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• PURPOSE: The aim of this study was to assess whether 
vitamin D (Vit D) supplementation affects local disease 
progression, as well as systemic inflammation, collagen 

degradation, and oxidative stress in adolescents affected 

by keratoconus (KC) and Vit D deficiency. 
• DESIGN: Prospective, interventional single-center 
study. 
• SUBJECTS: Forty patients (age range, 12.2-19.9) 
presenting with both KC and Vit D insufficiency 

( < 30 ng/mL) were included in the study. 
• METHODS: Vit D was prescribed for 6 months as per 
standard of care. Follow-up visits were scheduled for 12 

months. Each visit included the measurement of best 
spectacle-corrected visual acuity, maximal keratometry 

(Kmax), and thinnest corneal thickness. Blood samples 
were collected at month 0 and month 6 to measure Vit D 

levels and systemic biomarkers of inflammation, collagen 

degradation, and oxidative stress by ELISA or real-time 
polymerase chain reaction; full RNA sequencing was per- 
formed on 20 patients at month 0 and month 6. 
• MAIN OUTCOME MEASURES: The primary outcome of 
the study was the percentage of patients with a Kmax pro- 
gression less than 1 diopter (D) throughout the entire 
study (ie, stable patients). 
• RESULTS: Overall, 65% of patients remained sta- 
ble (75% of eyes) after 12 months. Specifically, best 
spectacle-corrected visual acuity, Kmax, and thinnest 
corneal thickness rates remained stable during the 12- 
month observational period. ELISA performed on blood 

plasma showed that Vit D upregulated the expression of 
Vit D binding protein. QPCR performed on peripheral 
leukocytes showed an increase in the expression of VDR 

and CD14 with no changes in the principal enzymes 
involved in Vit D activation/deactivation. ELISA and 

qPCR showed the modulation of collagen degrada- 
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tion and collagen crosslinking. Subgroup analysis with 

RNA sequencing showed differential response to Vit D 

treatment. Responder patients showed downregulation 

in inflammatory and platelet activation pathways, and 

upregulation of proteoglycan metabolism/biosynthesis 
enrichment. 
• CONCLUSIONS: Our findings support the hypothesis 
that Vit D supplementation can affect KC progression 

in adolescent patients with Vit D insufficiency possibly 

through the modulation of systemic inflammation, inhibi- 
tion of collagen degradation, and promotion of proteogly- 
can synthesis. Our results strongly suggest that KC may 

be the ocular manifestation of a systemic disorder. (Am 

J Ophthalmol 2025;276: 235–251. © 2025 Published by 

Elsevier Inc.) 
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INTRODUCTION 

 

eratoconus (KC) is the most common primary
corneal ectasia and results in progressive corneal
thinning, irregular astigmatism, and decreased vi-

ual acuity. 1 , 2 Global prevalence varies depending on the
ountry of reference, ranging from 120 up to 4.790/100.000
nhabitants. 3 Although the exact etiological factors and
he mechanisms that regulate its progression are not well
efined, KC is indicated as a multifactorial degenerative
isease primarily caused by corneal proteins structural im-
airment, increased proteinases and augmented oxidative
tress. 4 The disease traditionally presents itself within the
econd decade of life and is generally more aggressive in
ounger patients. 5 , 6 KC is generally managed according to
ts severity and evidence of progression; initial cases are
reated with spectacles or contact lenses. If progression oc-
urs or is expected, corneal cross-linking (CXL) may be em-
loyed to increase biomechanical stability and rigidity of
he cornea. 

Collagen degradation or dislocation of collagen lamel-
ae has been described in KC corneas, and reactive oxy-
en species are increased in KC patients both locally and
ystemically. 7-9 It has also been suggested that KC might
e associated with systemic inflammation associated with

10 
mmune-mediated diseases. 
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Vitamin D (Vit D) is a fat-soluble prohormone with
pleiotropic actions in the human body, including effects on
the immune system. 11 It has been previously shown that
KC patients have lower serum Vit D levels compared to
healthy controls. 11-13 In this vein, we previously showed
that Vit D supplementation—a noninvasive and inexpen-
sive treatment-inhibits collagenolysis and shows potential
for arresting progression of the disease in a clinical trial in-
volving 20 patients. 14 

This study aims to test whether those preliminary clinical
observations were reproducible in a larger sample. More-
over, we analyzed the complete mRNA expression in pe-
ripheral blood mononuclear cells (PBMC) using RNA se-
quencing (RNAseq) in a subset of patients, to search for a
mechanism driving the clinical effect we observed. 

MATERIALS AND METHODS 

• STUDY DESIGN: 

Patient enrollment 
This prospective pilot study was conducted at the Cornea
and Ocular Surface Unit of the San Raffaele Scientific In-
stitute, Milan, Italy. The study was carried out in accor-
dance with the tenets of the Declaration of Helsinki, and
it was approved by the Institutional Review Board/Ethics
Committee (Comitato Etico Istituto Scientifico Ospedale
San Raffaele). Written informed consent was obtained from
the patients at enrollment. A schematic representation of
the study design is shown in Figure 1 . 

