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Abstract

Vitamin D3 is a pleiotropic fat-soluble hormone precursor whose biologically active
metabolite, 1a,25-dihydroxyvitamin D3 (1,25(OH)2Ds), regulates gene expression through
the nuclear receptor vitamin D receptor (VDR). Despite decades of clinical
supplementation trials and widespread public health interest, the molecular basis of its
health effects has remained poorly resolved. A central and underappreciated reason for this
failure is that individuals respond to vitamin D3 supplementation with striking and
reproducible interindividual variability. Some people activate hundreds of target genes
robustly, while others show minimal transcriptomic change even when their serum vitamin
D levels rise equivalently. This thesis investigates the origins, cross-population

distribution, molecular composition, and mechanistic basis of that variability.

Four studies define the experimental arc. The VitDHiD intervention trial (NCT03537027;
25 healthy Finnish participants) used RNA-seq (RNA sequencing) to characterise the
genome-wide transcriptional response to a single high-dose vitamin D3 bolus in peripheral
blood mononuclear cells (PBMCs), identifying 452 in vivo target genes and enabling the
first transcriptomics-based classification of individuals into high, mid, and low vitamin D
responders [27]. A Saudi Arabian cohort of 100 participants independently confirmed [2]
that low responders exist at comparable frequencies in a genetically distinct, vitamin D-
insufficient, population (though living in a sun-rich country), establishing the broader view
of the response index across geographies. The VitDPAS study (NCT06104111; 45 Polish
participants; three monthly bolus cycles) replicated and extended these findings,
identifying a conserved 26-gene core whose dominant signature [30], is the downregulation
of NFkB (nuclear factor kappa B) pathway inhibitors, suggesting enhanced immune
readiness. Finally, 287 longitudinal RNA-seq libraries from VitDPAS were used to build
and validate an ordinary differential equation (ODE)-based regulatory kernel of 11
transcription factors (TFs) and 117 interactions that mechanistically explains
interindividual variability, with the TP53-AP1-MYC regulatory axis (comprising the
tumour suppressor tumor protein P53 (TP53), the activator protein 1 (AP1) TF complex,
and the proto-oncogene MYC, a bHLH TF) emerging as the principal discriminator

between high and low responders.
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This thesis establishes that the vitamin D response index is a mechanistically tractable,
widely distributed biological property, encoded in each individual’s pre-existing
transcriptional regulatory architecture and mechanistically predictable from baseline
immune cell gene expression before any supplementation begins. The findings provide both
a biological reframing of vitamin D’s immune role and a quantitative foundation for

personalised supplementation strategies.

Keywords: vitamin D - response index - transcriptomics - RNA-seq - PBMCs - focal
adhesion - ODE modeling - TP53-AP1-MYC - personalised supplementation - human

intervention trial - epigenetic memory
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Streszczenie (Abstract in Polish)

Witamina D3 jest plejotropowym, rozpuszczalnym w thuszczach prekursorem hormonu,
ktérego biologicznie aktywny metabolit, 1a,25-dihydroksywitamina D3 (1,25(OH)2D3),
reguluje ekspresje genow docelowych za posrednictwem jadrowego receptora witaminy D
(VDR). Pomimo dziesigcioleci badan klinicznych nad suplementacja oraz szerokiego
zainteresowania zdrowiem publicznym, molekularne podstawy jej efektow zdrowotnych
pozostaja stabo poznane. Kluczowym, a czgsto niedocenianym powodem tego stanu rzeczy
jest fakt, ze odpowiedz na suplementacj¢ witaming D3 wykazuje u ludzi wyrazng i
powtarzalng zmienno$¢. U niektorych osob dochodzi do silnej aktywacji setek genow
docelowych, podczas gdy u innych obserwuje si¢ minimalne zmiany transkryptomiczne,
mimo podobnego wzrostu st¢zenia witaminy D w surowicy. Niniejsza praca bada zrodta
tej zmiennosci, jej rozktad w réznych populacjach, sktad molekularny oraz mechanistyczne

podstawy.

Cztery badania wyznaczaja eksperymentalny zakres pracy. Badanie interwencyjne
VitDHiD (NCT03537027; 25 zdrowych uczestnikow z Finlandii) wykorzystato
sekwencjonowanie RNA (RNA-seq) do scharakteryzowania odpowiedzi transkrypcyjnej w
catlym genomie na pojedyncza wysoka dawke witaminy D3 w komorkach jednojadrzastych
krwi obwodowej (PBMC), identyfikujac 452 geny docelowe in vivo 1 umozliwiajac
pierwszg klasyfikacje oparta na transkryptomice — podziat na osoby o wysokiej, $redniej i
niskiej responsywnosci na witaming D [27]. Kohorta 100 uczestnikoéw z Arabii Saudyjskiej
niezaleznie potwierdzila [2], ze osoby stabo reagujace wystepuja z poréwnywalng
czestoscig w genetycznie odmiennej populacji z niedoborem witaminy D (mimo zycia w
kraju o duzym nastonecznieniu), co dowodzi uniwersalnosci wskaznika odpowiedzi w
réznych regionach geograficznych. Badanie VitDPAS (NCT06104111; 45 uczestnikow z
Polski; trzy miesigczne cykle bolusowe) powtorzyto 1 rozszerzyto te wyniki, identyfikujac
konserwowany zestaw 26 gendéw, ktorego dominujgca cecha [30] — regulacja w dot
inhibitoréw szlaku NF«B (jadrowego czynnika kappa B) — sugeruje zwigkszong gotowos¢
immunologiczng. Ostatecznie 287 bibliotek RNA-seq z pomiarow podtuznych
przeprowadzonych w ramach badania VitDPAS wykorzystano do stworzenia 1 walidacji
modelu regulacyjnego opartego na réwnaniach roézniczkowych zwyczajnych (ODE),

obejmujacego 11 czynnikéw transkrypcyjnych (TF) 1 117 interakcji, ktéry mechanistycznie
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wyjasnia zmienno$¢ migdzyosobniczg. O$ regulacyjna TP53—AP1-MYC (obejmujaca
supresor nowotworowy TP53, kompleks czynnika transkrypcyjnego AP1 oraz proto-
onkogen MYC) okazata si¢ gtdéwnym czynnikiem roznicujacym osoby silnie 1 stabo

reagujace.

Niniejsza praca dowodzi, ze wskaznik odpowiedzi na witaming D jest uniwersalna,
mozliwa do mechanistycznego opisania cecha biologiczng, zakodowang w istniejacej
wczesniej architekturze regulacjyjnej transkrypcji kazdego czitowieka, i mozliwa do
przewidzenia na podstawie profilu ekspresji genéw w komoérkach uktadu odpornosciowego
jeszcze przed rozpoczeciem suplementacji. Wyniki te dostarczaja zard6wno nowego
spojrzenia na role witaminy D w odpornosci, jak 1 iloSciowej podstawy dla

spersonalizowanych strategii suplementacji.

Stowa kluczowe: witamina D - wskaznik odpowiedzi - transkryptomika - RNA-seq - PBMC
- VitDHID - VitDPAS - kohorta saudyjska - adhezja ogniskowa - NFkB - HLA-C -
modelowanie ODE - TP53-API-MYC - pamieé epigenetyczna - spersonalizowana

suplementacja
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Abbreviations

1,25(0H):Ds

25(0H)Ds
API1

ATAC-seq

BMI
CAMP

CD14
ChlIP-seq
CPM
CSRNPI1

Cv
CYP24A1

CYP27B1

CYP2R1
D-HEALTH

DEFB4

DEG
DESeq2

la,25-Dihydroxyvitamin D3 (biologically active form of vitamin
D)
25-Hydroxyvitamin D3 (biomarker of vitamin D status)

Activator protein 1 (TF complex comprising FOS and JUN family

subunits; responds to cytokines, growth factors, and stress signals)

Assay for transposase-accessible chromatin with high-throughput

sequencing
Body mass index

Cathelicidin antimicrobial peptide (innate immunity; vitamin D

target gene)

CD14 molecule (monocyte marker; vitamin D target gene)
Chromatin immunoprecipitation sequencing

Counts per million (RNA-seq normalization unit)

Cysteine and serine rich nuclear protein 1 (TF; vitamin D target

gene)
Coefficient of variation

Cytochrome P450 24A1 (vitamin D catabolizing enzyme; vitamin

D target gene)

Cytochrome P450 27B1 (renal 1o-hydroxylase; vitamin D target

gene)
Cytochrome P450 2R1 (hepatic 25-hydroxylase)

D-HEALTH Trial (Australian randomised controlled trial; 3,340

IU vitamin D3/day for 5 years; all-cause mortality endpoint)

Defensin beta 4A (B-defensin; innate antimicrobial peptide;

vitamin D target gene)
Differentially expressed gene

Differential expression analysis using a negative binomial model

(Bioconductor R package)
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DHCR?7

DoRothEA

EGRI
ELISA
ETS1/ETS2

FAIRE-qPCR

FC /logFC
FDR

FOS

FOSB

GC / VDBP

GEO

GRN
H3K27ac
H3K4me3
HBB
HIF1A
HLA-C

IFI44L

IFITI

IL6 /ILS8

ITGA2B

7-Dehydrocholesterol reductase

Discriminant Regulon Expression Analysis (Curated TF-target

gene regulatory interaction database)

Early growth response 1 (immediate-early stress TF)
Enzyme-linked immunosorbent assay

ETS proto-oncogene 1 /2 (TFs)

Formaldehyde-assisted identification of regulatory elements by

quantitative polymerase chain reaction (PCR)

Fold change / log> fold change

False discovery rate (Benjamini-Hochberg correction)
Fos proto-oncogene, AP1 TF subunit

FosB proto-oncogene, AP1 TF subunit

Vitamin D-binding protein (serum transport for vitamin D

metabolites)

Gene Expression Omnibus (NCBI public repository for functional

genomics data)

Gene regulatory network

Histone H3 lysine 27 acetylation (active enhancer mark)
Histone H3 lysine 4 trimethylation (active promoter mark)
Hemoglobin subunit beta

Hypoxia-inducible factor 1 subunit alpha (TF)

Human leukocyte antigen C (major histocompatibility complex

(MHC) class I; vitamin D target gene)

Interferon induced protein 44 like (interferon-stimulated gene;

baseline variability marker)

Interferon induced protein with tetratricopeptide repeats 1

(antiviral innate immune gene)

Interleukin 6 / 8 (proinflammatory cytokines; response index

biomarkers)

Integrin subunit alpha 2B (focal adhesion; vitamin D target gene)
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ITGB3
ITGBS
IU

IxBa

JCHAIN

JUN/JUNB
JUP

MDS
MHC
MYC

MYL9
MYLK

NFKBIA / NFKBIZ

NFkB / NFKB1
NK

ODE

PBMC

PTH

RNA-seq

RXR

Saudi Cohort

Integrin subunit beta 3 (focal adhesion; vitamin D target gene)
Integrin subunit beta 5 (focal adhesion; vitamin D target gene)

International unit (standard unit for vitamin D dose; 1 IU = 0.025

ug vitamin D3)

Inhibitor of kappa B alpha (encoded by NFKBIA; canonical NFk-
&#954;B inhibitory protein)

Immunoglobulin J chain (B cell/plasma cell marker; baseline
variability gene)

Jun / JunB proto-oncogenes, AP1 TF subunits

Junction plakoglobin

(cell—cell adhesion protein;

desmosomal/adherens junction component)
Multidimensional scaling (transcriptome visualization)
Major histocompatibility complex

MYC proto-oncogene, bHLH TF (master regulator of

proliferation and metabolism)
Mpyosin light chain 9 (focal adhesion effector; vitamin D target)

Myosin light chain kinase (focal adhesion effector; vitamin D

target)

NF«B inhibitor alpha / zeta (conserved vitamin D response core

genes)

Nuclear factor kappa B / subunit 1 (master inflammatory TF)
Natural killer (cell; innate immune lymphocyte)

Ordinary differential equation

Peripheral blood mononuclear cell

Parathyroid hormone

RNA sequencing (genome-wide transcriptome profiling)
Retinoid X receptor (VDR heterodimerization partner)

Study of 100 Saudi participants supplemented with vitamin D3
bolus (Chapter 4)
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SIGLECI

STAR

STAT1/STAT3

STRING

Thl

Tul7

THBD

TMM
TNF

TNFAIP3
TP53

Tregs

TRPV6

TSS
UvB

VDR
VDRE
VIiDA

Sialic acid  binding immunoglobulin-type lectin 1

(monocyte/macrophage marker; baseline variability gene)

Spliced Transcripts Alignment to a Reference (ultrafast RNA-seq

aligner)
Signal transducer and activator of transcription 1 / 3

Search Tool for the Retrieval of Interacting Genes/Proteins
(protein interaction network database used for gene set

enrichment visualisation)

T helper 1 (lymphocyte subset; drives cell-mediated immunity;

suppressed by vitamin D)

T helper 17 (lymphocyte subset; drives mucosal inflammation;

suppressed by vitamin D)

Thrombomodulin (anticoagulant glycoprotein; primary vitamin D

target gene)
Trimmed mean of M-values (edgeR normalization)

Tumor necrosis factor (proinflammatory cytokine; response index

biomarker)

TNF alpha-induced protein 3 (vitamin D target gene)

Tumor protein P53 (master stress-sensing TF)

Regulatory T cells (suppressive lymphocytes; vitamin D target
population)

Transient receptor potential vanilloid 6 (epithelial calcium
channel; vitamin D target gene)

Transcription start site

Ultraviolet-B  radiation (290-315 nm; required for skin

vitamin D3 synthesis)
Vitamin D receptor (nuclear receptor TF)
Vitamin D response element (VDR genomic binding site)

Vitamin D Assessment study (New Zealand Randomised
Controlled Trial; 100,000 IU monthly)
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VITAL

VitDbol

VitDHiD

VitDmet

VitDPAS

VITamin D and OmegA-3 TriaL (US RCT; 2,000 IU/day;
n=25,871)

Vitamin D bolus trial (NCT02063334; Kuopio, Finland; FAIRE-
qPCR chromatin study; Chapter context only)

Vitamin D Human in vivo Dose trial (NCT03537027; Kuopio,
Finland; Chapter 3)

Vitamin D metabolism trial (NCT01479933; Kuopio, Finland;
first response index study)

Vitamin D Polish Academy of Sciences trial (NCT06104111;
Olsztyn, Poland; Chapters 5-6)
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Reader’s Guide to the Studies in This Thesis

This thesis is built around three focal experimental studies (VitDHiD, the Saudi Cohort,
and VitDPAS) conducted between 2018 and 2025, and draws on two earlier precursor
studies (VitDmet and VitDbol) that established the key concepts and classification method.
Each study has a short codename used consistently throughout the text. A reader coming to
this work without prior familiarity with the Nutrigenomics team will find it helpful to
understand these studies before reading further. The two precursor studies are described

first as background while the three focal studies are the basis of the appended papers.

VitDmet (Vitamin D Metabolism Trial, NCT01479933): Conducted in Kuopio, Finland
over five months in 71 pre-diabetic individuals. VitDmet measured the expression of
vitamin D target genes, particularly CD/4 (CD14 molecule) and THBD (thrombomodulin),
in PBMCs and adipose tissue by quantitative Polymerase Chain Reaction (QPCR) [18].
Crucially, it found that only the top half of participants ranked by their serum 25-
hydroxyvitamin D3 (25(OH)D3) response showed a positive correlation between gene
expression changes and vitamin D status, revealing for the first time that individuals differ
reproducibly in their molecular responsiveness. VitDmet introduced the concept later
formalised as the vitamin D response index. It is referenced in this thesis as historical

context and is not one of the four appended papers.

VitDbol (Vitamin D Bolus Trial, NCT02063334): Conducted in Kuopio, Finland in 40
healthy adults receiving a single oral vitamin D3 dose (2,000 micrograms), with blood
collected before supplementation and at days 1, 2, and 30. Within 24 hours, serum
25(OH)D3 and 1,25(OH)2D3 rose approximately 20%. Rather than genome-wide
transcriptomics, VitDbol assessed immune cell chromatin accessibility at selected genomic
loci by FAIRE-qPCR (Formaldehyde-assisted identification of regulatory elements by
quantitative polymerase chain reaction), alongside PTH (parathyroid hormone)
measurements, to classify participants into 14 high, 11 mid, and 10 low vitamin D
responders [33]. This established both the bolus design and the individual responsiveness
classification concept that all subsequent studies built upon [33]. VitDbol is referenced for

context and its data are not appended.
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VitDHiD (Vitamin D Human in vivo Dose Trial, NCT03537027): Conducted in Kuopio,
Finland in 2018; 40 healthy adult participants. This is the first appended paper (Chapter 3)
and the foundation of the thesis. Participants received a single high-dose vitamin D3 bolus.
Blood was taken before the dose (day 0) and 24 hours after (day 1). RNA-seq was
performed on PBMCs. Key findings include 452 vitamin D target genes highlighting
dominant upregulation of focal adhesion genes and first transcriptomic classification of

individuals as high, mid, or low vitamin D responders.

