctrl conditions with AUC>0.8. A,B) P16402 (HIST1H1D, Histone H1.3) and C,D) P80723 (BASP1, 

Brain acid soluble protein 1).  

 

Supplementary Figure S7: Validation of differentially expressed proteins by PRM in the ZikvCZS 

vs Zikv comparison. A-Y) Peptides belonging to protein candidates that discriminated the Zikv 

and Zikv conditions with AUC>0.8. A,B) P05164 (MPO, Myeloperoxidase); C,D) P08246 (ELANE, 

Neutrophil elastase); E,F) P11215 (ITGAM, Integrin alpha-M); G,H) P12724 (RNASE3, Eosinophil 

cationic protein); I,J) P20160 (AZU1, Azurocidin); K,L) P24158 (PRTN3, Myeloblastin); M) P42574 

(CASP3, Caspase-3); N,O) P59665 (DEFA1, Neutrophil defensin 1); P,Q) Q09666 (AHNAK, 

Neuroblast differentiation-associated protein AHNAK), R) P80511 (S100A12, Protein S100-A12); 

S,T) Q9HD89 (RETN, Resistin) and U,V) Q9UGM3 (DMBT1, Deleted in malignant brain tumors 1 

protein).  

 

Supplementary Tables 

Supplementary Table S1: List of peptide ions targeted for validation. Mass (m/z), charge state 

(z), peptide sequence and gene names. Cysteine residues in small letter indicate 

carbamidomethylation modification.  

Supplementary Table S2: proteins identified and quantified in the total samples. The 

computational platform Proteome Discoverer 2.3 (Thermo Fisher) was used for protein 

identification and quantification as reported in the Materials and Methods section. The 

different columns indicate: Uniprot accession number, Protein description, protein coverage 

[%], number of Peptides, number of PSMs, number of unique Peptides, Gene Ontology 

categories, KEGG Pathways, Reactome Pathways, A/C, B/C, A/B, Abundance Ratio Adjusted p-

Value: A/C, Abundance Ratio Adjusted p-Value: B/C, Abundance Ratio Adjusted p-Value: 

A/B, Abundances (normalized) samples A, Abundances (normalized) samples B, Abundances 

(normalized) samples C and Gene name. A = ZikvCZS condition, B=Zikv condition and C=Ctrl 

condition. 

 

Supplementary Table S3: proteins differentially regulated in the ZikvCZS vs Ctrl comparison. 

The computational platform Proteome Discoverer 2.3 (Thermo Fisher) was used for protein 

identification and quantification as reported in the Materials and Methods section. The 
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different columns indicate: Uniprot accession number, Protein description, protein coverage 

[%], number of Peptides, number of PSMs, number of unique Peptides, Gene Ontology 

categories, KEGG Pathways, Reactome Pathways, A/C, B/C, A/B, Abundance Ratio Adjusted p-

Value: A/C, Abundance Ratio Adjusted p-Value: B/C, Abundance Ratio Adjusted p-Value: A/B, 

Abundances (normalized) samples A, Abundances (normalized) samples B, Abundances 

(normalized) samples C and Gene name. A = ZikvCZS condition, B=Zikv condition and C=Ctrl 

condition 

Supplementary Table S4: proteins differentially regulated in the Zikv vs Ctrl comparison. The 

computational platform Proteome Discoverer 2.3 (Thermo Fisher) was used for protein 

identification and quantification as reported in the Materials and Methods section. The 

different columns indicate: Uniprot accession number, Protein description, protein coverage 

[%], number of Peptides, number of PSMs, number of unique Peptides, Gene Ontology 

categories, KEGG Pathways, Reactome Pathways, A/C, B/C, A/B, Abundance Ratio Adjusted p-

Value: A/C, Abundance Ratio Adjusted p-Value: B/C, Abundance Ratio Adjusted p-Value: A/B, 

Abundances (normalized) samples A, Abundances (normalized) samples B, Abundances 

(normalized) samples C and Gene name. A = ZikvCZS condition, B=Zikv condition and C=Ctrl 

condition 

Supplementary Table 5: proteins differentially regulated in the ZikvCZS vs Zikv comparison. The 

computational platform Proteome Discoverer 2.3 (Thermo Fisher) was used for protein 

identification and quantification as reported in the Materials and Methods section. The 

different columns indicate: Uniprot accession number, Protein description, protein coverage 

[%], number of Peptides, number of PSMs, number of unique Peptides, Gene Ontology 

categories, KEGG Pathways, Reactome Pathways, A/C, B/C, A/B, Abundance Ratio Adjusted p-

Value: A/C, Abundance Ratio Adjusted p-Value: B/C, Abundance Ratio Adjusted p-Value: A/B, 

Abundances (normalized) samples A, Abundances (normalized) samples B, Abundances 

(normalized) samples C and Gene name. A = ZikvCZS condition, B=Zikv condition and C=Ctrl 

condition 

Supplementary Table 6: validation of differentially expressed proteins by PRM analysis. Two 

peptides per protein were monitored by PRM as described in the Materials and Methods 

section. The raw data were searched in the Proteome discoverer 2.3 (Thermo) computational 

platform in order to identify and quantify them in all samples. 
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Gene ZikvCZS/Ctrl Zikv/Ctrl ZikvCZS/Zikv

DEFA1* 2,42 4,27

RNASE3* 2,96

ELANE* 2,71 4,19

MMP8* 3,41 4,75

CHIT1 3,33

MPO* 2,38 4,35

OLFM4 3,78 3,95

CHI3L1 3,04

AZU1* 2,55 3,74

GGH 2,8 2,79

RETN 3,86 5,8

PRG2 2,98

PTX3 3,3 3,24

DNAJC5 4,4 4,4

S100A7 2,17

BST1 3,63 3,73

S100A12* 2,72 3,92

ITGAM* 7,3 4,9

PRTN3* 2,5 2,8

IMMUNE SYSTEM

Gene Zikv
CZS

/Ctrl Zikv/Ctrl Zikv
CZS

/Zikv

APOB 0,373

APOA1 0,372

APOA4 0,214 0,301

APOC2 0,143 0,392

APOC3 0,156 0,207

TTR 0,237 0,256

APOA2 0,417

RBP4* 0,144 0,31

ALDH3* 6,1 2,8 2,1

OCULAR DISORDERS

Gene Zikv
CZS

/Ctrl Zikv/Ctrl Zikv
CZS

/Zikv

AFM 0,3 0,3

SERPINF1 0,4 0,3

CLEC3B* 0,3

BASP1* 0,4 6,1

AHNAK* 0,5 2,9

DAG1* 0,6 3,5

CPNE1* 7,3 1,8 4,1
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