Briefly, after the screening visit (month 0 [M0]), pa-
tients were followed up for 12 months. Follow-up visits were
scheduled at 2, 4, 6, 9, and 12 months from M0. A full oph-
FIGURE 1. Schematic representation of the study design. Patie
( < 30 ng/mL) were enrolled. They were followed up for 12 mont
6, 9, and 12. Serum Vit D and calcium levels were evaluated at m
collected to analyze other serum biomarkers at months 0 and 6. 
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halmic exam was performed at each visit, which included
easures of best spectacle-corrected visual acuity (BSCVA)

nd corneal tomography and topography. Maximal ker-
tometry (Kmax), thinnest corneal thickness (TCT), and
pithelial and stromal minimal thickness were evaluated.
t each visit, patients were reminded not to rub. The ex-

mination was always performed at the same time of the day
14-15 hours). Additionally, blood samples were collected
t the screening visit, and at months 4, 6, and 12. 

Patients presenting KC and Vit D insufficiency, that
s serum levels less than 30 ng/mL were included in the
tudy. 15 Exclusion criteria were the following: prior surgi-
al procedures of the cornea, including CXL; diagnosis of
nd-stage KC defined as corneal thickness less than 300 μm
nd/or extensive apical leucoma and/or corneal hydrops; di-
gnosis of active keratitis/conjunctivitis. The diagnosis of
C was confirmed by corneal tomography/topography (MS-
9 AS-OCT; CSO). At the screening visit, medical history
as collected, including the presence of allergies and rub-
ing habits. All patients were instructed not to rub regard-
ess of having the habit or not. A full ophthalmic exam was
erformed, including measurement of (1) BSCVA, (2) un-
orrected visual acuity (3) Kmax, and (4) epithelial and
tromal minimal thickness and TCT by corneal tomogra-
hy and topography. Patients were treated as per standard
f care in case of Vit D insufficiency with oral cholecalcif-
rol supplementation (50,000 IU once a week for the first 3
onths). Maintenance treatment was then continued with

0,000 IU once a month up to month 6 (M6). 
When CXL was performed during the study, the treated

ye (s) was/were not further considered for the analysis.
owever, if the eye had worsened more than 1 D before
XL, it was included among worsened eyes; while if the eye
ad worsened less than 1 D before the procedure, it was ex-
luded from further analysis. 
nts diagnosed with KC and presenting Vit D insufficiency 
hs. Full ophthalmic visits were scheduled at months 0, 2, 4, 
onths 0, 4, 6, 12. In addition, peripheral blood samples were 
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variance. 
Primary outcome 
The primary outcome measure was defined as the percent-
age of patients with Kmax progression of less than 1 D
throughout the 12-month follow-up time. 

Secondary outcomes 
Secondary outcome measures were changes in BSCVA,
Kmax, and TCT, as well as Vit D and calcium serum lev-
els, during the 12-month follow-up time. 

Clinical parameters 
BSCVA, recorded in Snellen equivalents during visits, was
converted into logMAR scale values “Counting finger” was
converted to 2.0, and “hand motion” was converted to 3.0
logMAR values. 16 , 17 BSCVA rate was defined as the differ-
ence between BSCVA at a certain month of follow-up and
BSCVA at enrolment, divided by the number of months
that intercurred between the two-time points, eg, BSCVA
rate at M6 = (M6 logMAR—M0 logMAR)/6. 

Kmax, TCT, epithelial thickness, and stromal thickness
were measured using the MS-39 AS-OCT corneal tomogra-
pher/topographer. Kmax rate and TCT rate were calculated
in a similar manner as the BSCVA rate. 

Thus, an increase in each rate was associated with
KC-related worsening of the index parameter: increased
BSCVA rates meant that BSCVA had decreased over time,
increased Kmax rates meant that Kmax had increased, and
increased TCT rates meant that TCT had reduced. 

• SYSTEMIC BIOMARKER ASSESSMENT AND PBMC ISOLA-

TION: Blood samples were collected at M0, M4, M6, and
M12 to monitor serum 25-OH Vit D and calcium lev-
els through standardized methods: electrochemilumines-
cence immunoassay 18 and the o -cresolphthalein complex-
one method, 19 respectively, using a Cobas C 800 autoana-
lyzer (Roche). At M0 and M6, PBMCs and plasma samples
were isolated using a density gradient centrifugation based
on Ficoll (Lymphoprep; Stemcell Technologies). After col-
lection, the PBMC was stored at –20 °C until further anal-
ysis. 

• ENZYME-LINKED IMMUNOSORBENT ASSAY: Plasma sam-
ples collected at M0 and M6 were centrifuged at 1000 g for
15 minutes at 4 °C to remove debris. 

Supernatants were separated, diluted following the man-
ufacturer’s instructions, and immediately assessed. Highly
sensitive ELISA kits were employed following the man-
ufacturer’s instructions for the determination of matrix
metalloproteinase-9 (MMP9) (EH0238; FineTest), tissue
metalloproteinase inhibitor-1 (EH0294; FineTest), Vit D
binding protein (VDBP) (ab108853, Abcam), and pro-
collagen type 1 C-terminal propeptide (PICP) (EH0957;
FineTest). A 1:2 dilution was used for each marker. 

• REAL-TIME POLYMERASE CHAIN REACTION: PBMC
samples collected at M0 and M6 were used. Total RNA
VOL. 276 VITAMIN D AND
xtraction, DNAse treatment, retrotranscription, and
eal-time polymerase chain reaction were performed as
escribed elsewhere. 20 The following genes were evalu-
ted by the TaqMan Gene Expression Assays (Applied
iosystems): lysyl oxidase (LOX, Hs00942480_m1), Vit
 receptor (VDR, Hs01045843_m1), cytochrome P450
R1 (CYP2R1, Hs01379776_m1), cytochrome P450 27A1
CYP27A1, Hs01017992_g1), cytochrome P450 24A1
CYP24A1, Hs00167999_m1), cluster of differentia-
ion 14 (CD14, Hs02621496_s1), procollagen-lysine, 2-
xoglutarate 5-dioxygenase 2 (PLOD2, Hs01118190_m1),
s well as glyceraldehyde 3-phosphate dehydrogenase
GAPDH, Mm99999915_g1) as a reference gene. Results
re shown as a relative expression with the ��CT method.