Saudi Cohort: Conducted at King Abdulaziz University, Jeddah, Saudi Arabia; 100 adult
participants with documented vitamin D deficiency. This is the second appended paper
(Chapter 4). Participants received a bolus of vitamin D3 and blood cytokines (IL6, ILS8, and
TNF (interleukin 6, interleukin 8, and tumor necrosis factor)) were measured by ELISA
(Enzyme-linked immunosorbent assay). A subset of 37 participants also had seven vitamin
D target genes quantified by qPCR. Full RNA-seq was not performed due to budget
constraints. Key finding is that low vitamin D responders exist at comparable rates in this
sun-rich, genetically distinct population, establishing geographic universality of the

response index.

VitDPAS (Vitamin D Polish Academy of Sciences Trial, NCT06104111): Conducted in
Olsztyn, Poland from 2023-25; 45 healthy adult participants. This study provides the data
for both Chapter 5 and Chapter 6. Participants received three monthly bolus doses of
vitamin D3 (weight-adjusted: 1,000 IU (international units) per kg body weight) and blood
was taken at seven time points across twelve weeks. RNA-seq was performed at every time
point, generating 287 total sequencing libraries. Chapter 5 analyses the first acute response
and cross-cohort comparison with VitDHiD. Chapter 6 uses the full longitudinal dataset for

mechanistic mathematical modelling.

A note on the mathematical model (Chapter 6): The ODE model built in Chapter 6 is a
mathematical description of how 11 key regulatory proteins interact over time to produce
the observed gene expression patterns. No prior knowledge of differential equations is
required to follow the biological argument: the model is a tool for asking “which molecular
interactions are necessary and sufficient to explain why high responders respond more than

low responders?”’
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Chapter 1

General Introduction

“In questions of science, the authority of a thousand is not worth

the humble reasoning of a single individual.”

— QGalileo Galilei

1.1 Vitamin D: From Sunlight to Endocrine Signal

Among the molecules that influence human physiology, vitamin D occupies an exceptional
position. It is not primarily a dietary nutrient but its metabolite 1,25(OH)2D3 acts as a
hormone manufactured by the body itself, provided the skin receives sufficient ultraviolet-
B (UVB) radiation in the 290-315 nm wavelength range. When UVB photons strike skin
cells, they drive the photolysis of 7-dehydrocholesterol into previtamin D3, which
isomerises thermally to vitamin D3 within hours [11]. This is the starting point of a two-
organ metabolic activation cascade. In the liver, the enzyme CYP2R1 (Cytochrome P450
2R1) adds a hydroxyl group at carbon 25, generating 25(OH)Ds3, the major circulating
storage form whose serum concentration is the standard clinical measure of an individual’s
vitamin D status. In the kidney, a second enzyme, CYP27B1, adds a further hydroxyl group
at carbon 1, converting 25(OH)D3 to 1,25(OH)2D3, the biologically active hormone, that
enters cells and activates the VDR [11]. A third enzyme, CYP24A1, which is itself switched
on by the VDR, degrades both circulating forms and thereby limits the duration and

intensity of the signal, acting as an autoregulatory brake.
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Figure 1. The vitamin D metabolic pathway. Vitamin D3 is synthesised in the skin from 7-dehydrocholesterol
by UVB light, then hydroxylated in the liver (CYP2RI1 — 25(OH)D3) and kidney (CYP27B1 — 1,25(OH).D3).
The active hormone binds VDR in immune and other cells. CYP24A1 mediates feedback inactivation. Taken
from Carlberg C & Velleuer E (2022) Biochem Pharmacol 196:114735 [15].

Despite the sun’s availability to virtually the entire world, vitamin D deficiency affects an
estimated one billion people [35, 37]. The reason is behavioural rather than geographical.
Indoor work and leisure, widespread sunscreen use, clothing that covers the skin, and at
high latitudes the winter solar angle that prevents UVB from penetrating the atmosphere
have together made cutaneous synthesis inadequate for much of the modern population [38,
59]. The clinical consequences extend far beyond the bones, because the VDR is broadly
expressed across immune cells, intestine, kidney, and skin, though expression levels vary

considerably by cell type.

1.2 VDR and the Genomic Programme It Controls

The biological actions of 1,25(OH)2Ds are mediated through the VDR, a 427-amino acid
protein belonging to the nuclear receptor superfamily of ligand-activated TFs. When
1,25(0OH)2D3 binds VDR with sub-nanomolar affinity, VDR changes shape and pairs with
a partner protein called the retinoid X receptor (RXR). The VDR-RXR heterodimer travels
into the cell nucleus (or is already present there), finds specific DNA sequences called

vitamin D response elements (VDREs), which typically consist of two hexameric motifs
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separated by three nucleotides [47], and recruits a machinery of helper proteins that
remodels chromatin and drives or suppresses the transcription of nearby genes. The result

is a wave of coordinated gene expression changes spanning hundreds of loci

simultaneously.
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Figure 2. VDR-mediated transcription. 1,25(0OH):D;3 binds VDR, triggering heterodimerisation with RXR,
VDRE binding, and co-activator recruitment, resulting in target gene activation or repression. Taken from

Carlberg C & Velleuer E (2024) Nutrients 16:398 [16].

VDR’s presence in immune cells, intestinal epithelium, bone, pancreas, and adipose tissue
gives vitamin D regulatory influence across an extraordinary breadth of physiology like
calcium absorption, immune defence, cell proliferation, and metabolic regulation. Genome-
wide mapping of VDR binding sites has identified thousands of potential response elements
[47, 49], suggesting that vitamin D signalling is woven into a large fraction of the human
gene regulatory network (GRN). This breadth is both the biological appeal of vitamin D

and the source of the central problem that motivates this thesis.
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1.3 Physiological Functions: Beyond Calcium and Bone

The canonical role of vitamin D in calcium homeostasis is well established i.e. VDR
activation in intestinal cells induces the calcium transport proteins TRPV6 (transient
receptor potential vanilloid 6) and calbindin-D9K, increasing dietary calcium absorption.
Through modulation of PTH secretion, vitamin D also regulates calcium release from bone
and reabsorption in the kidney. Severe deficiency in children causes rickets while in adults
it leads to osteomalacia. These consequences motivated twentieth-century fortification of

dairy products and remain the primary justification for clinical supplementation guidelines

[37,41].

The immune roles of vitamin D are equally important but far more complex. Macrophages
and dendritic cells express CYP27B1 and can locally activate vitamin D [6], directly
linking pathogen sensing to VDR-mediated transcription. VDR activation in these cells
drives expression of cathelicidin (CAMP) and B-defensin (DEFB4), broad-spectrum
antimicrobial peptides that kill bacteria and viruses directly [42]. In adaptive immunity,
1,25(0OH)2D3 suppresses the differentiation of pro-inflammatory T helper 1 (Tul) and T
helper 17 (Tul7) lymphocytes while promoting regulatory T cells (Tregs), thereby shifting
the balance toward immune tolerance [3]. Beyond these established domains,
epidemiological associations implicate vitamin D status in cancer risk, cardiovascular
disease, type 2 diabetes, and respiratory infection susceptibility [58]. Converting these
associations into clinical benefit through supplementation has, however, proven

extraordinarily difficult, for reasons that go to the heart of this thesis.
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(2025) Nutrigenomics. Springer [13].

1.4 Why Large-Scale Trials Have Failed: The Heterogeneity Problem

The clinical importance of vitamin D deficiency motivated some of the largest nutritional
intervention trials ever conducted. The VITAL (VITamin D and OmegA-3 Trial) trial
enrolled 25,871 American adults [44] and followed them for 5.3 years with 2,000 IU of
vitamin D3 per day, finding no significant reduction in cancer incidence or cardiovascular
events [44]. The D-HEALTH trial administered 3,340 IU per day for five years in Australia
and found no effect on all-cause mortality [45]. VIDA (Vitamin D Assessment study;
100,000 IU monthly, New Zealand) similarly failed to reduce cardiovascular disease or
respiratory infections [53]. Across these trials, a consistent and frustrating pattern emerges:
no significant average effect, yet post-hoc subgroup analyses frequently identify apparent

responders.
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This pattern has a straightforward biological explanation that the trials were not designed
to detect. If approximately one third of participants are constitutively low responders
(individuals whose genome-wide transcriptional response to vitamin D is minimal,
formally classified by the vitamin D response index; see Section 3.3) whose transcriptional
machinery cannot be meaningfully activated by vitamin D regardless of how much their
serum 25(OH)Ds rises, then including them in a trial designed to detect an average effect
will dilute the true signal in the responsive subgroup to statistical insignificance. The
fundamental problem with the large trials is not statistical power, but scientific framing:
rather than asking what the average population effect of vitamin D supplementation is, the
more productive question is which individuals respond, to what degree, and through what

mechanism.

This reframing is the intellectual foundation of the entire body of work described in this

thesis.

1.5 The Studies in This Thesis: Names, Designs, and the Conceptual

Progression

Before entering the scientific detail, it is important to introduce the four studies whose
findings constitute this thesis, because their codenames appear throughout. The studies are
introduced more fully in the Reader’s Guide preceding this chapter; here, the scientific

logic connecting them is explained.

The research programme began with two predecessor studies that are not appended to this
thesis but provide essential context. VitDmet [18] was the first study to track the gene
expression response to vitamin D3 supplementation in individuals over time and discovered
that they differed reproducibly in how many genes they activated, regardless of dose. This
reproducibility was extraordinary and suggested that responsiveness is a stable biological
property of the individual, not a dose-dependent threshold. VitDbol refined the approach
by administering a single large oral dose (a bolus) and sampling blood 24 hours later,
creating a sharp, pharmacokinetically tractable signal that isolated direct vitamin D target
gene activation from later regulatory feedbacks. From these two studies, the concept of the

vitamin D response index was formally developed. Each individual receives a score based
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on the number and magnitude of their transcriptional changes, and this score is reproducible

[27, 30].

VitDHiD [27] deployed genome-wide RNA-seq for the first time in this series, replacing
the limited qPCR readouts used in earlier work. This choice was transformative in revealing
that the dominant biological programme activated by vitamin D in vivo was focal adhesion
and cytoskeletal reorganisation, a programme absent from the prior in vitro literature and
could never have been found with a targeted approach. The Saudi cohort (Chapter 4) tested
whether the low-responder phenotype was specific to Northern Europeans or universal. 100
Saudi participants were supplemented and assessed, with cytokine measurements in all and
qPCR of' seven target genes in 37 participants. Full RN A-seq was not possible due to budget
constraints, but the available data confirmed universality. VitDPAS (Chapters 5 and 6)
combined larger participant numbers, weight-adjusted dosing, and three monthly
supplementation cycles to generate both a rigorous cross-cohort replication of VitDHiD

findings and the rich longitudinal dataset needed for mechanistic modelling.

The progression from VitDmet through VitDHiD, Saudi, and VitDPAS is therefore not
arbitrary but deliberate. Each study was designed to answer the question that the previous
study’s findings had raised. VitDmet asked whether individual differences exist; VitDHiD
asked what genes underlie them and whether RNA-seq reveals unexpected biology; Saudi
asked whether the finding is geographically universal; VitDPAS asked what the conserved

molecular core looks like and what mechanisms determine the response phenotype.

1.6 From Targeted Assays to Genome-wide RNA-seq: A Necessary

Technical and Conceptual Advance

The progression from targeted molecular assays in VitDmet and VitDbol to genome-wide
RNA-seq in VitDHiD represents both a technical and a conceptual leap forward. VitDmet
quantified expression of a handful of pre-selected vitamin D target genes by qPCR, and
VitDbol assessed chromatin accessibility at selected loci by FAIRE-qPCR. These are
powerful and precise methods for the questions they were designed to answer, but they
share a fundamental limitation: they measure only what the experimenter already knows to
look for. Every gene panel, every set of FAIRE primers, reflects prior hypotheses formed

largely from in vitro experiments.
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RNA-seq overcame this limitation in two distinct ways. The first is conceptual i.e, by
measuring all expressed transcripts simultaneously without pre-selection, RNA-seq is
genuinely hypothesis-free and can reveal biological programmes that no prior knowledge
would have predicted. The second is technical: modern RNA-seq platforms quantify gene
expression across the entire transcriptome with dynamic ranges exceeding five orders of
magnitude, at single-nucleotide resolution, with sensitivity sufficient to detect low-
abundance regulatory transcripts that would be invisible to any targeted panel. Alignment
to reference genomes and normalisation procedures such as trimmed-mean-of-M-values
(TMM) allow rigorous cross-sample comparisons at the level of raw transcript counts [50,
60]. These technical properties collectively enable the kind of discovery-driven analysis

that yielded the focal adhesion signature in VitDHiD.

The application of RNA-seq to VitDHiD immediately revealed a biological programme
that VitDmet and VitDbol could not have detected: the dominant in vivo vitamin D
transcriptional response in human PBMCs involves the coordinated upregulation of focal
adhesion pathway genes, including /7GA2B (integrin alpha IIb), ITGB3 (integrin beta 3),
ITGB)S (integrin beta 5), MYL9 (myosin light chain 9), and MYLK (myosin light chain
kinase), none of which appeared in any prior vitamin D gene panel. This discovery required

hypothesis-free genome-wide measurement [27].

The Saudi cohort illustrates what is lost when budget constraints require a return to targeted
methods: measuring only seven genes by qPCR and three cytokines by ELISA can confirm
the presence of the response index phenotype and validate its cross-population universality,
but cannot characterise the full transcriptional programme or generate the mechanistic
resolution that genome-wide data enables. The findings of Chapter 4 are therefore

complementary to, rather than fully replicative of, Chapters 3 and 5 [2].

1.7 Why PBMCs? The Rationale for Peripheral Blood Immune Cells

All four studies in this thesis measure gene expression in PBMCs which is the mixed
population of lymphocytes (T cells, B cells, natural killer (NK) cells) and monocytes that
circulate in the bloodstream and can be isolated from a standard venepuncture by density

gradient centrifugation. The choice is deliberate and merits explanation.
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The most fundamental reason is access. Vitamin D exerts important biological effects in
muscle, liver, intestine, and other metabolically active tissues, but obtaining repeated
biopsies from these tissues in healthy participants receiving a nutritional supplement is
ethically unjustifiable and practically impossible at the participant numbers required for
transcriptomic power. A venepuncture, by contrast, is routine, low-risk, and can be
performed repeatedly in the same individual across multiple time points. This is the only
design that can generate the longitudinal datasets required to understand how the

transcriptional response to vitamin D evolves across cycles of supplementation.

The biological justification is equally strong. PBMCs are among the tissues most
profoundly regulated by vitamin D [3, 6], VDR expression is high in monocytes and
lymphocytes, and their transcriptional responses to VDR activation are extensive.
Critically, circulating immune cells are a genuine systemic readout of the organism’s
immune regulatory state, not an approximation of it. When vitamin D signalling is altered,
the gene expression changes in circulating PBMCs reflect both the direct transcriptional
effects of VDR activation in those cells and the broader hormonal and cytokine landscape

in which they circulate.

PBMCs are also not immunologically homogeneous: they comprise monocytes, CD4" T
cells, CD8" T cells, B cells, and NK cells, each with distinct VDR expression levels. The
bulk RNA-seq approach used here measures a weighted average across these populations,
which captures the integrated multicellular immune response. Finally, the use of
standardised PBMC isolation protocols enables rigorous cross-cohort comparison between
Finnish (VitDHiD) and Polish (VitDPAS) datasets, which is central to the cross-cohort
validation strategy of this thesis [20, 27, 30, 34].

1.8 Bolus versus Daily Vitamin D Supplementation: A Pharmacological

Rationale

All studies in this thesis employ a bolus design: a single large oral dose of vitamin D3
(typically 80,000 to 100,000 IU) rather than a daily small dose. This choice reflects both

pharmacokinetic reasoning and experimental logic.

Daily vitamin D3 supplementation at conventional doses (600—4,000 IU per day) raises

serum 25(OH)Ds [35, 36] slowly over weeks, reaching a new steady state without
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generating a clear temporal signal. At any single transcriptomic measurement time point
during gradual supplementation, the observed gene expression reflects a mixture of direct
VDR target induction, secondary regulatory effects, feedback adaptations, and ongoing
baseline transcription, all superimposed without temporal separation. It is essentially

impossible to identify direct VDR target genes from this signal.