RNA SEQUENCING: RNA was isolated from PBMC as de-
cribed in the previous section. Five hundred picograms
NA was used from each sample as template for cDNA
eneration using the Takara Smart-Seq v4 Ultra Low In-
ut RNA kit (Takara Bio USA) following the manufac-
urer’s instructions, with 15 cycles of cDNA amplification.
mart-Seq cDNA was assessed for quality on High Sen-
itivity D5000 Screen Tape Assay on the 4200 TapeSta-
ion System. Starting from 500 cDNA picograms, libraries
ere prepared through a DNA library prep Illumina kit (Il-

umina), following the manufacturer’s instructions. Final
ibraries were quantified (High Sensitivity D5000 Screen
ape Assay) and pooled at 0, 8 nM concentration, then se-
uenced 1 × 100 bp on the Illumina NovaSeq 6000 plat-
orm. One sample failed due to insufficient RNA concen-
ration. 

ioinformatic analysis 
ASTQ sequencing reads were adaptor-trimmed and
uality-filtered with Trimmomatic, 21 prior to mapping
o the hg38 human reference genome ( https://www.
encodegenes.org/human/) with STAR. 22 Gene counts
ere obtained using featureCounts 23 and Genecode ba-

ic annotation v31. Downstream gene expression analysis
as been done using the R/Bioconductor framework. 24 Se-
uencing coverage was considered inadequate for 3 samples,
hich were removed from the analysis. Only genes with a
ean of at least 10 read counts per sample were consid-

red for further analyses. Following this criterion, 12,891
rotein-coding and 6675 noncoding genes were identified,
nd for the sake of this analysis, only protein-coding genes
ere considered. 

rincipal component analysis 
rincipal component analysis (PCA) was performed on the
000 coding genes with the highest amount of variabil-
ty (ie, explanatory power) in our dataset. Based on this
ata, the two main dimensions, dimension 1 (26.2% vari-
nce) and 2 (12.4% variance) were subsequently taken into
onsideration, collectively explaining 38.6% of our dataset
KERATOCONUS 237
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UMAP visualization and unbiased clustering analysis 
The top 9 components of the PCA, collectively explain-
ing 78.8% of our dataset variance, have been used to com-
pute the 6 nearest neighbors for each sample and gener-
ate the Uniform Manifold Approximation and Projection
(UMAP) plot via the umap R package and the unbiased
clustering using the Leiden algorithm (resolution 0.8) via
the igraph R package. 

Differential gene expression analysis 
Differential gene expression (DGE) analysis was performed
in R (version 4.1.1) using DESeq2. 25 Adjusted P values
were obtained based on the Benjamini-Hochberg method.
Genes with a false discovery rate < 10% and absolute
log2FoldChange > 0.25 were considered significant. Differ-
entially expressed genes were subjected to Gene Ontology
analysis using the R/Bioconductor package clusterProfiler. 26 

• CELL TYPE DECONVOLUTION: Deconvolution of the
RNA-seq samples was performed to estimate the contri-
bution of individual PBMCs in defining the bulk tran-
scriptomic profiles of each analyzed sample. In particular,
CIBERSORTx 

27 and a single-cell reference of the human
blood obtained from the Tabula Sapiens consortium 

28 were
used to run the “Impute cell fraction” functionality. 

Variant calling 
Variant calling analysis was performed following GATK
guidelines for RNA-seq. 29 In particular, STAR’s two-pass
mode alignment was performed to improve alignments
around novel splice junctions, duplicate reads were identi-
fied, RNA alignments at intronic positions were converted
to DNA conventions (SplitNCigarReads), and systematic
errors in the base quality scores were detected and corrected
with the BaseRecalibrator tool. Finally, HaplotypeCaller
was used to call variants toward the reference genome. Vari-
ants were then hard filtered using VariantFiltration to ex-
clude likely false-positive ones. Only variants passing filter
were kept in the downstream analysis. 

• STATISTICS: 

Sample size 
Published data suggest that KC progression of at least 1 D at
the apex occurs in more than 80% of cases. 30 We considered
a reduction of KC progression to 50% after 12 months to be
clinically significant in the Vit D—supplemented group as
opposed to 80% in the untreated population. Hence, con-
sidering an alpha error of 0.05 and beta error of 0.2, with 0.8
power, 32 patients were necessary. Considering a potential
loss at follow-up of 20%, we enrolled 40 patients. 

Analysis 
For the primary endpoint, we considered each patient sep-
arately. For all the other analyses, we considered each eye
from the same patient separately. Data were expressed as
238 AMERICAN JOURNAL OF OPHT
tandard error of the mean. The statistical significance of
he differences between the two groups for continuous vari-
bles was assessed using the Wilcoxon signed-rank test. For
ategorical variables, Fisher’s exact test was employed. A
wo-sided P ≤ .05 was considered statistically significant.
Studio software (RStudio, PBC) and Prism 10.0 (Graph-
ad Software) were used for the statistical calculations. 

RESULTS 

BASELINE CHARACTERISTICS: We recruited 40 patients
mean age, 16.6 ± 1.9; range, 12.2-19.9 years) presenting
it D insufficiency (30 ng/mL) and diagnosed with KC in
t least one eye. Ten eyes were excluded from further anal-
sis, as the patients had previously undergone corneal CXL
 Figure 2 ). Most of the patients were males (87.5%). In ad-
ition, 32.5% of patients reported allergies. The patient’s
emographics are summarized in Table 1 . 

CLINICAL PROGRESSION AFTER VIT D SUPPLEMENTA-

ION: Table 2 summarizes the values of Kmax, TCT,
SCVA, and BSCVA at the beginning of the study and 12
onths later. All parameters did not significantly change

uring the 12-month follow-up. Clinical data expressed as
ates did not vary significantly throughout the study, indi-
ating the stabilization of KC progression ( Figure 3 ). 

Corneal pachymetry analysis of epithelial and stromal
hickness showed no significant differences in all variables
2 months after study initiation ( Table 3 ). 

CHANGES IN PLASMA VIT D LEVELS AND METABOLISM:

erum Vit D levels statistically increased up to month
 (49.9 ng/mL) and decreased thereafter, although they
emained above or equal to 30 ng/mL (reference value
or sufficiency) 15 up to month 12 ( Figure 4 , A). Cal-
ium levels remained within the normal range (2.10-
.60 mmol/L) throughout the study, suggesting that the
osage regimen is safe (M4, 2.4683 ± 0.0760 mmol/L; M6,
.4808 ± 0.0866 mmol/L; M12, 2.4543 ± 0.0791 mmol/L).

After 6 months of treatment, patients showed a statisti-
ally significant increase of the levels of VDBP, the princi-
al transporter of Vit D in the plasma ( P = .0049), followed
y a significant increased expression of VDR ( P < .0001),
nd CD14 ( P < .0001), the principal and most rapidly up-
egulated target gene of VDR. 31 Vit D metabolism-related
enes, instead, remained stable across the study ( P = .3945,
 = .0967, and P = .4809, respectively) ( Figure 4 ). 

FULL RNASEQ ANALYSIS OF DIFFERENTIALLY REGU-

ATED GENES AFTER VIT D SUPPLEMENTATION: The 10
ost topographically responder patients and the 10 most
orsened patients were chosen and used for full RNA seq
nalysis. 
HALMOLOGY MONTH 2025



FIGURE 2. Study flow chart. Forty patients (80 eyes) were enrolled. From these, 70 eyes were used for the analysis because 
CXL had already been performed in 10 eyes. Patients were followed for up to 12 months. Five eyes (from three different patients) 
underwent CXL during the study and were excluded from the final analysis. 

TABLE 1. Demographic Characteristics of the Study Population 

KC-Vit D Patients 

Parameter M0 M12 

Patients, n 40 37 

Gender, n 

Male 35 32 

Female 5 5 

Age (y), mean (range) 16.6 (12.2-19.9) 17.5 (13.2-20.9) 

Allergies, n (%) 13 (32.5%) 11 (29.73%) 

TABLE 2. Clinical Parameters Before and After Vit D Supplementation 

KC-Vit D Patients 

Parameter M0 M12 P Values0-12 

Kmax (D), mean ± SD 51.5 ± 6.6 52.1 ± 6.9 .6141 

TCT ( µM), mean ± SD 494.1 ± 32.2 492.2 ± 34.0 .8532 

UCVA (logMAR), mean ± SD 0.23 ± 0.20 0.24 ± 0.26 .6800 

BSCVA (logMAR), mean ± SD 0.11 ± 0.14 0.09 ± 0.16 .292 

Comparison of clinical parameters (Kmax, TCT, UCVA, BSCVA) at M0 and M12. 

VOL. 276 VITAMIN D AND KERATOCONUS 239



FIGURE 3. Vit D supplementation arrests KC progression. (A-C) Quantification of Kmax rate, TCT rate, and BSCVA rate indi- 
cating KC stability over time. Results are expressed in terms of rates (how parameters changed at each time point compared to M0). 
Sample size is indicated in the supplementary material. 

TABLE 3. Epithelial and Stromal Thickness Remains Stable Following Vit D Supplementation 

KC—Vit D 

Variables M0 ( N = 39) M12 ( N = 32) P Value M0-12 

Epithelium 

3 mm ( µm) 50.34 ± 6.13 (32-63) 50.88 ± 6.27 (32-64) .5262 

6 mm ( µm) 

Superior 52.74 ± 4.42 (45-64) 54.39 ± 5.13 (44-65) .08077 

Inferior 54.90 ± 4.70 (46-72) 55.27 ± 4.95 (45-68) .6632 

Nasal 54.98 ± 4.90 (47-68) 55.88 ± 5.95 (46-72) .526 

Temporal 52.40 ± 4.06 (44-63) 52.82 ± 4.37 (44-62) .6075 

8 mm ( µm) 

Superior 48.74 ± 4.66 (41-62) 47.70 ± 4.43 (40-59) .4021 

Inferior 51.47 ± 4.27 (41-63) 51.57 ± 3.98 (42-58) .6248 

Nasal 55.37 ± 4.72 (47-69) 54.30 ± 4.97 (46-69) .2553 

Temporal 52.91 ± 4.05 (44-61) 52.25 ± 4.75 (43-61) .4019 

Stroma 
3 mm ( µm) 457.81 ± 27.56 (374-516) 454.82 ± 29.11 (371-520) .567 

6 mm ( µm) 