A bolus dose creates a pharmacokinetic pulse: serum 25(OH)D3 rises sharply within 2448
hours and then declines over subsequent weeks as hepatic hydroxylation temporarily
saturates and CYP24A1-driven catabolism accelerates. By sampling blood at day 0
(immediately before the bolus) and day 1 (24 hours after), one captures the acute
transcriptional response before secondary regulators have had time to operate. Genes that
are differentially expressed at day 1 are therefore strong candidates for early, direct VDR

genomic targets. This temporal precision is impossible with gradual supplementation [18,

19].

The multi-cycle VitDPAS design took this logic further: three monthly bolus doses with
blood sampling at seven time points across twelve weeks enabled tracking of how the
transcriptional response changes with repeated VDR activation. As described in Chapter 6,
this revealed progressive temporal amplification of the response, with the number of
differentially expressed genes growing from approximately 758 after the first cycle to
roughly 2,600 after the third, suggesting epigenetic priming of VDR target gene loci across
repeated cycles of activation. This deepening of the response over time is entirely invisible
in short daily supplementation trials and provides a compelling biological explanation for

why brief intervention studies consistently underestimate vitamin D’s effects [28, 30].

1.9 In Vivo Human Studies versus In Vitro Cell Culture: Why They Don’t

Always Agree

A reader familiar with the vitamin D literature will notice that many findings in this thesis
differ from those of in vitro cell culture studies. This discordance is not a methodological
failure but a predictable consequence of the fundamental differences between the two

experimental contexts.

In vitro studies typically treat cultured cell lines or freshly isolated cells with

supraphysiological concentrations of 1,25(OH)2D3 (commonly 10-100 nM), bypassing the
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metabolic activation cascade and the serum binding proteins that govern how much active
hormone actually reaches immune cells in vivo [10]. In the bloodstream, more than 99% of
circulating 1,25(OH)2Ds3 is bound to the vitamin D binding protein (GC/VDBP), making
the free fraction available to cells orders of magnitude lower than concentrations used in
culture experiments. This means that in vitro studies identify genes that are VDR-
responsive under forced conditions, but many of those genes may not receive sufficient

hormonal signal in a living person to be meaningfully regulated.

Cell lines also carry profoundly remodelled epigenomes after dozens of passages in in vitro
culture: their chromatin accessibility landscapes, histone modification patterns, and TF
occupancy profiles differ fundamentally from those of freshly isolated immune cells in a
human donor. A gene that is transcriptionally accessible and VDR-responsive in a cell line
like THP-1 (human monocytic leukaemia) may be inaccessible in a freshly isolated human
monocyte, and vice versa. This is precisely why the focal adhesion signature was invisible
in prior in vitro work: integrin genes are not prominently regulated by supraphysiological
1,25(0OH)2Ds in standard cell lines, but they constitute a major part of the physiological

VDR transcriptional programme in human immune cells.

In vivo human intervention studies with genome-wide transcriptomics are therefore not
merely confirmatory of cell culture findings but represent a qualitatively distinct and more
physiologically meaningful level of understanding. The findings of this thesis should be
read with this distinction in mind [9, 27, 30, 48].

1.10 The Evolution of the Vitamin D Response Index

The concept of the vitamin D response index has undergone a progressive transformation
across the course of this research programme, from an empirical observational score to a
mechanistically grounded, quantitatively predictable property of each individual’s gene

regulatory architecture.

In its earliest form (VitDmet), the response index was a simple count: participants were
ranked by the number of genes that changed expression after supplementation, and this
rank order was found to be stable across repeated measurements. Useful for demonstrating
that individual differences are real and reproducible, but offering no mechanistic

explanation [12, 18, 55].
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Figure 4. Personalised vitamin D supplementation framework. Interindividual variation in the vitamin D

response index across participants (high, mid, low responders) guides personalised vitamin Ds dosing, with
downstream clinical benefits for bone, muscle, and immune health. Taken from Carlberg C, Raczyk M &

Zawrotna N (2023) Redox Biol 62:102695 [17].

The subsequent refinement and mechanistic explanation of the response index across VitDHiD,

VitDPAS, and the ODE modelling study is discussed in Section 8.6 [27, 28, 30].

1.11 Mechanistic Modelling: Making Sense of Biological Complexity

Even the most comprehensive transcriptomic dataset, covering hundreds of individuals,
thousands of genes, and several time points, cannot by itself reveal the causal regulatory
mechanism that determines why some people respond more than others. Knowing that FOS
(Fos proto-oncogene, AP1 TF subunit) or JUN (Jun proto-oncogene, AP-1 TF subunit)
expression is highly variable at baseline, or that MYC expression tracks response amplitude,
tells us that these genes are important but not how they are connected, which direction the
causality runs, or how their dynamics evolve over time. This is where mechanistic

mathematical modelling becomes indispensable.
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GRN modelling formalises the regulatory relationships between TFs and their target genes
as a directed graph: each node is a gene or protein while each edge is an activation or
repression interaction with a defined strength. In principle, a complete GRN model of
VDR-regulated immunity would contain thousands of nodes. In practice, such a model is
computationally intractable and biologically uninformative because with everything

connected to everything, no individual interaction can be identified as load-bearing.

The key conceptual advance applied in Chapter 6 comes from the work of Kim et al. [40],
who showed that the most biologically important information in a complex regulatory
network is typically carried by a small “kernel” of highly connected, functionally critical
nodes. Iterative reduction proceeds by collapsing low-degree, peripheral nodes while
preserving regulatory logic through propagation: each removed indirect path A - B — C
is replaced by a direct A — C edge whose sign and magnitude are the product of the
corresponding upstream values, so that the regulatory consequence of B is preserved even
after B itself is dropped. The procedure terminates when no further node falls below the
chosen connectivity threshold, leaving a kernel that is structurally minimal but dynamically

equivalent to the parent network for the purposes of mechanistic modelling.

The starting point for kernel reduction is itself a curated regulatory network. In this thesis
the network used in Chapter 6 is built on top of DoRothEA (Discriminant Regulon
Expression Analysis) [24], a publicly available human regulon resource that catalogues
directed transcription-factor — target gene interactions assembled from four orthogonal
evidence streams: literature-curated interactions, ChIP-seq (Chromatin
Immunoprecipitation Sequencing) peak calls mapped to nearby promoters, in silico TF
binding-site prediction, and inferred associations from large gene-expression compendia.
Each interaction in DoRothEA carries a confidence level (A-E, with A indicating the
highest level of multi-evidence support) and a signed mode of regulation that distinguishes
activating from repressive edges. By restricting the input network to high-confidence,
signed interactions, DoRothEA provides a biologically defensible prior over which TFs
regulate which targets and in which direction, without committing the model to any single
regulatory hypothesis [24]. In Chapter 6, this prior is combined with the longitudinal
VitDPAS data to identify a cohort-relevant sub-network and is then condensed by iterative
kernel reduction into the minimal regulatory module that is fitted with ordinary differential
equations. The size of that minimal module, the parameter values that emerge from fitting,

and the cross-cohort generalisation performance are reported in Chapter 6.
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The mathematical framework for this modelling was developed in collaboration with Dr.
Elisa Dominguez-Hiittinger (Instituto de Investigaciones Biomédicas, UNAM, Mexico
City), whose work on ODE-based models of immune regulation in skin disease provided
the methodological blueprint. In their work on atopic dermatitis and skin-barrier dynamics,
Dominguez-Hiittinger and colleagues demonstrated that Hill-type ODEs can capture the
sigmoidal, switch-like behaviour of TF activation in immune cells with quantitative
precision. Moreover, they showed that differential evolution, a global optimisation
algorithm, can efficiently navigate the high-dimensional parameter spaces characteristic of
regulatory network models [10,11]. The same methodological principles were adapted and
applied to the vitamin D response context in Chapter 6: Hill-type kinetics model the
cooperative activation and repression relationships between the kernel TFs. Then
differential evolution optimisation in the Julia programming language (a high-performance
open-source language for numerical computing, suited to differential equation systems) fits
the model parameters to the longitudinal VitDPAS time series, and pharmacokinetic
modelling of individual serum 25(OH)D3 trajectories provides the hormone input function.
The result is intended not as curve-fitting to known data but as a mechanistically
interpretable model: it describes the biological interactions that generate the observed
dynamics and produces hypotheses about which specific regulatory interactions distinguish
high from low responders. The size of the resulting kernel, its parameter values and its

cross-cohort behaviour are reported in Chapter 6.
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Chapter 2

Objectives and Hypothesis

2.1 Objectives

The central objective of this thesis is to determine why individuals differ so profoundly in
their molecular responses to vitamin D3 supplementation, and to move from a descriptive
observation to a mechanistic, quantitatively predictive understanding of the regulatory
architecture that governs this variability. The thesis pursues this objective through four

sequential studies whose findings are mutually reinforcing.

Stage 1 (Chapter 3; VitDHiD). Transcriptomic discovery addressing two questions
simultaneously. First: what genes does vitamin D actually regulate in immune cells of
living disease-free humans, and what biological programmes do they constitute? This
aimed to produce the first genome-wide, in vivo map of VDR target genes in PBMCs, going
beyond classical targets identified in cell culture. Second: do individuals differ
reproducibly in the extent of their transcriptional response to vitamin D3 supplementation?
This aimed to develop and validate the first transcriptomics-based vitamin D response
index from RNA-seq data, enabling quantitative classification of individuals as high, mid,

or low responders.

Stage 2 (Chapter 4; Saudi Cohort). Cross-population universality: To determine whether
the low-responder phenotype is specific to Northern European populations or universal, by
applying the response index framework to a genetically and geographically distinct cohort

using cytokine and qPCR readouts.

Stage 3 (Chapter 5; VitDPAS). Cross-cohort integration: To replicate VitDHiD findings in
an independent Central European cohort, identify the high-confidence conserved core of
regulated genes, and characterise the chromatin and regulatory logic of the conserved

response mechanism.

Stage 4 (Chapter 6; VitDPAS Modelling). Mechanistic systems identification: To apply
ODE-based regulatory network modelling to the complete longitudinal VitDPAS

transcriptomic dataset, identify the minimal TF kernel that mechanistically governs the
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response index, predict individual response phenotypes from baseline molecular profiles,

and validate the model in the independent Finnish cohort.

2.2 Research Hypotheses

The general hypothesis of this thesis is that interindividual variability in transcriptional
responses to vitamin D3 supplementation is a reproducible, biologically meaningful, and
mechanistically explicable property of each individual’s pre-existing immune regulatory
architecture. This general hypothesis is decomposed into five specific, testable sub-

hypotheses.

Hypothesis 1: Vitamin D3 supplementation activates a specific and reproducible
transcriptional programme in human immune cells in vivo that is distinct from what in vitro
models predicted, including biological pathways not previously associated with vitamin D

signalling. Tested in Chapter 3.

Hypothesis 2: A reproducible vitamin D response index exists in human PBMCs.
Individuals can be classified as high, mid, or low responders from RNA-seq data, and this
classification will replicate across measurements and may correlate with independent

immune biomarkers. Tested in Chapter 3.

Hypothesis 3: The low-responder phenotype is universal and not population-specific. Low
vitamin D responders will appear at comparable frequencies in a genetically and
geographically distinct population, ruling out pharmacokinetic explanations. Tested in

Chapter 4.

Hypothesis 4: A conserved core of vitamin D target genes exists that is consistently
regulated across independent cohorts, geographies, and repeated supplementation cycles.
Identifying this core will provide the robust foundation for the response index. Tested in

Chapter 5.

Hypothesis 5: Interindividual variability in the vitamin D response index can be
mechanistically determined by the pre-existing regulatory interactions among a small
kernel of TFs, capturable by an ODE model that distinguishes responder phenotypes and

generalises across independent cohorts. Tested in Chapter 6.
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Chapter 3

In Vivo Vitamin D Targets Reveal the Upregulation of Focal
Adhesion-Related Genes in Primary Immune Cells of

Healthy Individuals

“The most exciting phrase to hear in science, not ‘Eureka!’ but

‘That’s funny...””
— Isaac Asimov

Background

VitDHiD enrolled 40 healthy Finnish adults during winter (baseline 25(OH)D3 15.6 to 49.8 ng/ml
(mean: 29.5 ng/ml), of which 25 were selected for detailed inspection of their transcriptomes. A
single high-dose oral vitamin D3 bolus was administered; PBMCs isolated at day 0 and day 1 for
genome-wide RNA-seq, the first transcriptome-wide measurement in this programme. All

bioinformatic analysis was performed by the candidate as lead bioinformatician [27].

Key findings

Differential expression analysis identified 452 significantly regulated genes at day 1 (FDR<0.05).
The dominant enriched programme involved the focal adhesion pathway, including integrins
(ITGA2B, ITGB3, ITGBYS) and cytoskeletal effectors (MYL9, MYLK), invisible to prior targeted
panels and not predicted by any in vitro study [27]. Classical VDR targets (CAMP, CYP24Al,
CDI14, THBD) and immune regulators (NFKBIA [NFkB inhibitor alpha, encoding IxBalphal]),

CSRNPI [cysteine and serine rich nuclear protein 1]) were also present.

k-means clustering of transcriptome-wide response scores (per-individual statistics quantifying
genome-wide transcriptional change after supplementation) produced the first RNA-seq-based
vitamin D response index: high (n=4), mid (n=12), and low (n=9) responders. HLA-C (human
leukocyte antigen C, a major histocompatibility class [ (MHC) class I gene involved in immune cell

recognition) was four-fold higher in high versus low responders at day 0, before supplementation,
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implying the index reflects a pre-existing regulatory state. Within the 452 shared targets, individual
response directions diverged sharply [27, 51].

Significance for the thesis

VitDHiD simultaneously answers what vitamin D transcriptionally regulates in living human
immune cells and whether individuals differ reproducibly. The 452-gene target set and three-tier

response index are the analytical foundation for Chapters 4, 5, and 6.

Author contribution

The candidate led all bioinformatic analysis: RNA-seq QC, alignment, normalisation, differential
expression, pathway enrichment, clustering, and most figure generation. Study organization and

wet-laboratory work was performed by co-authors.

Publication details
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Ranjini Ghosh Dastidar!, Julia Jaroslawska', Marjo Malinen?, Tomi-Pekka Tuomainen?,
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Chapter 4

Evaluation of the Vitamin D Response Index in a Saudi

Cohort
“It is not the strongest of the species that survives, nor the most
intelligent, but the one most responsive to change.”
— Charles Darwin
Background

Saudi Arabia presents a paradox: intense year-round sun exposure yet high vitamin D deficiency.
One hundred Saudi participants received an 80,000 IU oral bolus of vitamin D3, mirroring VitDHiD.
Resource constraints required cytokine measurement (IL6, IL8, TNF) and qPCR of seven vitamin
D target genes: ASAP2 (ArfGAP with SH3 domain, ankyrin repeat and PH domain 2), CAMP,
CD14, FBPI (fructose-bisphosphatase 1), ITGAM (integrin subunit alpha M), LRRC25 (leucine
rich repeat containing 25) and NINJI (ninjurin 1). All statistical analysis was performed by the

candidate; study organization and wet-laboratory work by King Abdulaziz University collaborators

[2].
Key findings

Cytokine-based classification found 39% of Saudi participants were low responders, comparable
with VitDHiD's frequency despite different baseline status, genetics, and geography [2]. gPCR-
based classification in 37 participants showed 88.6% concordance with cytokine classification,

validating targeted assays as practical alternatives.

Significance for the thesis

Chapter 4 establishes the geographical and genetic universality of the response index. Although
higher than average (~40%), low-responder prevalence is conserved across populations, essential

for Chapter 6's mechanistic model to represent general human biology [2].
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Author contribution

The candidate led all statistical analysis, scoring algorithm development, concordance analysis, and
figure generation. Study organization and all wet-laboratory work was performed by King

Abdulaziz University collaborators.

Publication details

Also referred to as: Saudi Cohort

Shareefa A. AlGhamdi**, Ranjini Ghosh Dastidar'*, Maciej Rybinski', Hadeil M.
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Chapter 5

Transcriptomic Profiling of Immune Modulation Induced

by Vitamin Ds in the VitDPAS and VitDHiID Cohort Studies

“In nature we never see anything isolated, but everything in

connection with something else.”
— Johann Wolfgang von Goethe

Background

VitDPAS enrolled 45 healthy Polish participants from Olsztyn, who received a single weight-
adjusted vitamin D3 bolus of 1,000 IU/kg body mass. PBMCs were collected immediately before
(d0) and 24 h after (d1) supplementation, yielding 90 RNA-seq libraries for transcriptome-wide
differential expression analysis. The Polish cohort was geographically and demographically distinct
from the previously published Finnish VitDHiD cohort (25 participants, Kuopio, 63°N), enabling
a direct cross-cohort assessment of which in vivo vitamin D target genes are reproducibly identified
across two independent European populations. The principal goal of Paper III was therefore to (i)
define a high-confidence, cross-cohort conserved set of in vivo vitamin D target genes and (ii)

validate and extend the vitamin D response index concept in a second European cohort [30].

Key findings

Differential expression analysis of d1 versus d0 PBMC transcriptomes identified 758 significantly
responsive vitamin D target genes (p<0.05) in the VitDPAS cohort. Stratification of the 45
participants by the average absolute log, fold change of these target genes against the d1/d0 ratio
of serum 25(OH)D3 reproduced the high/mid/low responder structure of the vitamin D response
index (17 high, 19 mid, 9 low responders), thereby replicating the index in an independent European
cohort. Cross-cohort comparison of the VitDPAS gene list with the corresponding VitDHiD list
(1,654 targets at p<0.05) yielded 232 shared in vivo vitamin D target genes; applying the more
stringent threshold of FDR < 0.05 to both cohorts narrowed this to a high-confidence conserved
core of 26 genes consistently regulated in healthy individuals across both populations. Of these 26

genes, 22 are downregulated and only 4 upregulated by vitamin D3 supplementation. The dominant
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biological theme of the conserved core is modulation of inflammatory signalling, primarily through
the TNF and NF«xB pathways: prominent members include the NFkB inhibitors NFKBIA and
NFKBIZ, the upstream inhibitor TNFAIP3, and additional regulators spanning immune-cell

migration, transcriptional control, stress response and metabolism [30].

Significance for the thesis

Paper I1I is the second pillar of the response-index validation programme of this thesis: it shows
that the high/mid/low responder stratification observed in the Finnish VitDHiD cohort (Chapter 3)
and in the Saudi cohort (Chapter 4) is reproducible in a third, geographically and demographically
distinct population, and it delivers the first cross-cohort high-confidence list of 26 conserved in vivo
vitamin D target genes whose dominant biological function is modulation of inflammatory
signalling. The conserved core therefore provides the most robust descriptive map of the in vivo
vitamin D response in healthy human PBMCs available to date, and it is the biological backdrop
against which the dynamic, mechanistic modelling of Chapter 6 is interpreted. Chapter 6 itself
addresses a logically separate question (regulatory architecture from longitudinal data) using a

different participant subset and a different gene set, as detailed there [30].

Author contribution

The candidate was the lead bioinformatician on Paper III: alignment and quantification of the dO
and d1 RNA-seq libraries from all 45 VitDPAS participants, differential expression analysis with
edgeR, harmonisation and joint analysis with the previously published VitDHiD transcriptome
dataset, derivation of the 232 shared and 26 high-confidence cross-cohort target genes, response-
index classification of all 45 individuals, and generation of 12 out of 14 figures. Study organisation,
recruitment, blood draws, sample processing and serum 25(OH)D3 measurements were performed

by co-authors.

Publication details

Also referred to as: VitDPAS

Emilia Gospodarska'*, Ranjini Ghosh Dastidar'*, Julia Jaroslawska', Maciej Rybinski',
Marianna Raczyk', Kornelia Tokarczyk-Malesa?, Jerzy Romaszko? & Carsten Carlberg!

! InLife Institute of Animal Reproduction and Food Research, Polish Academy of Sciences, Olsztyn 2 Dept
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Chapter 6

Dynamic System Identification Defines a Minimal
Transcription Factor Control Architecture of Human

Endocrine Gene Regulation

“The ability to simplify means to eliminate the unnecessary so

that the necessary may speak.”
— Hans Hofmann

Background and rationale

Chapters 3—5 establish that the vitamin D response index is a real, reproducible and cross-
population property of healthy individuals, and that its dominant transcriptional signature in
PBMCs is the modulation of inflammatory signalling. Chapter 6 moves from this descriptive
picture to a mechanistic one and asks: what regulatory architecture causes one individual to respond
robustly and another minimally to the same VDR activation? To address this question, the VitDPAS
cohort was extended into a longitudinal design. Forty-one of the original VitDPAS participants
completed three monthly weight-adjusted vitamin D3 bolus cycles (administered on days 0, 28 and
56), with PBMC sampling at seven time points per participant: days 0, 1, 28,29, 56, 57 and 84. The
resulting 7 x 41 =287 RNA-seq libraries form the longitudinal substrate on which all subsequent
modelling is built and constitute the principal experimental contribution of Paper IV beyond

Paper II [28].

Model construction

Differential expression was first computed for the four contrasts d1 vs. d0, d28 vs. d0, d56 vs. dO
and d84 vs. d0. Seven TF genes were significantly regulated (FDR < 0.05) in all four contrasts and
were therefore selected as persistently regulated primary regulators: CSRNP1, ETS2, FOS, HIF 1A,
JUNB, KLF10 and NR442. Around this seed set, a directed regulatory network was constructed
from the human DoRothEA TF—target regulon database [24], restricted to high-confidence curated

interactions (1,633 regulatory edges) with activating and repressing modes of regulation. Iterative
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kernel reduction, performed by collapsing low-degree nodes while preserving regulatory logic
through the product of the corresponding mode-of-regulation values, yielded a minimal regulatory
kernel of 11 TF genes connected by 117 directed interactions: 7P53 (tumour protein p53), MYC,
STATI (signal transducer and activator of transcription 1), STAT3, FOS, JUN, HIF1A4 (hypoxia
inducible factor 1 subunit alpha), EGRI (early growth response 1), NFKBI (NFkB subunit 1), ETS/
and ETS2 (ETS proto-oncogene TFs). For each kernel gene, Hill-type ordinary differential
equations describing activation and repression by the other kernel members were generated
automatically; pharmacokinetic modelling of individual serum 25(OH)Ds trajectories provided the
hormonal forcing function. Differential evolution optimisation in Julia [56] fitted the 373 free
ODE parameters per cycle simultaneously across all seven time points and the three

supplementation cycles [28].

Key findings

The fitted ODE model reproduces individual transcriptional dynamics across all 11 kernel TFs and
all seven time points, demonstrating that the reduced kernel is dynamically sufficient to explain the
observed longitudinal response. A first major mechanistic finding is temporal amplification: the
transcriptome-wide response is substantially larger after the third cycle than after the first despite
identical doses, consistent with progressive accumulation of VDR-driven regulatory input across
successive supplementations. A second finding concerns the structure of the kernel itself: the TP53
protein, the AP1 components (encoded by FOS, FOSB, JUN and JUNB), MYC, EGR1 and STAT]1
form a tightly interconnected control circuit. The TP53—-AP1-MYC axis acts as the primary
discriminator between response classes: interaction strengths within this axis differ systematically
between high and low responders, whereas aggregate expression levels of the same genes do not,
indicating that responder status is encoded in regulatory wiring rather than in static expression
magnitude [28]. Out-of-sample evaluation in the independent VitDHIiD cohort (with median
R2>0.94) confirmed that the inferred kernel generalises beyond the VitDPAS training data without
refitting.

Clinical and translational significance

The model has a direct translational implication. Because it is fitted to a single individual’s
longitudinal data rather than requiring cohort-level comparisons, it can in principle be applied to
one patient’s blood transcriptome measured across a short supplementation window. The output is
a predicted response class before a full-length trial is completed. This is clinically critical: a
practitioner cannot acquire a matched population cohort in routine practice, and existing group-

level statistics offer no individual-level prediction. The kernel also identifies which regulatory
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interactions are aberrant in a given low responder, pointing toward mechanistic targets for future

intervention [28].

Author contribution

The candidate performed all bioinformatic analysis: differential expression across seven time
points, TF network construction, iterative kernel reduction, ODE model formulation, and cross-
cohort validation. ODE parameter optimisation was conducted in Julia under the guidance of Dr.
Elisa Dominguez-Hiittinger. The author also generated all the figures. Study organisation and all

wet-laboratory work was performed by co-authors.
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Chapter 7

Combined Observations

7.1 The Problem of Interindividual Baseline Differences

Before asking what vitamin D supplementation does, it is worth asking what the immune
cell transcriptome looks like across different people before any vitamin D is given. Even at
baseline, before any supplement has been administered, individuals differ from one another

in a profound and biologically meaningful way.

Analysis of the day 0 expression profiles of all 45 VitDPAS participants across the full
transcriptome of 14,788 expressed genes reveals a median CV of 44% across individuals
at baseline meaning the typical gene is expressed at levels that vary by nearly half across
participants before any intervention. More striking still, 573 genes show greater than 2-fold
variation across the 45 individuals at baseline. These are not obscure, lowly expressed

genes but include key regulatory factors.

Among the most variable genes at baseline are the TFs that later emerge as the mechanistic
kernel of the vitamin D response. F'OS spans a 5-fold range across individuals (455 to 2,288
CPM), JUN a 13.5-fold range (35 to 476 CPM), MYC a 5.1-fold range, and STAT! a 4.4-
fold range. Even when taken collectively, the aggregate expression of all 11 kernel TFs per
individual at day O spans a 1.82-fold range (2,803 to 5,093 CPM total, CV = 14%). [19,
21].

Figure 5 shows the day 0 CPM expression of the eight most variable genes across all 25
VitDHiD participants and all 45 VitDPAS participants. Each subplot represents one gene
and each bar is one person, sorted from highest to lowest expression. The staircase shape
is the signature of strong interindividual variability. The gene HBB (hemoglobin subunit
beta) spans from over 2,500 CPM in one person to nearly zero in another. JCHAIN, an
immunoglobulin assembly gene (immunoglobulin J chain), shows a 10-fold difference
across VitDPAS participants. These are not outliers. This is the normal range of human

immune cell gene expression.
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Figure 5. Top 8 most variable genes at baseline (day 0, CPM) across VitDHID (n=25, top) and VitDPAS
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(n=45, bottom) individuals. Each panel sorted independently by that gene's expression level Coefficient of

variation (CV) values shown in parentheses. [ 16, 18].

Figure 6 extends this view to the top 20 most variable genes as a heatmap. Each row is a
gene, each column is an individual, and the colour runs from deep blue (low z-scored
expression) to deep red (high). If the variability were driven by a single global factor, some
columns would be uniformly red and others uniformly blue. Instead, the pattern is gene-
specific. One individual is red for HBB and blue for JUP (junction plakoglobin, a cell—cell
adhesion protein). Another shows the opposite. The baseline transcriptome is shaped

differently, gene by gene, in each person.
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Figure 6. Heatmap of the 20 most variable genes at baseline across VitDHiD (n=25, top) and VitDPAS
(n=45, bottom) individuals. Individuals sorted by the expression of the most variable gene. Z-scored
expression (red = high, blue = low). CV values shown at right. [27, 30].

This gene-specific heterogeneity is not noise. It is the molecular signature of each person's
accumulated immunological history like past infections, dietary patterns, prior vitamin D
exposures, and genetic variants that alter how TFs bind their target DNA. The epigenetic
memory hypothesis holds that this pre-existing chromatin configuration determines how

strongly an individual can respond when VDR is activated by 1,25(0OH)2Ds [27, 30].
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7.2 Neither Vitamin D Levels Nor Transcriptomic Change Alone Explain

the Response

A natural next step is to ask whether these baseline differences predict the response. The

data show that two simple proxies both fail.

Serum 25(OH)Ds level tells you how much vitamin D arrived in the bloodstream. It does
not tell you what happened inside the cell. In VitDHiD and VitDPAS, participants whose
serum levels rose equivalently showed very different numbers of differentially expressed
genes and very different response scores. The molecule was metabolised in every study
participant. What differed was whether the cell machinery downstream of VDR translated

that signal into a coordinated transcriptional programme.

Figure 7 makes the second point clearly. It shows the distribution of differentially expressed
gene (DEG) expression at day 0 (blue boxes) and day 1 (red boxes) for each individual in
both cohorts, sorted from the highest to the lowest response score. If baseline expression
level predicted response, the blue boxes should be systematically lower for high responders.
That is not what is observed. The blue and red boxes sit at similar heights across the full
range of response scores. Neither how much the target genes are expressed at baseline, nor

how much they are expressed after supplementation, separates high from low responders.

What does differ is the degree of coordinated directional change. The response score
measures the sum of absolute per-individual log-fold changes across all differentially
expressed genes. A high responder is someone whose immune transcriptome shifts in a
coherent programme across many genes simultaneously. A low responder makes smaller
and less coordinated adjustments. This distinction between expression magnitude and

coherence of change is the conceptual foundation of the response index.

This also explains the failure of large-scale population trials. When a trial averages changes
across a mixed population of high and low responders, the coordinated upward shifts of
high responders and the minimal uncoordinated changes of low responders cancel each

other out. The biological signal disappears in the average.
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gold = Mid, maroon = Low. Panels: VitDHID (n=25, 452 DEGs, top), VitDPAS (n=45, 70 DEGs, bottom).
Neither baseline nor post-supplementation expression level separates responder classes, demonstrating that
the response index measures regulatory responsiveness rather than expression magnitude. [27, 30].

7.3 Why a Mechanistic Model Is Needed

The findings described in Figures 5-7 lead to a clear conclusion: the response index cannot
be reliably calculated from any single measurement. It cannot be read from a serum vitamin
D level. It cannot be inferred from the absolute expression of any individual gene at baseline
or after supplementation. It requires knowing something about the regulatory architecture
of the cell, specifically how the TFs governing the vitamin D response are connected and

how strongly those connections operate in a given individual.

This is precisely why Chapter 6 builds an ODE-based regulatory model. By fitting this

model to the longitudinal transcriptomic data from VitDPAS across three supplementation
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cycles, it becomes possible to identify not just which genes change but what regulatory
interactions produce those changes. The TP53-AP1-MYC axis emerged as the mechanistic
discriminator between high and low responders. High responders have systematically
stronger interactions within this axis at baseline. This is a property of the regulatory
network that is invisible to any single measurement and can only be estimated by modelling

the full system dynamics.
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Chapter 8

General Discussion

8.1 From Observation to Explanation: Integrated Findings Across the

Four Studies

Looking across the four studies, a pattern emerges that is more than the sum of individual
findings. VitDHiD established that the vitamin D transcriptional response in human
immune cells is dominated by a programme centred on focal adhesion, not by the classical
immune regulatory targets previously characterised in cell culture. This was a discovery
that required genome-wide measurement to make and that immediately raised a follow-up
question: is this finding specific to Finnish winter adults, or is it a general property of

human immune biology [27]?

The Saudi cohort answered that question at the level of the response index: low responders
appear at similar frequencies regardless of geography, genetic background, or baseline
vitamin D status [2]. But the Saudi study, limited to cytokine and qPCR readouts, could not
tell us whether the molecular programme characterised in VitDHiD generalises to other
populations. That question was addressed by VitDPAS, which replicated the focal adhesion
signature in an independent Polish cohort and identified the 26-gene conserved core that

persists across studies, cohorts, and repeated supplementation cycles [30].

The conserved core is scientifically significant not only because it validates the VitDHiD
findings but because it provides the specific set of consistently regulated genes that are
robust enough to be informative for reproducible classification of the individuals into High,
Mid and Low responder type. Without knowing which genes respond reliably across
individuals and cohorts, the credibility of the response index comes into question and
without the reliable classification a model cannot be trained efficiently. The cross-cohort
comparison in Chapter 5 was therefore not simply a replication exercise: it was a necessary

data reduction step that defined the biological substrate for Chapter 6.

Chapter 6 then closes the explanatory loop. Given a set of consistently regulated TFs, the

ODE modelling framework asks: what is the minimal TF network whose dynamics,
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constrained by the longitudinal VitDPAS time series, can reproduce the observed
transcriptional trajectories? The emergence of the TP53-AP1-MYC regulatory axis as the
discriminating interaction was not imposed: it arose from the model fitting as the
relationship whose sign and strength best distinguished high from low responders across
all time points and cohorts [28]. Each study was therefore logically necessary for the next.
The architecture of the thesis reflects a deliberate progression from discovery to
universality to conserved core to mechanism, with each stage generating the specific

information the next required.