Superior 528.68 ± 29.05 (472-599) 528.96 ± 26.86 (473-588) .9459 

Inferior 501.74 ± 26.36 (448-577) 503.88 ± 27.60 (449-584) .8506 

Nasal 511.43 ± 29.29 (454-578) 512.93 ± 28.16 (464-571) .7555 

Temporal 484.00 ± 27.26 (424-588) 482.98 ± 25.32 (421-545) .984 

8 mm ( µm) 

Superior 607.31 ± 39.96 (497-680) 607.32 ± 34.07 (532-678) .9508 

Inferior 577.54 ± 38.20 (512-672) 580.73 ± 37.86 (511-667) .5945 

Nasal 576.69 ± 33.43 (529-651) 577.95 ± 56.40 (426-856) .94 

Temporal 531.81 ± 28.32 (485-607) 534.71 ± 26.56 (479-598) .6075 

Comparison of epithelial and stromal thickness between KC patients at M0 and M12. 

 

 

 

 

 

 

 

 

 

w  

g  

f  

e  

m  

t

•  

w  
Following RNAseq analysis, responders were character-
ized by a noteworthy change in the gene expression profile
compared to nonresponders ( Figure 5 ). To explain this dif-
ference, we visualized our transcriptomic results by means of
a dimensionality reduction strategy, namely PCA (Supple-
mental Data, Figure 1 ), that represented 37% of the overall
variability in the first two dimensions. 

This analysis shows that responders have a coherent sys-
temic response to Vit D (arrow pointing toward the same
direction in the PCA space) resulting in appreciable DGE,
 b  

240 AMERICAN JOURNAL OF OPHT
hile nonresponders do not collectively show a change in
ene expression due to incoherent response profiles inter-
ering with one another and resulting in an overall neutral
xpression. These results suggest that responders have a ho-
ogenous systemic response profile to Vit D supplementa-

ion. 

VDR POLYMORPHISM ANALYSIS: We then wondered
hether the presence of nonresponders could be explained
y different frequency of VDR polymorphisms in differ-
HALMOLOGY MONTH 2025



FIGURE 4. Vit D treatment increases circulating Vit D levels and the expression of VDBP, VDR, CD14. No change in the 
expression of genes associated with Vit D metabolism was observed. (A) Quantification of Vit D levels at four time points. (B) 
Vit D binding protein expression after treatment by ELISA. (C) Quantification of vitamin D receptor expression by PCR. (D-F) 
Evaluation of cytochromes involved in vitamin D metabolism by qPCR. (G) CD14, a vitamin D target gene, is increased after 
treatment. Sample size is indicated in the supplementary material. 
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ent patient cohorts. However, the frequency of VDR poly-
morphisms did not differ between the general population
and either responders or nonresponders ( Figure 6 ). Data on
general population were obtained from the 1000 Genomes
Project Consortium. 32 

• SYSTEMIC INFLAMMATION AND PLATELET ACTIVA-

TION: A blood cell panel was performed to investigate the
systemic effect of Vit D. Upregulated genes were associated
with PBMC cell function processes, and were compatible
with the shift from acquired immunity toward natural im-
munity known to be promoted by Vit D. 33 Interestingly,
pathway enrichment showed that the main genes that were
downregulated in responders pertained to platelet activa-
tion pathways associated with a residual platelet fraction
found in PBMC samples ( Figure 7 ). 

To rule out the possibility of procedural errors causing
selective platelet contamination, we reviewed preparation
batches. All preparations were processed with the same
methods and reagents. Two preparations were done on the
same day, while all other preparations were conducted on
separate days. 

Subsequently, estimation of cell type abundances was
performed using a single-cell-based deconvolution method.

The analysis was performed using CIBERSORTx 

27 (a
tool that provides an estimation of the abundances of mem-
VOL. 276 VITAMIN D AND
er cell types in a mixed cell population, using gene ex-
ression data). Single-cell expression references were taken
rom the Tabula Sapiens consortium portal. 28 

Absolute quantification of platelet content in the differ-
nt samples highlighted a general decrease of platelet con-
ent after Vit D treatment ( Figure 8 , A). The homogenous
attern of estimated platelet count variation before and af-
er supplementation was not compatible with casual differ-
nces in platelet fraction. Therefore, we interpreted this
ata as a numerical decrease in the platelet fraction asso-
iated with PBMC sample preparation, and/or a decrease of
NA transcripts in platelets. 
Interestingly, a decrease in platelet number and platelet-

ymphocyte ratio, a well-known inflammatory index 

34 was
ound after treatment ( Figure 8 , B and C), which was more
vident in responders ( Figure 8 , D). These data further cor-
oborate the hypothesis that Vit D supplementation reduces
ystemic inflammation in KC patients. 