8.2 What the Transcriptional Findings Suggest About Vitamin D’s Role

in the Immune System

The transcriptional findings of this thesis, taken together, raise a genuine interpretive
question about vitamin D’s immune role that goes beyond the scope of any individual study.
The combination of focal adhesion upregulation and downregulation of specific regulatory
genes in the conserved core does not map neatly onto the conventional categories of pro-
inflammatory or anti-inflammatory. One plausible interpretation, developed here as a
working framework, is that vitamin D shifts the regulatory tone of circulating immune cells
in ways that alter their readiness to respond to subsequent stimuli, without constitutively
activating or suppressing inflammation. Whether this interpretation is correct requires
experimental validation beyond the scope of the current studies. What the current data do
establish unambiguously is that vitamin D produces a specific, reproducible, and conserved
pattern of transcriptional change in human immune cells that is distinct from what in vitro

models predicted [27, 30].

The transcriptional data from both VitDHiD and VitDPAS present an interesting
interpretive challenge. The dominant in vivo response in human PBMCs involves
upregulation of focal adhesion and cell-environment sensing genes, alongside
downregulation of a conserved core that includes NFkB pathway regulators. Rather than
fitting neatly into an anti-inflammatory or pro-inflammatory category, this pattern suggests
a more nuanced regulatory shift whose biological consequences are context-dependent.
One interpretation is that vitamin D calibrates immune cells toward a state of altered
regulatory tone, with the specific functional outcome depending on what signals those cells

subsequently encounter. This is a working hypothesis rather than an established conclusion,
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but it provides a useful conceptual framework for interpreting the combination of findings
and for generating testable predictions about when and in whom vitamin D3

supplementation will produce clinically meaningful immune effects.

The temporal amplification documented in Chapter 6 adds a dimension that is not captured
by any single-measurement study. The transcriptional response to vitamin D grows
substantially across three monthly supplementation cycles, not because the hormonal
stimulus changes but presumably because the chromatin landscape at VDR -occupied loci
is progressively modified with each cycle. This finding has a direct and practical
implication: the biological response measured at any single time point in a supplementation
study represents a snapshot of a dynamic process, and the time point chosen will
substantially affect what is observed. Short studies may systematically underestimate the

transcriptional effects of consistent supplementation [28].

8.3 HLA-C and What Baseline Differences Tell Us

Among the findings of VitDHiD, the constitutively four-fold higher expression of HLA-C
in high compared with low responders at baseline deserves particular attention because it
directly demonstrates that the response index reflects a pre-existing regulatory state [27].
HLA-C is itself a direct VDR target gene, so its higher expression in individuals who will
subsequently show the strongest vitamin D response cannot be coincidental. It suggests that
the same regulatory landscape that enables strong VDR-mediated transcription is already
active at baseline, before any supplementation is administered. The response index is not

created by vitamin D, rather revealed by it.

The biological basis of this HLA-C difference is not fully established, but the chromatin
data from Rybinski et al. (2026) [21] provide relevant context: chromatin accessibility at
vitamin D-regulated loci differs systematically between high and low responders before
supplementation, consistent with the idea that epigenetic differences underlie the
differential baseline expression [51]. The mechanistic link between chromatin accessibility
at VDR-bound enhancers near the MHC locus and the HLA-C baseline expression
difference is a specific and testable prediction that future chromatin conformation studies

could address.
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8.4 Epigenetic Memory, Baseline Fluctuation, and the Implications for

Trial Design

The striking interindividual variation in baseline gene expression documented in Chapter
7.1, covering a 44% median CV across 14,788 expressed genes, greater than 2-fold
variation in 573 genes, and a 1.82-fold range in aggregate kernel TF expression, quantifies
the scale of pre-existing biological heterogeneity that vitamin D trials ignore when they
treat participants as exchangeable [28]. This is not a statistical nuisance: it is the biological
signal that encodes each individual’s immune regulatory history, a conclusion reinforced
by the chromatin-level evidence in Rybinski et al. (2026), which shows that this pre-
supplementation variability has a corresponding epigenetic signature at VDR-regulated loci

[51].

Combined with the temporal amplification finding, these data build a compelling case that
clinical vitamin D trials need to be redesigned around two principles that current trials
uniformly ignore. First, pre-trial stratification by response index phenotype is not optional
but biologically necessary: including approximately one third of non-responders in a trial
powered for an average effect will always dilute the true signal below detection. Second,
the measurement time point matters profoundly: a trial measuring outcomes after one
month is measuring a different and incomplete biological state compared to one measuring
after three months of consistent bolus supplementation, when epigenetic priming has had

time to deepen the transcriptional programme.

8.5 Toward Predictive Personalised Supplementation

The ODE regulatory kernel provides a specific and actionable path toward clinical
prediction. The model accepts as input the baseline expression levels of the 11 kernel TFs
from the baseline expression values of the 11 kernel TFs as initial conditions for the ODE
model, and the fitted model reproduces the observed response trajectories of different
responder subgroups. Cross-cohort validation demonstrates that this generalises to the
independent VitDHiD cohort. The next step toward clinical application is a minimum
viable assay: a targeted RNA quantification panel measuring the 11 kernel TFs from a
standard venepuncture, interpretable through the ODE model, that classifies individuals as

high, mid, or low vitamin D responders before supplementation begins.
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This is not merely a theoretical possibility. The biological foundation demonstrated in this
thesis, namely that the baseline transcriptional state of immune cells is mechanistically
linked to the response phenotype through the fitted ODE model, is the most important
prerequisite for such a clinical tool. What remains is prospective validation in a new,
independent cohort designed specifically for prediction testing, followed by assay

development and regulatory review. These are substantial but straightforwardly defined

challenges.
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Figure 8. Overview of personalised vitamin D supplementation. Participant stratification by vitamin D
response index (high, mid, low) enables targeted clinical benefit across bone homeostasis, muscle strength
and development, and immune system function (innate and adaptive immunity). Taken from Carlberg C &

Mycko MP (2023) Cells 12:2391]14].

8.6 Baseline Transcriptional Heterogeneity: Baseline Transcriptomic

Architecture Before Supplementation Begins

One of the most striking and biologically informative patterns in the VitDPAS dataset is

the degree of interindividual variation in gene expression at day 0, before any vitamin D
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has been administered. This baseline fluctuation is not experimental noise rather it is

reproducible across time points and biologically meaningful.

This pre-existing heterogeneity, which is present before any vitamin D is administered and
is therefore not caused by it, is the molecular signature of each individual’s accumulated
immunological history: past infections that transiently remodelled chromatin in
haematopoietic progenitors, dietary and metabolic exposures, prior seasonal vitamin D
status, and genetic variants that alter TF binding site affinity or chromatin looping
architecture. The epigenetic memory hypothesis holds that this pre-existing landscape is
precisely what determines the individual’s capacity to respond to VDR activation [51]:
participants whose regulatory circuitry is already in a particular configuration will amplify
the VDR signal into a broad transcriptional programme, while those whose circuitry is in a
different state will produce a minimal response. If correct, this implies that a baseline
PBMC transcriptomic profile, taken before any supplementation, contains sufficient
information to predict the response phenotype. This prediction is tested and supported by

the modelling in Chapter 6.

The top fluctuating genes, identified by CV across individuals at day 0, include focal
adhesion genes (ITGB3, ITGA2B, MYL9), immune composition markers (JCHAIN,
SIGLECI [sialic acid binding immunoglobulin-type lectin 1]), an AP1 TF (FOSB), and
interferon-induced genes (/FI44L [interferon induced protein 44 like], IFITI [interferon
induced protein with tetratricopeptide repeats 1]). Strikingly, the focal adhesion genes that
are the most enriched pathway in the VitDHiD transcriptional response are also among the
most variable at baseline, suggesting that the chromatin landscape at these loci is a major

determinant of response capacity before any supplementation begins [27, 30].

8.7 The Evolution of the Response Index and Baseline Transcriptional

Heterogeneity

The vitamin D response index, introduced in its earliest form in VitDmet as a simple gene-
count classification, was progressively refined through each of the four studies in this
thesis. This section discusses how those refinements deepened biological understanding
and what the baseline transcriptional heterogeneity documented across studies implies for

the biology of the vitamin D response.
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VitDHiD advanced the concept by quantifying it transcriptome-wide using RNA-seq: each
participant received a response score based on the number and magnitude of differentially
expressed genes, and k-means clustering cleanly separated high, mid, and low responders.
Crucially, the study also found that HLA-C, a MHC class I gene, was expressed at four-
fold higher levels in high responders at day 0, before any supplementation. This pre-
existing baseline difference suggested that the response capacity is not created by vitamin

D but is already present in the individual’s immune cells before the hormone arrives.

VitDPAS deepened this insight by showing that a 26-gene conserved core, including
NFKBIA, NFKBIZ, and TNFAIP3, is consistently downregulated across the whole cohort
as part of the shared vitamin D transcriptional response. Chromatin at the transcription start
sites (TSSs) of these genes was found to be constitutively accessible in resting PBMCs by
ATAC-seq[8], suggesting that these loci are persistently available targets rather than newly
opened by VDR activation. The response index began to look less like a variable sensitivity
to vitamin D and more like a property of the pre-existing regulatory landscape that

determines how immune cells amplify the VDR signal.

The ODE modelling in Chapter 6 completes this conceptual arc. By fitting a dynamic
mathematical model to the longitudinal VitDPAS transcriptomic time series, the study
identifies the specific regulatory interactions among 11 TFs, particularly the interaction
between TP53, AP1, and MYC, whose sign and strength at baseline determine whether an
individual’s response will be amplified or attenuated. The response index, initially a rank

order based on outcome, has become an explanation of mechanism based on input.

Three arguments establish why an ODE-based mechanistic model is necessary for
individual response prediction, rather than expression profiling alone. First, neither
baseline nor post-supplementation expression levels of differentially expressed genes
predict the response score. Response capacity is encoded in the regulatory architecture, not
in transcript abundance. Second, the regulatory kernel accepts a single individual's
longitudinal expression trajectory as input and does not require cohort-level data. This is
clinically essential as a practitioner assessing one patient cannot acquire a matched
population cohort for comparison. The ODE model works on one person's data. Third, the
TP53-AP1-MYC interaction strengths distinguishing high from low responders are
invisible at the level of individual gene expression but emerge from the fitted regulatory

dynamics [28, 30]. These three points explain why the progression from transcriptomic
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discovery to systems identification is a conceptual necessity, not merely a technical

refinement.

Critically, neither the day 0 nor the day 1 expression level predicts the response score.
Individuals with low absolute expression of the DEGs can have high response scores and
vice versa. This demonstrates that the response index captures a regulatory property, the
capacity for coherent directional change, that is invisible to any simple expression-level

measurement [27, 30].
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Chapter 9
Conclusions

The four studies constituting this doctoral thesis converge on a coherent, experimentally
grounded, and internally consistent account of why individuals differ in their transcriptional
responses to vitamin D3 supplementation and how that variability is mechanistically

encoded.

The vitamin D response index is a universal biological phenomenon. High, mid, and low
responders exist in comparable proportions in Finnish and Saudi cohorts separated by
thousands of kilometres of geography and profoundly different sun exposure histories. This
universality rules out pharmacokinetic explanations and implies that the response
phenotype is encoded in the intrinsic regulatory machinery of the individual’s immune cells

rather than in their relationship with the vitamin D metabolic pathway.

The in vivo transcriptional programme of vitamin D in human immune cells involves the
coordinated upregulation of focal adhesion pathway genes ([TGA2B, ITGB3, ITGBS,
MYL9, MYLK) alongside the downregulation of a conserved core that includes regulators
of the NFkB pathway (NFKBIA, NFKBIZ, TNFAIP3). One interpretation of this pattern,
proposed here as a working conceptual framework, is that vitamin D modulates immune
cell readiness rather than simply suppressing inflammation. This remains an interpretive
framing requiring further experimental testing, but it offers a coherent explanation for the

combination of findings across VitDHiD and VitDPAS [27, 30].

A 26-gene high-confidence conserved core, identified through rigorous cross-cohort
comparison of VitDHiD and VitDPAS datasets, constitutes the most replicable molecular
phenotype of vitamin D responsiveness yet described and provides the foundation for

biomarker development and minimal response assay design.

HLA-C expression is four-fold higher in high responders than low responders at baseline
before any supplementation, pointing toward the MHC locus chromatin architecture as a
potential genetic determinant of response capacity and inviting chromatin conformation

analysis as a next experimental step.

Progressive temporal amplification of the transcriptional response across three monthly

supplementation cycles provides the first direct evidence in humans of epigenetic priming
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of VDR target gene loci over repeated cycles of activation, fundamentally changing how

the therapeutic timeline of vitamin D supplementation should be conceptualised.

An ODE-based regulatory kernel of 11 TFs and 117 interactions, fitted to the VitDPAS
longitudinal dataset and validated in the independent VitDHiD cohort, reproduces observed
temporal dynamics with R? > 0.94 and identifies the TP53-AP1-MYC regulatory axis as
the mechanistic discriminator between high and low response phenotypes. Baseline
expression of the 11 kernel TFs at day O contains sufficient predictive information to

forecast response trajectories before supplementation begins.

Finally, this thesis demonstrates that intervention-driven dynamic systems identification
from longitudinal transcriptomic data is a productive and generalisable strategy for
resolving interindividual variability in nutrigenomic response, with broad applicability
beyond vitamin D to other dietary compounds and pharmacological agents whose

molecular effects unfold across extended time scales in human immune cells.
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Chapter 10
Implications and Recommendations

10.1 Limitations

This thesis has several limitations that should be acknowledged alongside its contributions.

The cohort sizes are relatively small. VitDHiD comprised 25 participants and VitDPAS 45.
While standard for deep transcriptomic studies, and while cross-cohort replication across
four studies strengthens confidence in the findings, these sizes limit the detection of low-

frequency responder subtypes. Larger cohorts will be needed before clinical translation.

The studies measure PBMCs only. Vitamin D responses occur across many tissue types
including gut, bone, and adipose tissue, which are inaccessible in healthy participants. The
transcriptomic response characterised here may not fully represent responses in the tissues
where vitamin D has its main clinical effects. Furthermore, PBMCs are a heterogeneous
mixture of monocytes, T cells, B cells, and NK cells whose proportions vary between
individuals. This cellular composition variability is an uncontrolled confounder that may

contribute to observed interindividual transcriptional differences.

The VitDHiD and Saudi cohort studies used a single bolus dose [2, 16]. The three-cycle
VitDPAS design partially addresses this by showing temporal stability of response
classification, but the 28-day window does not capture slower epigenetic changes operating

over months.

The ODE model in Chapter 6 is a simplification. The regulatory kernel of 11 TFs and 117
interactions omits many co-regulators and feedback loops. Model parameters should be
interpreted as effective interaction strengths within the defined kernel, not absolute
biochemical constants. A further important caveat concerns causal inference: although
ODE fitting identifies regulatory interactions that are mathematically necessary to
reproduce the observed trajectories, this does not establish causality in the experimental
sense; direct perturbation of the identified TF interactions would be required to confirm

their causal roles.
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Finally, all cohorts are drawn from European or Saudi Arabian populations. Whether the
TP53-AP1-MYC axis operates similarly as a discriminator in other populations remains to

be determined.

10.2 Public Health: Moving Beyond One-Size-Fits-All Guidelines

The most immediate practical implication of this thesis is that current vitamin D
supplementation guidelines, which recommend identical doses for all adults within broad
age and weight categories, are biologically inadequate. A reproducible low-responder
phenotype affecting approximately one quarter to one third of the population means that a
substantial fraction of supplemented individuals receive vitamin D without meaningful
transcriptional benefit to their immune regulatory programme, regardless of how much
their serum 25(OH)D3s rises. Population-wide uniform dosing optimises a statistical average

that may be biologically meaningful for almost no specific individual [2, 16, 30].

The weight-adjusted dosing protocol of VitDPAS (1,000 IU per kilogram of body weight
per month) represents a first step toward pharmacokinetically rational personalisation.[30]
But the deeper personalisation this thesis argues is biologically necessary involves pre-
supplementation classification by response index phenotype. High responders may benefit
from moderate, well-timed supplementation that maintains VDR activation without
inducing excess CYP24A1-driven catabolism. Low responders may require fundamentally
different approaches, potentially including higher or more frequent doses, alternative
delivery routes, or combination strategies targeting the TP53-AP1-MYC regulatory
bottleneck rather than simply increasing VDR ligand availability [28].

10.3 Clinical Trial Design: What Needs to Change

The failure of large-scale vitamin D trials (VITAL, D-HEALTH, ViDA) to demonstrate
significant average effects is explained by this thesis in biological terms: the trials included
large fractions of non-responders, measured outcomes at time points before epigenetic
priming had fully established the transcriptional benefit, and were powered for average

effects that the biological heterogeneity of their populations made statistically inaccessible

[44, 45, 53].
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Future vitamin D trials need three design elements that current trials uniformly lack. First,
pre-trial stratification of participants by vitamin D response index phenotype, ideally using
a baseline PBMC transcriptomic measurement, is needed to separate the analysable
subgroups and enable subgroup-specific effect estimation. Second, a minimum intervention
duration of twelve months with monthly bolus dosing, rather than daily dosing over shorter
periods, is needed to allow epigenetic priming to establish the full transcriptional
programme before outcomes are assessed. Third, the primary analysis should distinguish
effects in high, mid, and low responders rather than pooling all participants into a single

average.

10.4 Translational Medicine: The Path to a Predictive Assay

The ODE regulatory kernel, validated across two independent cohorts, provides the
computational core of a potential clinical predictive tool [28]. A minimum viable assay
measuring the 11 kernel TFs from a baseline venepuncture could, through the ODE model,

classify individuals as high, mid, or low responders before any vitamin D is administered
[28].

Realising this clinical potential requires prospective validation in a new independent cohort
designed specifically for prediction testing, followed by assay miniaturisation, clinical
laboratory compatibility testing, health economic evaluation, and regulatory engagement.
These are substantial challenges, but the biological foundation established by this thesis,
demonstrating that pre-supplementation transcriptomics contains mechanistically

grounded predictive information, is the most critical intellectual prerequisite for the entire

translation pathway [27, 28, 30].

10.5 Future Research Directions

HLA-C’s constitutively higher expression in high responders before supplementation
invites genetic analysis of the MHC locus to test whether specific chromatin looping
configurations or VDRE-containing enhancer variants underlie both the higher basal HLA -
C expression and the greater VDR responsiveness. This requires chromatin conformation

data from sorted immune cell populations stratified by response phenotype.
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The ODE model should be validated in cohorts with different supplementation regimens,
including daily dosing and paediatric or elderly populations, and in genetically diverse non-
European populations to determine whether the TP53-AP1-MYC axis discriminates

response phenotypes universally or specifically in European ancestry groups.

The epigenetic priming hypothesis, which predicts that repeated VDR activation
progressively opens chromatin at target gene loci, should be tested directly using
longitudinal ATAC-seq across the three VitDPAS supplementation cycles. The prediction
is specific: chromatin accessibility at VDR-occupied enhancers should increase

progressively in high responders across cycles but remain static in low responders.

Finally, the vitamin D response index framework should be deployed in prospective cohort
studies with embedded transcriptomic measurements to test whether baseline PBMC
expression predicts clinically meaningful outcomes including respiratory infection

susceptibility, vaccine response magnitude, and autoimmune disease incidence.

“For every answer that opens ten new questions, may we always

have the courage to keep asking.”

— Anonymous
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adapter trimming (Cutadapt v3.5), read alignment to GRCh38/hg38 (STAR
v2.7.10a), gene-level read counting (featureCounts / subread v2.0.3), library-
size normalisation (TMM), and differential expression analysis in R/edgeR
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(FDR < 0.05, n = 25 participants). Derived the first RNA-seq-based vitamin
D response index via k-means clustering of participant-level log-fold-change
profiles. Raw sequencing data deposited to NCBI GEO (GSE accession
submitted).

Oprogramowanie /
Software

R (v4.2): edgeR, limma, ggplot2, pheatmap, RColorBrewer; Python (v3.10):
pandas, numpy, matplotlib, seaborn; Shell (bash): FastQC, MultiQC,
Cutadapt, STAR, Samtools (v1.16), featureCounts; Adnotacja genomu:
Ensembl GRCh38.p13. / R (v4.2): edgeR, limma, ggplot2, pheatmap,
RColorBrewer, Python (v3.10): pandas, numpy, matplotlib, seaborn,; Shell
(bash): FastQC, MultiQC, Cutadapt, STAR, Samtools (vI.16),
featureCounts, Genome annotation: Ensembl GRCh38.p13.

Wizualizacja /
Visualization

Przygotowatam wigkszos$¢ rycin: wykresy MDS/PCA, volcano, MA, mapy
cieplne klastrowania k-means oraz wykresy korelacji. / Prepared most
figures: MDS/PCA plots, volcano plots, MA plots, k-means clustering
heatmaps, and correlation scatter plots.

Redakcja i przygotowanie
pierwszej wersji
manuskryptu / Writing —
Original Draft

Pierwszy autor. Napisalam sekcj¢ metod bioinformatycznych; wniostam
wktad w wyniki i dyskusj¢. / First Author. Wrote the bioinformatics methods
section; contributed to results and discussion.

Przygotowanie odpowiedzi
na recenzje / Writing —
Review & Editing

Krytyczny przeglad i rewizja pelnego manuskryptu przed ztozeniem i po
recenzji. / Critical review and revision of the full manuscript prior to
submission and after peer review.

Ranjini Ghosh Dastidar — PhD Thesis — 88




Okreslenie merytorycznego udziatu kandydata w powstanie artykubu naukowego/monografii naukowej zgodnie
z taksonomia CRediT (htips://credit.niso.org/).”

podpis kandydata / signature of the candidate:

e RANDINE... QHOSH, DIBTIDAR | oeeeeeeeesssesssiinin

Ranjini Ghosh Dastidar

Podpisy wspélautora/wspolautoréw / Signatures of the co-author/co-authors:

Julia Jaroslawska:

..........................................................................................................

Carsten Carlberg:
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"OkreSlenie merytorycznego udzialu kandydata w powstanie artykulu naukowego/monografii naukowej (https://credit.niso.org/)
W celu jednoznacznego okreslenia wktadu kandydatow w powstanie publikacji naukowej, przyjmuje si¢ nastgpujaca klasyfikacje:

Konceptualizacja: Tworzenie idei; formutowanie lub rozwijanie gtownych celéw, hipotez i zalozen badawczych.
Opracowanie danych: Zarzadzanie danymi, w tym ich adnotacja (tworzenie metadanych), przechowywanie danych
badawczych do uzytku biezacego i/lub ponownej analizy.

Analiza danych: Zastosowanie technik statystycznych, matematycznych, obliczeniowych lub innych metod do analizy danych
badawczych.

Pozyskanie finansowania: Zdobycie srodkéw finansowych na realizacj¢ projektu, ktoéry doprowadzit do powstania publikacji.
Badania: Prowadzenie procesu badawczego, w tym przeprowadzanie eksperymentow oraz zbieranie danych.

Metodologia: Opracowanie metod badawczych; tworzenie modeli badawczych.

Zarzadzanie projektem: Koordynacja i zarzadzanie planowaniem oraz realizacja dziatan badawczych.

Oprogramowanie: Programowanie; projektowanie programéw komputerowych; implementacja kodu komputerowego i
wspierajacych algorytmow; testowanie istniejacych komponentéw kodu.

Zasoby: Zapewnienie materiatu badawczego, odczynnikow, narzedzi badawczych, pacjentow, probek laboratoryjnych,
zwierzat doswiadczalnych, sprzgtu, zasobow obliczeniowych lub innych narzedzi analitycznych.

Walidacja: Weryfikacja powtarzalnosci i odtwarzalno$ci wynikow badan, eksperymentow oraz innych rezultatow naukowych.
Wizualizacja: Przygotowanie, opracowanie i/lub prezentacja wynikow badawczych, w szczegdlnosci wizualizacja danych.
Redakcja i przygotowanie pierwszej wersji manuskryptu: Opracowanie, stworzenie i/lub prezentacja pracy naukowej, w
szczeg6lnoscei napisanie pierwszej wersji manuskryptu.

Przygotowanie odpowiedzi na recenzje: Opracowanie, stworzenie i/lub prezentacja pracy naukowej przez autoré6w
manuskryptu, obejmujaca krytyczna analizg, komentarze oraz poprawki.

To clearly define the candidate’s contribution to the publication, the following taxonomy (as per credit.niso.org) is
recommended:

Conceptualization: Ideas; formulation or evolution of overarching research goals and aims.

Data curation: Management activities to annotate (produce metadata), scrub data and maintain research data (including
software code, where it is necessary for interpreting the data itself) for initial use and later re-use.

Formal analysis: Application of statistical, mathematical, computational, or other formal techniques to analyze or synthesize
study data.

Funding acquisition: Acquisition of the financial support for the project leading to this publication.

Investigation: Conducting a research and investigation process, specifically performing the experiments, or data/evidence
collection.

Methodology: Development or design of methodology; creation of models.

Project administration: Management and coordination responsibility for the research activity planning and execution.
Software: Programming, software development; designing computer programs; implementation of the computer code and
supporting algorithms; testing of existing code components.

Resources: Provision of study materials, reagents, materials, patients, laboratory samples, animals, instrumentation, computing
resources, or other analysis tools.

Validation: Verification, whether as a part of the activity or separate, of the overall replication/reproducibility of
results/experiments and other research outputs.

Visualization: Preparation, creation and/or presentation of the published work, specifically visualization/data presentation.
Writing — Original Draft: Preparation, creation and/or presentation of the published work, specifically writing the initial draft
(including substantive translation).

Writing — Review & Editing: Preparation, creation and/or presentation of the published work by those from the original
research group, specifically critical review, commentary or revision — including pre- or post-publication stages.
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Zalacznik nr 10 / Annex No. 10 ¢ Paper 2 (Chapter 4) — Saudi Cohort | Saudi Pharm J 2024

Oswiadczenie kandydata o jego merytorycznym udziale w powstanie pracy

Statement of the candidate on their substantive contribution to the creation of a work

Imi¢ i nazwisko / Name
and surname:

Ranjini Ghosh Dastidar

ORCID:

0000-0001-6180-2523

Miejscowosé, data / City,
date:

Olsztyn, 11 May 2026

Oswiadczenie

Statement

Niniejszym o$wiadczam, ze w pracy ,, Evaluation of the vitamin D response index in a Saudi
cohort” (Shareefa A. AlGhamdi*, Ranjini Ghosh Dastidar*, Maciej Rybinski, Hadeil M. Alsufiani,
Sawsan O. Khoja, Nusaibah N. Enaibsi, Safa F. Saif & Carsten Carlberg, Saudi Pharmaceutical
Journal, 2024, vol. 32, 102137, DOI: 10.1016/jjsps.2024.102137)méj udzial polegal na
konceptualizacji, analizie danych, oprogramowaniu, wizualizacji, przygotowaniu pierwszej wersji
manuskryptu oraz przygotowaniu odpowiedzi na recenzje.

I hereby declare that in the scientific paper ,, Evaluation of the vitamin D response index in a Saudi
cohort” (Shareefa A. AlGhamdi*, Ranjini Ghosh Dastidar*, Maciej Rybinski, Hadeil M. Alsufiani,
Sawsan O. Khoja, Nusaibah N. Enaibsi, Safa F. Saif & Carsten Carlberg, Saudi Pharmaceutical
Journal, 2024, vol. 32, 102137, DOI: 10.1016/j.jsps.2024.102137)my contribution consisted of
conceptualization, formal analysis, software, visualization, writing — original draft, and writing —

review & editing.

Konceptualizacja /
Conceptualization

Wspoltworzytam algorytm punktacji indeksu odpowiedzi na witaming D
oparty na cytokinach oraz schemat klasyfikacji uczestnikow. / Co-
conceptualised the cytokine-based vitamin D response index scoring
algorithm and participant classification framework.

Analiza danych / Formal
analysis

Prowadzitam calg analizg statystyczng: opracowanie wazonego algorytmu
punktacji odpowiedzi cytokinowej; klastrowanie k-means (pakiet R stats)
100 uczestnikdéw saudyjskich na respondentéw wysokich, §rednich i niskich;
analiza zgodnos$ci miedzy klasyfikacjami opartymi na cytokinach i qPCR
(88,6% zgodnosci, n = 37 uczestnikow). / Led all statistical analysis:
development of a weighted cytokine-response scoring algorithm; k-means
clustering (R stats package) of 100 Saudi participants into high, mid, and low
responders; concordance analysis between cytokine- and qPCR-based
classifications (88.6% concordance, n = 37 participants).

Oprogramowanie /
Software

R (v4.2): stats (k-means, cor.test), ggplot2, dplyr, tidyr; Python (v3.10):
pandas, scipy, matplotlib; Microsoft Excel (zestawianie wynikow czytnika
ptytek ELISA). / R (v4.2): stats (k-means, cor.test), ggplot2, dplyr, tidyr;
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Python (v3.10): pandas, scipy, matplotlib; Microsoft Excel (collation of
ELISA plate-reader outputs).

Wizualizacja /
Visualization

Przygotowatam wszystkie ryciny: wykresy stupkowe odpowiedzi
cytokinowej, wykresy skumulowanego indeksu odpowiedzi uczestnikow
oraz wykresy klasyfikacji zgodnos$ci/niezgodnos$ci. / Prepared all figures:
cytokine response bar plots, participant-ranked cumulative response index
plots, concordance/discordance classification scatter plots.

Redakcja i przygotowanie

pierwszej wersji
manuskryptu / Writing —
Original Draft

Whniostam wktad jako wspolpierwszy autor (rowny udzial, oznaczony *):
napisatam sekcje metod statystycznych i wynikow. / Contributed as joint first
author (equal contribution, denoted *): wrote statistical methods and results
sections.

Przygotowanie odpowiedzi
na recenzje / Writing —
Review & Editing

Krytyczny przeglad i rewizja pelnego manuskryptu przed ztozeniem i po
recenzji. / Critical review and revision of the full manuscript prior to
submission and after peer review.

Okreslenie merytorycznego udziatu kandydata w powstanie artykutu naukowego/monografii
naukowej zgodnie z taksonomia CRediT (https://credit.niso.org/).”
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cytokine response bar plots, participant-ranked cumulative response index

| plots, concordance/discordance classification scatter plots.

rwszej
mmuskrypm / Writing -
;Orlgmll Draft

ie | Wniostam wkilad jako wspélpierwszy autor (réwny udzial, oznaczony *):
ersji | napisatam sekcje metod statystycznych i wynikéw. / Contributed as joint first

author (equal contribution, denoted *): wrote statistical methods and results
sections.

Przygotomnieodpowiedzl
cenzje / Writing —
Revi“‘&Ediﬁng

Krytyczny przeglad i rewizja pelnego manuskryptu przed zlozeniem i po
recenzji. / Critical review and revision of the full manuscript prior 1o
submission and after peer review.

Okreslenie merytorycznego udzialu kandydata w powstanie artykulu naukowego/monografii naukowej zgodnie
z taksonomia CRediT (htips://credit.niso.org/).”

podpis kandydata / signature of the candidate:

Ranjini Ghosh Dastidar

Podpisy wspélautora/wspélautoréw / Signatures of the co-author/co-authors:

Shareefa A. AlGhamdi:
Maciej Rybinski:




"OkreSlenie merytorycznego udzialu kandydata w powstanie artykulu naukowego/monografii naukowej (https://credit.niso.org/)
W celu jednoznacznego okreslenia wktadu kandydatow w powstanie publikacji naukowej, przyjmuje si¢ nastgpujaca klasyfikacje:

Konceptualizacja: Tworzenie idei; formutowanie lub rozwijanie gtownych celéw, hipotez i zalozen badawczych.
Opracowanie danych: Zarzadzanie danymi, w tym ich adnotacja (tworzenie metadanych), przechowywanie danych
badawczych do uzytku biezacego i/lub ponownej analizy.

Analiza danych: Zastosowanie technik statystycznych, matematycznych, obliczeniowych lub innych metod do analizy danych
badawczych.

Pozyskanie finansowania: Zdobycie srodkéw finansowych na realizacj¢ projektu, ktoéry doprowadzit do powstania publikacji.
Badania: Prowadzenie procesu badawczego, w tym przeprowadzanie eksperymentow oraz zbieranie danych.

Metodologia: Opracowanie metod badawczych; tworzenie modeli badawczych.

Zarzadzanie projektem: Koordynacja i zarzadzanie planowaniem oraz realizacja dziatan badawczych.

Oprogramowanie: Programowanie; projektowanie programéw komputerowych; implementacja kodu komputerowego i
wspierajacych algorytmow; testowanie istniejacych komponentéw kodu.

Zasoby: Zapewnienie materiatu badawczego, odczynnikow, narzedzi badawczych, pacjentow, probek laboratoryjnych,
zwierzat doswiadczalnych, sprzgtu, zasobow obliczeniowych lub innych narzedzi analitycznych.

Walidacja: Weryfikacja powtarzalnosci i odtwarzalno$ci wynikow badan, eksperymentow oraz innych rezultatow naukowych.
Wizualizacja: Przygotowanie, opracowanie i/lub prezentacja wynikow badawczych, w szczegdlnosci wizualizacja danych.
Redakcja i przygotowanie pierwszej wersji manuskryptu: Opracowanie, stworzenie i/lub prezentacja pracy naukowej, w
szczeg6lnoscei napisanie pierwszej wersji manuskryptu.