UNBIASED CLUSTERING OF RNA-SEQ SAMPLES RE-

EALS TRANSCRIPTIONAL PROFILES ASSOCIATED WITH

LATELET DECREASE IN RESPONSIVE PATIENTS: To fur-
her characterize the transcriptional response to Vit D treat-
ent, we performed an unbiased clustering analysis based

n the neighborhood of our samples in the transcriptional
pace. In addition, we exploited UMAP to better visualize
KERATOCONUS 241



FIGURE 5. Vit D supplementation induces a characteristic pattern of differentially expressed genes (DEG) that is observed in 

responders but is absent in nonresponders. (A) Bar plot of total number of differentially expressed genes (DEGs) for three groups: 
all patients, responders to treatment and nonresponders, highlighting a different RNA expression in response to treatment (note 
that the “all patients” bar is not the algebraic sum of the two subgroups, as the same amount of upregulation/downregulation of the 
same gene in a population averages out as neutral expression); (B-D) Volcano plots showing significant (above the horizontal line) 
gene regulation in the total RNA-seq population (B), in responders (C) and nonresponders (D) (M0 n = 20; M6 n = 20). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

t  

t  

c  

e  

t  

s  

c  

i

•  

M  

(  

a
 

c
 

t  

s  

r  

b  

insufficient. 
the complex transcriptional space (see methods). UMAP
embedding and clustering analysis of our dataset revealed
4 transcriptional clusters with different representation in
terms of clinical groups ( Figure 9 , A). Clusters 1 and 2 were
represented mainly by untreated patients. Conversely, clus-
ters 3 and 4 were represented mainly by treated patients
( Figure 9 , B, left panel). Further stratification of patients
by their responses to Vit D revealed that, among clusters
associated with the treatment, cluster 3 was mainly associ-
ated to nonresponder patients, while cluster 4 was exclusive
for responders ( Figure 9 , B, right panel). Clusters were also
associated with Vit D and platelets levels, with a progres-
sion from low Vit D levels and high platelets in cluster 1 to
high Vit D levels and low platelets in cluster 4 ( Figure 9 ,
C). This data supports the evidence that the Vit D levels,
platelet count can be associated to responders and nonre-
sponders by means of their transcriptional profiles. To char-
acterize transcriptional differences among the clusters, we
performed DGE analysis of each cluster against all the oth-
ers. This analysis confirmed that cluster 1, which is pecu-
liar of untreated patients, is associated with platelets ac-
tivation. Cluster 3, peculiar of treated nonresponsive pa-
242 AMERICAN JOURNAL OF OPHT
ients, is associated with the modulation of immune sys-
em mediated by interleukins ( Figure 9 , D). Cluster 4, pe-
uliar of treated responsive patients, is associated with the
xpression of different HLA genes and other genes related
o the antigen processing ( Figure 9 , D). Overall, this analy-
is supports that Vit D could exert different transcriptional
hanges in responders and nonresponder patients, involv-
ng different immune system response. 

COLLAGEN AND EXTRACELLULAR MATRIX TURNOVER:

MP9 was significantly reduced after treatment ( P < .01)
 Figure 10 , A). A significant increase of MMP inhibitor was
lso observed ( P = .0274) ( Figure 10 , B). 

The gene expression of procollagen type I was signifi-
antly decreased ( P < .0001) ( Figure 10 , C). 

Processes involved in keratan sulfate (a proteoglycan
hat participates in corneal extracellular matrix compo-
ition) metabolic and biosynthetic processes were en-
iched in responders ( Figure 11 ). The analysis could not
e carried out in nonresponders as DEG expression was
HALMOLOGY MONTH 2025



FIGURE 6. The frequency of VDR polymorphisms does not differ between responders, nonresponders, and the general population, 
as shown by RNA-seq polymorphism analysis (M0 n = 20; M6 n = 20). 
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DISCUSSION 

KC has been traditionally considered a noninflammatory
corneal degeneration, characterized by progressive changes
in corneal structure and organization of collagen. The con-
cept that KC may be considered the ocular manifestation of
a systemic disease is supported by several clinical findings,
including substantial KC comorbidities, 4 exceedingly high
rates of KC associated with certain systemic genetic disor-
ders, 4 and epidemiology studies. 12 , 35 Interestingly, most, if
not all, of these disparate disorders share a high prevalence
of Vit D deficiency. Interestingly, Vit D insufficiency is also
common in children and adolescent patients, possibly be-
cause of reduced sunlight exposure 36 although other factors
could contribute (eg, obesity). 37-45 

In 1937, Blackberg and Knapp 

46 reported the results of
their experiments on Vit D-deprived dogs and rats, describ-
ing a link with the development of KC. Two years later,
Knapp reported KC improvement (measured on casts of
 o

VOL. 276 VITAMIN D AND
yes before and after treatment) upon administering Vit D
upplementation. 46 However, technologies available at the
ime do not allow to draw definitive conclusions, nor they
rovide a potential mechanism for this clinical observation.

Recently, a renewed interest for the function of Vit D in
orneal homeostasis and KC pathogenesis has arisen. 47 A
eta-analysis by Gupta et al has drawn the conclusion that
it D levels are significantly lower in KC patients compared

o the general population. Quite notably, Vit D correlated
ith the aggressiveness of the disease: lower serum levels
ere associated with progressive disease. 11 , 12 , 14 , 48-50 How-
ver, the molecular mechanisms behind this interaction
ere still unclear. We previously showed that Vit D supple-
entation is associated with reduced markers of systemic

ollagenolysis and may promote KC stability. In this study,
e expanded the treated cohort and provided full RNAseq
nalysis of a patient subset. Our data corroborate those from
ur previous paper as 65% of patients (72% of eyes) re-
ained stable for 1 year, which is remarkable considering

hat adolescent patients generally show much higher rates
f progression. 14 
KERATOCONUS 243