Przygotowanie odpowiedzi na recenzje: Opracowanie, stworzenie i/lub prezentacja pracy naukowej przez autoré6w
manuskryptu, obejmujaca krytyczna analizg, komentarze oraz poprawki.

To clearly define the candidate’s contribution to the publication, the following taxonomy (as per credit.niso.org) is
recommended:

Conceptualization: Ideas; formulation or evolution of overarching research goals and aims.

Data curation: Management activities to annotate (produce metadata), scrub data and maintain research data (including
software code, where it is necessary for interpreting the data itself) for initial use and later re-use.

Formal analysis: Application of statistical, mathematical, computational, or other formal techniques to analyze or synthesize
study data.

Funding acquisition: Acquisition of the financial support for the project leading to this publication.

Investigation: Conducting a research and investigation process, specifically performing the experiments, or data/evidence
collection.

Methodology: Development or design of methodology; creation of models.

Project administration: Management and coordination responsibility for the research activity planning and execution.
Software: Programming, software development; designing computer programs; implementation of the computer code and
supporting algorithms; testing of existing code components.

Resources: Provision of study materials, reagents, materials, patients, laboratory samples, animals, instrumentation, computing
resources, or other analysis tools.

Validation: Verification, whether as a part of the activity or separate, of the overall replication/reproducibility of
results/experiments and other research outputs.

Visualization: Preparation, creation and/or presentation of the published work, specifically visualization/data presentation.
Writing — Original Draft: Preparation, creation and/or presentation of the published work, specifically writing the initial draft
(including substantive translation).

Writing — Review & Editing: Preparation, creation and/or presentation of the published work by those from the original
research group, specifically critical review, commentary or revision — including pre- or post-publication stages.
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Zalacznik nr 10 / Annex No. 10 ¢ Paper 3 (Chapter 5) — VitDPAS | Sci Rep 2025

Oswiadczenie kandydata o jego merytorycznym udziale w powstanie pracy

Statement of the candidate on their substantive contribution to the creation of a work

Imi¢ i nazwisko / Name
and surname:

Ranjini Ghosh Dastidar

ORCID:

0000-0001-6180-2523

Miejscowosé, data / City,
date:

Olsztyn, 11 May 2026

Oswiadczenie

Statement

Niniejszym o§wiadczam, ze w pracy ,, Transcriptomic profiling of immune modulation induced by
vitamin D3 in the VitDPAS and VitDHID cohort studies” (Emilia Gospodarska®, Ranjini Ghosh
Dastidar*, Julia Jaroslawska, Maciej Rybinski, Marianna Raczyk, Kornelia Tokarczyk-Malesa,
Jerzy Romaszko & Carsten Carlberg, Scientific Reports, 2025, vol. 15, 17334, DOI:
10.1038/541598-025-02495-w)moj udzial polegal na konceptualizacji, analizie danych,
oprogramowaniu, wizualizacji, przygotowaniu pierwszej wersji manuskryptu oraz przygotowaniu
odpowiedzi na recenzje.

I hereby declare that in the scientific paper ,, Transcriptomic profiling of immune modulation
induced by vitamin D3 in the VitDPAS and VitDHID cohort studies” (Emilia Gospodarska*,
Ranjini Ghosh Dastidar*, Julia Jaroslawska, Maciej Rybinski, Marianna Raczyk, Kornelia
Tokarczyk-Malesa, Jerzy Romaszko & Carsten Carlberg, Scientific Reports, 2025, vol. 15, 17334,
DOI: 10.1038/541598-025-02495-w)my contribution consisted of conceptualization, formal

analysis, software, visualization, writing — original draft, and writing — review & editing.

Konceptualizacja /
Conceptualization

Wspoltworzytam strategie analizy porownawczej mi¢dzy kohortami (kohorta
polska VitDPAS vs. kohorta finska VitDHiD) oraz podejscie oparte na
zachowanym rdzeniu sygnatury ekspresji gendéw witaminy D. / Co-
conceptualised the cross-cohort comparative analysis strategy (VitDPAS
Polish cohort vs. VitDHID Finnish cohort) and the conserved vitamin D
gene-expression core-signature approach.

Analiza danych / Formal
analysis

Gltowny bioinformatyk: kontrola jakosci RNA-seq (FastQC v0.11.9),
przycinanie adapterow (Cutadapt v3.5), wyrownanie do GRCh38/hg38
(STAR v2.7.10a), zliczanie genow (featureCounts / subread v2.0.3),
normalizacja TMM, analiza réznicowej ekspresji (R/edgeR, FDR < 0,05) dla
45 uczestnikow VitDPAS (287 bibliotek podtuznych); analiza Venna mi¢dzy
kohortami identyfikujaca zachowang sygnatur¢ 26 genéw. Surowe dane
zdeponowane w NCBI GEO. / Lead bioinformatician: RNA-seq QC (FastQC
v0.11.9), adapter trimming (Cutadapt v3.5), alignment to GRCh38/hg38
(STAR v2.7.10a), gene counting (featureCounts / subread v2.0.3), TMM
normalisation, differential expression (R/edgeR, FDR < 0.05) for 45
VitDPAS participants (287 longitudinal libraries); cross-cohort Venn

Ranjini Ghosh Dastidar — PhD Thesis — 97




analysis identifying the conserved 26-gene core signature. Raw sequencing
data deposited to NCBI GEO (GSE accession submitted).

R (v4.2): edgeR, limma, ggplot2, VennDiagram, pheatmap; Python (v3.10):
pandas, numpy, matplotlib, seaborn; Shell (bash): FastQC, MultiQC, Trim
Galore, Cutadapt, STAR, Samtools, featureCounts; Adnotacja genomu:
Ensembl GRCh38.p13. / R (v4.2): edgeR, limma, ggplot2, VennDiagram,
pheatmap; Python (v3.10): pandas, numpy, matplotlib, seaborn; Shell
(bash): FastQC, MultiQC, Trim Galore, Cutadapt, STAR, Samtools,
featureCounts; Genome annotation: Ensembl GRCh38.p13.

Oprogramowanie /
Software

Wizualizacja /
Visualization

Przygotowatam wiekszos¢ rycin: wykresy MDS, volcano, diagramy Venna
nakladania si¢ genow miedzy kohortami oraz podluzne mapy cieplne
ekspresji. / Prepared most figures: MDS plots, volcano plots, Venn diagrams
of cross-cohort gene overlaps, and longitudinal expression heatmaps.

Redakcja i przygotowanie

pierwszej wersji
manuskryptu / Writing —
Original Draft

Whiostam wklad jako wspotpierwszy autor (rowny udziat, oznaczony *):
napisatam sekcj¢ metod bioinformatycznych; wniostam wktad w wyniki i
dyskusje. / Contributed as joint first author (equal contribution, denoted *):
wrote the bioinformatics methods section; contributed to results and
discussion.

Przygotowanie odpowiedzi
na recenzje / Writing —
Review & Editing

Krytyczny przeglad i rewizja pelnego manuskryptu przed ztozeniem i po
recenzji. / Critical review and revision of the full manuscript prior to
submission and after peer review.
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Okreslenie merytorycznego udziatu kandydata w powstanie artykutu naukowego/monografii naukowej zgodnie
z taksonomia CRediT (https://credit.niso.org/).”

podpis kandydata / signature of the candidate:

Ranjini Ghosh Dastidar

Podpisy wspélautora/wspélautoréw / Signatures of the co-author/co-authors:

Emilia Gospodarska:

Julia Jaroslawska:

Maciej Rybinski:

Marianna Raczyk: //a K’(A WA R (0' 4‘{2

---------------------------------------------------------------------------------------------
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"OkreSlenie merytorycznego udzialu kandydata w powstanie artykulu naukowego/monografii naukowej (https://credit.niso.org/)
W celu jednoznacznego okreslenia wktadu kandydatow w powstanie publikacji naukowej, przyjmuje si¢ nastepujaca klasyfikacje:

Konceptualizacja: Tworzenie idei; formutowanie lub rozwijanie gtownych celéw, hipotez i zalozen badawczych.
Opracowanie danych: Zarzadzanie danymi, w tym ich adnotacja (tworzenie metadanych), przechowywanie danych
badawczych do uzytku biezacego i/lub ponownej analizy.

Analiza danych: Zastosowanie technik statystycznych, matematycznych, obliczeniowych lub innych metod do analizy danych
badawczych.

Pozyskanie finansowania: Zdobycie srodkéw finansowych na realizacje projektu, ktoéry doprowadzit do powstania publikacji.
Badania: Prowadzenie procesu badawczego, w tym przeprowadzanie eksperymentéw oraz zbieranie danych.

Metodologia: Opracowanie metod badawczych; tworzenie modeli badawczych.

Zarzadzanie projektem: Koordynacja i zarzadzanie planowaniem oraz realizacja dziatan badawczych.

Oprogramowanie: Programowanie; projektowanie programéw komputerowych; implementacja kodu komputerowego i
wspierajacych algorytmow; testowanie istniejacych komponentéw kodu.

Zasoby: Zapewnienie materiatu badawczego, odczynnikow, narzedzi badawczych, pacjentow, probek laboratoryjnych,
zwierzat doswiadczalnych, sprzgtu, zasobow obliczeniowych lub innych narzedzi analitycznych.

Walidacja: Weryfikacja powtarzalnosci i odtwarzalnosci wynikow badan, eksperymentow oraz innych rezultatow naukowych.
Wizualizacja: Przygotowanie, opracowanie i/lub prezentacja wynikéw badawczych, w szczegdlnosci wizualizacja danych.
Redakcja i przygotowanie pierwszej wersji manuskryptu: Opracowanie, stworzenie i/lub prezentacja pracy naukowej, w
szczegblnosci napisanie pierwszej wersji manuskryptu.

Przygotowanie odpowiedzi na recenzje: Opracowanie, stworzenie i/lub prezentacja pracy naukowej przez autoréw
manuskryptu, obejmujaca krytyczng analiz¢, komentarze oraz poprawki.

To clearly define the candidate’s contribution to the publication, the following taxonomy (as per credit.niso.org) is
recommended:

Conceptualization: Ideas; formulation or evolution of overarching research goals and aims.

Data curation: Management activities to annotate (produce metadata), scrub data and maintain research data (including
software code, where it is necessary for interpreting the data itself) for initial use and later re-use.

Formal analysis: Application of statistical, mathematical, computational, or other formal techniques to analyze or synthesize
study data.

Funding acquisition: Acquisition of the financial support for the project leading to this publication.

Investigation: Conducting a research and investigation process, specifically performing the experiments, or data/evidence
collection.

Methodology: Development or design of methodology; creation of models.

Project administration: Management and coordination responsibility for the research activity planning and execution.
Software: Programming, software development; designing computer programs; implementation of the computer code and
supporting algorithms; testing of existing code components.

Resources: Provision of study materials, reagents, materials, patients, laboratory samples, animals, instrumentation, computing
resources, or other analysis tools.

Validation: Verification, whether as a part of the activity or separate, of the overall replication/reproducibility of
results/experiments and other research outputs.

Visualization: Preparation, creation and/or presentation of the published work, specifically visualization/data presentation.
Writing — Original Draft: Preparation, creation and/or presentation of the published work, specifically writing the initial draft
(including substantive translation).

Writing — Review & Editing: Preparation, creation and/or presentation of the published work by those from the original
research group, specifically critical review, commentary or revision — including pre- or post-publication stages.
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Zalacznik nr 10 / Annex No. 10 ¢ Paper 4 (Chapter 6) — ODE Modelling | Under Review

Oswiadczenie kandydata o jego merytorycznym udziale w powstanie pracy

Statement of the candidate on their substantive contribution to the creation of a work

and surname:

Imi¢ i nazwisko / Name | Ranjini Ghosh Dastidar

ORCID:

0000-0001-6180-2523

date:

Miejscowos¢, data / City, | Olsztyn, 11 May 2026

Oswiadczenie

Statement

Niniejszym o$wiadczam, ze w pracy ,, Dynamic system identification defines a minimal
transcription factor control architecture of human endocrine gene regulation” (Ranjini Ghosh
Dastidar, Emilia Gospodarska, Kornelia Tokarczyk-Malesa, Jerzy Romaszko, Elisa Dominguez-
Hiittinger & Carsten Carlberg, Manuscript under review, 2025/2026, DOI: Submitted;, DOI
pending)mdj udziat polegal na konceptualizacji, metodologii, analizie danych, oprogramowaniu,
wizualizacji, przygotowaniu pierwszej wersji manuskryptu oraz przygotowaniu odpowiedzi na
recenzje.

I hereby declare that in the scientific paper ,, Dynamic system identification defines a minimal
transcription factor control architecture of human endocrine gene regulation” (Ranjini Ghosh
Dastidar, Emilia Gospodarska, Kornelia Tokarczyk-Malesa, Jerzy Romaszko, Elisa Dominguez-
Hiittinger & Carsten Carlberg, Manuscript under review, 2025/2026, DOI: Submitted; DOI
pending)my contribution consisted of conceptualization, methodology, formal analysis, software,

visualization, writing — original draft, and writing — review & editing.

Konceptualizacja
Conceptualization

/| Gtowny autor; opracowatam podejscie oparte na jadrze regulatorowym ODE,

iteracyjne ramy redukcji sieci (od 1 633 interakcji do minimalnego jadra 117
interakcji/ 11 TF) oraz strategi¢ walidacji migdzy kohortami. / Lead author;
conceptualised the ODE-based regulatory kernel approach, the iterative
network reduction framework (from 1,633 interactions to a minimal 117-
interaction / 11-TF kernel), and the cross-cohort validation strategy.

analysis

Analiza danych / Formal | Cata analiza bioinformatyczna i matematyczna: roéznicowa ekspresja w

siedmiu podluznych punktach czasowych i trzech cyklach suplementacji
(VitDPAS, R/edgeR); budowa sieci TF-cel na podstawie regulonu
DoRothEA  (R/dorothea, viper); modelowanie farmakokinetyczne
indywidualnych trajektorii 25(OH)D3 w surowicy (Python/scipy curve fit,
rownanie Hilla); formutowanie modelu ODE z kinetyka aktywacji/represji
typu Hilla; dopasowanie parametrow metoda ewolucji réznicowej (Julia
v1.9: DifferentialEquations.jl, Optim.jl); walidacja ODE mi¢dzy kohortami
na VitDHiD (R? > 0,94). / All bioinformatic and mathematical analysis:
differential expression at seven longitudinal time points and three
supplementation cycles (VitDPAS, R/edgeR); TF—target network
construction  from the DoRothEA regulon (R/dorothea, viper);
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pharmacokinetic modelling of individual serum 25(OH)D3 trajectories
(Python/scipy curve_fit, Hill equation); ODE model formulation with Hill-
type activation/repression kinetics; parameter fitting via differential
evolution (Julia v1.9: Differential Equations.jl, Optim.jl); cross-cohort ODE
validation on VitDHiID (R? > (.94).

Zaprojektowalam kompletny potok identyfikacji systemow: (i) redukcja sieci
regulacji gen6w oparta na wnioskach o aktywno$ci TF (VIPER / DoRothEA);
(il) montaz jadra ODE; (iii) iteracyjne przycinanie kierowane analiza
wrazliwosci. / Designed the complete systems identification pipeline: (i) TF-
activity inference—based gene regulatory network reduction (VIPER /
DoRothEA); (ii)) ODE kernel assembly, (iii) iterative sensitivity-analysis-
guided pruning.

Julia (v1.9): DifferentialEquations.jl, Optim.jl (ewolucja ré6znicowa), Plots.jl;
R (v4.2): edgeR, limma, dorothea, viper, igraph, ggplot2; Python (v3.10):
pandas, numpy, scipy (catkowanie ODE, dopasowanie farmakokinetyczne),
matplotlib; Shell: FastQC, Cutadapt, STAR, featureCounts, Samtools. / Julia
(v1.9): DifferentialEquations.jl, Optim.jl (differential evolution), Plots.jl; R
(v4.2): edgeR, limma, dorothea, viper, igraph, ggplot2; Python (v3.10):
pandas, numpy, scipy (ODE integration, pharmacokinetic fitting),
matplotlib; Shell: FastQC, Cutadapt, STAR, featureCounts, Samtools.