FIGURE 7. Vit D modulates platelet function and immunity by downregulating platelet-related processes and upregulating selected 
immune-related processes. The figure shows the most downregulated and upregulated processes after supplementation in the RNA 

seq population. 
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FIGURE 8. Platelet/Lymphocyte ratio decreases after Vit. D supplementation, more evidently in responders. (A) Platelet-related 
gene expression decreases in the RNA-seq population after treatment; (B) lymphocyte-related genes remain stable after treatment; 
(C) PLR decreases after treatment in the total population, more evidently in responders (D). All graphs are represented as box plots 
(M0 n = 20; M6 n = 20). 
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• CLINICAL FINDINGS: Our findings support that KC is a
partially systemic disease and that Vit D is a key factor for
the biomechanical stability of the cornea. Indeed, we have
shown that KC remained stable (Kmax change < 1 D)
in 24 patients (65%) and 49 eyes (75%) over 12 months
following Vit D supplementation. Although in this study
we did not have a control group, data from the literature
clearly shows that in a similar age range, KC progression
occurs in 80%-up to 90% of cases in children. 51 We be-
lieve that the effects of Vit D show promise for the sta-
bilization of the disease. Interestingly, TCT, UCVA, and
VOL. 276 VITAMIN D AND
SCVA also remained stable at month 12 as well as epithe-
ial and stromal thickness. In our study, only 25% of KC eyes
orsened during the 12 months of follow-up. These data
onfirm our initial observations in a smaller subgroup of
atients. 14 

BIOLOGICAL MECHANISM (S) EXPLAINING CLINICAL

ATA: To find a biological mechanism that could explain
ur clinical data, we first analyzed Vit D metabolism ex-
ensively. Serum Vit D levels after enrollment were signifi-
antly increased for the following 12 months and remained
KERATOCONUS 245



FIGURE 9. UMAP plots demonstrating cell clustering changes before and after vitamin D supplementation. (A) UMAP represen- 
tation of the RNA-seq dataset, colored by clinical group (left) or Leiden transcriptional cluster (right); (B) bar plots representing 
the fraction of treated and untreated patients (left), or responders and nonresponders (right), within each Leiden transcriptional 
cluster. (C) Boxplots representing the vitamin D (left) or platelets estimated abundance (right) within each Leiden transcriptional 
cluster. (D) Top 5 BioPlanet pathways enriched among the DEGs of each Leiden transcriptional cluster compared to others. 

FIGURE 10. Vit D treatment reduced collagen turnover. Quantification of matrix metalloproteinase-9 (A), metallopeptidase in- 
hibitor (B), procollagen type I synthesis (C). All measurements are performed by means of ELISA assays. 
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above or equal to 30 ng/mL, which is the reference value
for sufficiency. 15 After Vit D supplementation, the levels of
VDBP rose, increasing Vit D transport to its inducible re-
ceptor, whose expression was eventually upregulated. All
genomic and biological actions of the active form of Vit
D are mediated by the transcription factor VDR, which is
246 AMERICAN JOURNAL OF OPHT
he only protein that binds 1 α, 25 (OH) 2 D3 effectively at
ubnanomolar concentrations. 52 , 53 These data indicate ad-
quate treatment compliance and appreciable activation of
ystemic pathways related to Vit D. 

Interestingly, however, the systemic biological response
o Vit D supplementation was not uniform in our popu-
HALMOLOGY MONTH 2025



FIGURE 11. Keratan sulfate metabolism-related genes 
are increased in responder patients. The DEG anal- 
ysis could not be carried out in nonresponders due 
to the limited differential gene expression (as seen 

in Figure 5 , D). Genes involved in keratan sulfate 
metabolic processes: CHST2/SLC35D2/GNS/ST3GAL2. 
Genes involved in keratan sulfate biosynthetic process: 
CHST2/SLC35D2/ST3GAL2. 
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lation. A notable factor of differentiation between clini-
cal responders and nonresponders was RNA seq coherence
in treatment response. Responders displayed a coherent re-
FIGURE 12. Hypothesis of the biological mechanisms leading to sta

VOL. 276 VITAMIN D AND
ponse to the treatment allowing the identification of sig-
ificantly regulated genes and mechanisms, whereas non-
esponders showed lack of total DEG changes. It should be
oted that this observation does not imply that there was
o transcriptional response to supplementation in nonre-
ponders, but rather an incoherent response resulting in re-
iprocal annihilation of changes in single genes (as found
ith PCA analysis, see Supplemental Data). 
The difference in expression between the two groups sug-

ests that responders have a functional response to Vit D
upplementation, while nonresponders may have patterns
f systemic response that are different from each other, with
ariable degrees of dysfunctionality. Other predisposing fac-
ors not analyzed in this study may have worsened the clin-
cal course for this subgroup. 

Because VDR polymorphisms can influence systemic re-
ponse to Vit D, we performed a variant analysis on our
opulation, which showed no difference in the prevalence
f any single variant between responders or nonrespon-
ers, or the general population. Therefore, our analysis
upports that variant distribution does not play a role in
ifferential Vit D response, both systemic and in terms
f protection against KC evolution. Vit D exerts sev-
ral VDR-independent biological activities. Indeed, it can
irectly/indirectly modulate mitochondrial function and
etabolism and have cell-protective properties. 54 

As expected, Vit D supplementation affected the sys-
emic inflammatory framework. While the etiopathology
f KC remains unknown, evidence accumulating in recent
bilization of KC progression. 
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years suggests that inflammation may be involved in KC
progression. 55 , 56 For instance, it has been proposed that
atopy (probably through the effect of eye rubbing) is a pre-
dictor of KC progression. 57 Systemic inflammatory indexes,
including platelet-lymphocyte ratio, have been found to be
higher in patients with KC than in healthy controls. 58 

A possible association with thyroid gland disease has also
been found 

59 although there is no unanimous consensus on
this matter. 60 It is known that inflammatory cells produce
metalloproteinases which lead to collagen degradation. In-
deed, MMPs can be induced by proinflammatory cytokines,
including IL-1, IL-6, and TNF. 61 , 62 

Our observation that the expression of soluble CD14 is
increased after Vit D supplementation corroborate these
findings because it has been shown that it reduces the ex-
pression of proinflammatory cytokine Interleukin 8. 63 

Platelet-activation processes were upregulated in the
study population following supplementation. Batch review
revealed that the presence of a small fraction of platelets was
systematic and not influenced by procedural errors. Interest-
ingly, an inverse correlation between Vit D and platelets has
been reported: Vit D deficiency is associated with increased
platelet count. 64-66 

VDR is present in platelets, and VDR knockout mice
have increased thrombogenicity. 67 In platelets, VDR has
a nontranscriptional role (as they lack a nucleus), but it
plays a direct role in calcium-dependent activation. 68 In
conclusion, our data shows a down-regulation of platelet-
related transcript at M6 which could reflect actual changes
in platelet count and/or platelet activation (as it has been
suggested before). 69 

Inflammation and platelet activation are deeply asso-
ciated, 70 , 71 and platelet count is significantly associated
with platelet activity. 72 Interestingly, it has been reported
that reduced platelet activation also inhibits the activa-
tion of latent MMPs into active MMPs through pros-
toglandin E2, and tissue-type plasminogen activator, 73 , 74 

which could explain our observation of reduced MMP9 ex-
pression and collagenolysis in Vit D supplemented patients.
Finally, Vit D inhibited systemic collagenolysis-as demon-
strated by reduced MMP9 and increased tissue metallo-
proteinase inhibitor-1 expression- and promoted preoteo-
glycan biosynthesis. It should be noted that the cornea is
composed by large amounts of collagen and that the ori-
entation and stability of collagen lamellae is maintained
by a highly organized proteoglycan architecture. 75 There-
fore, our observations strongly point to a therapeutic role
of Vit D supplementation in KC, because it is well-known
that KC corneas undergo progressive disruption of colla-
gen fibers, 8 , 76 and also profound alterations of proteoglycan
composition, specifically keratocan. 77 Moreover, our data
suggest that Vit D supplementation inhibits systemic profi-
brotic pathways. Specifically, our observation that Vit D
regulates collagen turnover is corroborated by its additional
role in the metabolism of copper, a key cofactor for colla-
gen CXL, which we reported before in the setting of KC. 14 
248 AMERICAN JOURNAL OF OPHT
it D may also play a direct role in cofactor availability for
XL reactions, as we previously observed. 14 

To further dig into our transcriptomic analysis, we per-
ormed unsupervised clustering analysis and UMAP visu-
lization. The unbiased clusters found with our approach
argely resembled both the treatment and the clinical fea-
ures of our samples, with clusters represented by untreated
atients and others by responsive or nonresponsive samples.
his analysis supported the use of transcriptomics both to
valuate the response to Vit D treatment and to identify
ifferences in the treatment effects between the responsive
nd the unresponsive population. Moreover, the compari-
on between clusters associated with responsive and nonre-
ponsive treated samples highlighted a different activation
f the immune processes following Vit D administration,
upporting the idea of a specific role of the immune system
n the progression of the disease. 

We acknowledge that our study has some limitations.
irst, a randomized clinical trial will be needed to defini-
ively confirm our results. Second, additional studies, con-
ucted on larger cohorts, will also be helpful to validate
iomarkers and RNAseq to reduce confounding factors
inked to interindividual variability. Third, platelet con-
amination may have led to systemic bias in RNAseq anal-
sis. However, the consistency of trends from M0 to M6
mong the whole patient population makes this occurrence
ighly unlikely, and strongly suggest that such changes are
ot casual. In any case, addition of a complete blood count
est will have to be implemented in future studies. 

In conclusion, we suggest that KC is the local manifesta-
ion of a systemic disease, and we hypothesize that systemic
nflammation, platelet activation, and collagen degradation
lay a primary role in this process. Eye rubbing, recurrent
llergic/vernal conjunctivitis are well-known factors associ-
ted with KC progression and could well be local actors of
his systemic proinflammatory condition. As such, the ex-
loration and introduction of a systemic treatment may be
eneficial. Here, we have shown that (1) Vit D may reduce
he progression rate of KC in pediatric patients with Vit
 insufficiency, and this clinical observation is associated
ith (2) reduced markers of systemic inflammation, platelet
ount and/or activation, and extracellular collagen matrix
egradation. 

The modulation of systemic inflammation (both directly
nd through decreased platelet activation/numbers) and
he increased extracellular matrix stability which we mea-
ured in the blood is parallelled by clinical measures of sub-
tantial KC stability ( Figure 12 ). In fact, we found spe-
ific patterns of differential gene regulation between re-
ponders and nonresponders. Interestingly, we found a sig-
ificant reduction in platelet/lymphocyte ratio after treat-
ent only in responders. These transcriptomic observa-

ions suggest that systemic response and KC progression
n our population tended to occur together, pointing to a
ole of Vit D as a modifier of the clinical course of KC in
esponders. 
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Importantly, our findings also suggest that platelet/
lymphocyte ratio is a minimally invasive, inexpensive
marker of KC stability during Vit D supplementation. 
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