Metodologia /
Methodology
Oprogramowanie /
Software

Wizualizacja /
Visualization

Przygotowatam wszystkie ryciny: wykresy volcano amplifikacji czasowej,
panele dopasowania modelu ODE dla wszystkich 11 TF w siedmiu punktach
czasowych, diagramy osi regulatorowej TP53-AP1-MYC, schematy
redukcji sieci oraz wykresy walidacji migdzy kohortami. / Prepared all
figures: temporal amplification volcano plots, ODE model fit panels for all
11 TFs across seven time points, TP53—AP1-MYC regulatory axis diagrams,
network reduction flow charts, and cross-cohort validation scatter plots.

Redakcja i przygotowanie

pierwszej wersji
manuskryptu / Writing —
Original Draft

Glowny autor; wniostam istotny wktad we wszystkie sekcje manuskryptu —
w tym metody, wyniki i dyskusje — reprezentujac znacznie wickszy wktad
autorski niz w poprzednich publikacjach. / Lead author; made substantial
contributions to all sections of the manuscript — including methods, results,
and discussion — representing significantly greater authorial input than in
previous publications.

Przygotowanie odpowiedzi
na recenzje / Writing —
Review & Editing

Krytyczny przeglad i rewizja petnego manuskryptu. / Critical review and
revision of the full manuscript.
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Okreslenie merytorycznego udzialu kandydata w powstanie artykutu naukowego/monografii naukowej zgodnie
z taksonomia CRediT (https://credit.niso.org/).”

podpis kandydata / signature of the candidate:

Ranjini Ghosh Dastidar

Podpisy wspélautora/wspélautoréw / Signatures of the co-author/co-authors:

Emilia Gospodarska: o E/M/\;\(/CQ— F %SPO O(/Q/D Sj(,@— ....................................

Kornelia Tokarczyk-Malesa: MD rhnelia ﬁa_oxg_ R H@( CAR—.

Jerzy Romaszko: . .p,(/?'ﬁ. % .4{ a’z ?0 2

Elisa Dominguez-Hiittinger: z

Carsten Carlberg:
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"OkreSlenie merytorycznego udzialu kandydata w powstanie artykulu naukowego/monografii naukowej (https://credit.niso.org/)
W celu jednoznacznego okreslenia wktadu kandydatow w powstanie publikacji naukowej, przyjmuje si¢ nastepujaca klasyfikacje:

Konceptualizacja: Tworzenie idei; formutowanie lub rozwijanie gtownych celéw, hipotez i zalozen badawczych.
Opracowanie danych: Zarzadzanie danymi, w tym ich adnotacja (tworzenie metadanych), przechowywanie danych
badawczych do uzytku biezacego i/lub ponownej analizy.

Analiza danych: Zastosowanie technik statystycznych, matematycznych, obliczeniowych lub innych metod do analizy danych
badawczych.

Pozyskanie finansowania: Zdobycie srodkéw finansowych na realizacj¢ projektu, ktoéry doprowadzit do powstania publikacji.
Badania: Prowadzenie procesu badawczego, w tym przeprowadzanie eksperymentéw oraz zbieranie danych.

Metodologia: Opracowanie metod badawczych; tworzenie modeli badawczych.

Zarzadzanie projektem: Koordynacja i zarzadzanie planowaniem oraz realizacja dziatan badawczych.

Oprogramowanie: Programowanie; projektowanie programéw komputerowych; implementacja kodu komputerowego i
wspierajacych algorytmow; testowanie istniejacych komponentéw kodu.

Zasoby: Zapewnienie materiatu badawczego, odczynnikow, narzedzi badawczych, pacjentow, probek laboratoryjnych,
zwierzat doswiadczalnych, sprzgtu, zasobow obliczeniowych lub innych narzedzi analitycznych.

Walidacja: Weryfikacja powtarzalnosci i odtwarzalno$ci wynikow badan, eksperymentow oraz innych rezultatow naukowych.
Wizualizacja: Przygotowanie, opracowanie i/lub prezentacja wynikéw badawczych, w szczegdlnosci wizualizacja danych.
Redakcja i przygotowanie pierwszej wersji manuskryptu: Opracowanie, stworzenie i/lub prezentacja pracy naukowej, w
szczegllnosci napisanie pierwszej wersji manuskryptu.

Przygotowanie odpowiedzi na recenzje: Opracowanie, stworzenie i/lub prezentacja pracy naukowej przez autoréw
manuskryptu, obejmujaca krytyczng analiz¢, komentarze oraz poprawki.

To clearly define the candidate’s contribution to the publication, the following taxonomy (as per credit.niso.org) is
recommended:

Conceptualization: Ideas; formulation or evolution of overarching research goals and aims.

Data curation: Management activities to annotate (produce metadata), scrub data and maintain research data (including
software code, where it is necessary for interpreting the data itself) for initial use and later re-use.

Formal analysis: Application of statistical, mathematical, computational, or other formal techniques to analyze or synthesize
study data.

Funding acquisition: Acquisition of the financial support for the project leading to this publication.

Investigation: Conducting a research and investigation process, specifically performing the experiments, or data/evidence
collection.

Methodology: Development or design of methodology; creation of models.

Project administration: Management and coordination responsibility for the research activity planning and execution.
Software: Programming, software development; designing computer programs; implementation of the computer code and
supporting algorithms; testing of existing code components.

Resources: Provision of study materials, reagents, materials, patients, laboratory samples, animals, instrumentation, computing
resources, or other analysis tools.

Validation: Verification, whether as a part of the activity or separate, of the overall replication/reproducibility of
results/experiments and other research outputs.

Visualization: Preparation, creation and/or presentation of the published work, specifically visualization/data presentation.
Writing — Original Draft: Preparation, creation and/or presentation of the published work, specifically writing the initial draft
(including substantive translation).

Writing — Review & Editing: Preparation, creation and/or presentation of the published work by those from the original
research group, specifically critical review, commentary or revision — including pre- or post-publication stages.
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Chapter 18
Appended Publications

The four publications constituting this cumulative doctoral thesis are appended in full in

the order they appear in the thesis narrative.

Appended Paper I

In Vivo Vitamin D Targets Reveal the Upregulation of Focal Adhesion-Related Genes in
Primary Immune Cells of Healthy Individuals

Ranjini Ghosh Dastidar, Julia Jaroslawska, Marjo Malinen, Tomi-Pekka Tuomainen, Jyrki

K. Virtanen, Igor Bendik & Carsten Carlberg

Scientific Reports (2024) 14:17552 « DOI: 10.1038/5s41598-024-68741-9

Appended Paper 11

Evaluation of the Vitamin D Response Index in a Saudi Cohort

Shareefa A. AlGhamdi*, Ranjini Ghosh Dastidar*, Maciej Rybinski, Hadeil M. Alsufiani,
Sawsan O. Khoja, Nusaibah N. Enaibsi, Safa F. Saif & Carsten Carlberg

Saudi Pharmaceutical Journal (2024) 32:102137 « DOI: 10.1016/].jsps.2024.102137

Appended Paper 111

Transcriptomic Profiling of Immune Modulation Induced by Vitamin Ds in the VitDPAS
and VitDHiD Cohort Studies

Emilia Gospodarska*, Ranjini Ghosh Dastidar®*, Julia Jaroslawska, Maciej Rybinski,
Marianna Raczyk, Kornelia Tokarczyk-Malesa, Jerzy Romaszko & Carsten Carlberg

Scientific Reports (2025) 15:17334 « DOI: 10.1038/s41598-025-02495-w

Appended Paper IV

Dynamic System Identification Defines a Minimal Transcription Factor Control

Architecture of Human Endocrine Gene Regulation

Ranjini Ghosh Dastidar — PhD Thesis — 105



Ranjini Ghosh Dastidar, Emilia Gospodarska, Kornelia Tokarczyk-Malesa, Jerzy

Romaszko, Elisa Dominguez-Hiittinger & Carsten Carlberg

Under review

Fwd: Nucleic Acids Research - Manuscript ID NAR-01039-X-2026

From: Carsten Carlberg <c.carlberg@pan.olsztyn.pl> Sat, 09-05-2026 12:53
To: Ranjini Ghosh Dastidar <r.dastidar@pan.olsztyn.pl>

Attachments: In-Life-stopka-logo.png (7 KB)

This is the last e-mail | got from NAR

Prof. Dr. Carsten Carlberg
ERA chair
Nutrigenomics team

Institute of Animal Reproduction
and Food Research
Polish Academy of Sciences

In Life

ul. Trylinskiego 18, 10-683 Olsztyn, Poland
www.pan.olsztyn.pl

Save the date for the 22. annual conference

'Healthy aging throtEh diet’ T
From 31 August to 2 September 2026, Olsztyn, Poland

Begin forwarded message:

From: Nucleic Acids Research <onbehalfof@mnanuscriptcentral.com>
Subject: Nucleic Acids Research - Manuscript ID NAR-01039-X-2026
Date: 1. April 2026 at 08:53:54 CEST

To: c.carlberg@pan.olsztyn.pl

Reply-To;|

01-Apr-2026

NAR-01039-X-2026
Dynamic system identification defines a minimal transcription factor control architecture of human endocrine gene regulation
Ghosh Dastidar, Ranjini ; Gospodarska, Emilia ; Tokarczyk-Malesa, Kornelia ; Romaszko, Jerzy ; Dominguez-Hittinger, Elisa ; Carlberg, Carsten

Dear Dr Carlberg,

This email confirms that your paper has been received and potential peer reviewers are now being invited to examine the study. We hope to have reviews back and further
information to you in about three weeks, if the reviewers follow the requested schedule. If we have difficulties in obtaining willing reviewers, this schedule may be extended.

Best wishes,

Prof. Andrew Sharrocks
Executive Editor
Nucleic Acids Research

Professor of Molecular Biology

Faculty of Biology, Medicine and Health
University of Manchester

UK

Realizujgc wymogi Rozporzqdzenia Parlamentu Europejskiego i Rady (UE) 2016/679 z dnia 27 kwietnia 2016r. w sprawie ochrony 0séb fizycznych w zwiqzku z przetwarzaniem dany
ch osobowych i w sprawie swobodnego przeptywu takich danych oraz uchylenia dyrektywy 95/46/WE prosimy o zapoznanie sie z udostepniong na stronie internetowej informacjq
na temat przetwarzania danych osobowych przez InLife Instytut Rozrodu Zwierzqt i Badari Zywnosci Polskiej Akademii Nauk http://pan.olsztyn.pl/instytut/informacje-
ogolne/rodo/
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scientific reports

OPEN

In vivo vitamin D targets reveal
the upregulation of focal
adhesion-related genes in primary
immune cells of healthy individuals

Ranjini Ghosh Dastidar?, Julia Jaroslawska®, Marjo Malinen?, Tomi-Pekka Tuomainen?,
Jyrki K. Virtanen?, Igor Bendik* & Carsten Carlberg™*

Vitamin D modulates innate and adaptive immunity, the molecular mechanisms of which we

aim to understand under human in vivo conditions. Therefore, we designed the study VitDHID
(NCT03537027) as a human investigation, in whl(h 25 healthy individuals were supplemented with
asingle vitamin D, bolus (80,000 1U). ide differential gene of
peripheral blood mononuclear cells (PBMCs), which were isolated directly before and 24 h aftar
supplementation, identified 452 genes significantly (FDR <0.05) responding to vitamin D. In vitro
studies using PBMCs from the same individuals confirmed 138 of these genes as targets of 1a,25-
dihydroxyvitamin Ds. A subset of the 91 most regulated i vivo vitamin D target genes indicated
focal adhesion as the major pathway being by vitamin D. of healthy
individuals, Differences in the individual-specific responsiveness of in vivo vitamin D target genes
in relation to the increase of the person‘s vitamin D status allowed a segregation of the VitDHID
participants into 9 high, 12 mid and 4 low responders. The expression profile of nearly 600 genes.
elucidate the difference between high and low vitamin D responders, the most prominent of which is
the HLA-C (major histocompatibility complex, class 1, €) gene.

Keywords Vitamin D, Vitamin D intervention study, Transcriptome, Vitamin D target genes, Vitamin D
response index, Focal adhesion

Abbreviations
1,25(0H),D; or 125D 1a,25-Dihydroxyvitamin Dy
25(0H)D, 25-Hydroxyvitamin D;

AKT murine thymoma viral oncogene homolog

Arachidonate 5-lipoxygenase

Alanyl aminopeptidase, membrane

Aquaporin

ArfGAP with SH3 domain, ankyrin repeat and PH domain 2

Body mass index

Cluster of differentiation

Cyclin dependent kinase inhibitor 1A

Carboxylesterase 1

(_hlP seq Chromatin immunoprecipitation sequencing
Counts per million

Cys

(.RIM—‘LD?_ eine rich secretory protein LCCL domain containing 2
CXCL5 C motif chemokine ligand 5
cYp ochrome P450

Unstitute of Animal Reproduction and Food Research, Polish Academy of Sciences, UL J. Tuwima 10, 10-748,
Olsztyn, Poland. “Department of Forestry and Environmental Engineering, South-Easter Finland University of
Applied Sciences, Kouvola, Finland. “Institute of Public Health and Clinical Nutrition, University of Eastern Finland,
Kuopio, Finland. *dsm-Firmenich AG, Health, Nutrition and Care (HNC), Kaiseraugst, Switzerland. “Institute
of Biomedicine, School of Medicine, University of Eastern Finland, Kuopio, Finland. "“email: c.carlberg@
pan.olsztyn.pl

Scientific Reports|  (2024) 1417552 | https:/Idoi.org/10.1038/541598-024-68741-9 nature portfolio



www.nature.com/scientificreports/

Diacylglycerol kinase kappa

7-Dehydrocholesterol reductase

Extracellular matrix

Ectodysplasin A receptor

Epiplakin 1

Formaldehyde-assisted identification of regulatory elements followed by sequencing

Fold change

False discovery rate

Formyl peptide receptor 1

Growth arrest and DNA damage inducible alpha

GC vitamin D binding protein

G protein subunit gamma 11

Human genome nomenclature committee

Hypoxia inducible factor 1 subunit alpha

Major histocompatibility complex, class I, C

Integrin

Kyoto Encyclopedia of Genes and Genomes

Multidimensionality scaling

Macrophage expressed 1

Myosin light chain 9

Myosin light chain kinase

Nicotinamide phosphoribosyltransferase

Natural killer

Peripheral blood mononuclear cell

Period uru\dmn regulator 1

6-1 3

Phusphaudylmumul bisphosphate 3-kinase

RNA sequencing

5100 calcium binding protein

Solute carrier family 11 member 1

“Transforming growth factor beta induced

‘Thrombospondin 1

Target of rapamycin

Triggerng rceptor expressed on myeloid cells 1
ranseription star

Vitamin D receptor

Vascular endothelial growth factor A

Vitamin D influences both innate and adaptive immunity, enhancing the body’s ability to combat infectious
diseases like tuberculosis'? while preventing immune overreactions associated with autoimmune diseases such
as multiple sclerosis™, rheumatoid arthritis’ and type I diabetes". The biologically inert vitamin Dy is converted
intheliverto 25-hydroxyvitamin Dy 25(OH)D.) which, dueto s relatively long e of wo ecks, serves
asa biomarker for vitamin D status

"The most biologicaly active vitamin D metabolite is 1a,25-dihydrosyvitamin D (1.25(0H),D,), produced
from 25(OH)D; primarily in the kidneys and also in some immune cells’. This metabolite functions as a nuclear
hormone that binds with high affinity to the vitamin D receptor (VDR), a transcription factor*”. Mechanistically,
vitamin D' primary molecular effect involves the ligand-triggered binding of VDR to enhancer regions near the
transcription start sites (TSSs) of primary vitamin D target genes. This binding alters chromatin accessibility"’,
increases H3K27ac marks at active chromatin regions like enhancers, H3K4me3 marks at TSS regions'!, and
facilitates DNA looping of enhancer regions to TSS regions". Thus, vitamin D modulates the epigenome and
transcriptome of VDR-expressing tissues and cell types'**

‘The genome-wide effects of vitamin D have been comprehensively investigated in the human monocytic leu-
kemia cell line THP-1'%. However, these principles need validation under human in vivo conditions. PBMCs com-
prise B cells, CD4* and CD8* T cells, natural killer (NK) cells and monocytes, and can be obtained with minimal

rm to human volunteers'". Studies on vitamin D have typically used these cells either in vitro, with stimulation
by supraphysiological doses of 1,25(0H),D,*"", or in vivo over months of daily vitamin D, supplementation'*"
Contrarily, the VitDbol study (NCT02063334, ClinicalTrials.gov)*" isolated PBMC samples 1 and 2 days'*!"
affer a vitamin D bolus (80,000 1U) supplementation, confirming several well-known in vitro vitamin D target
genes under in vivo conditions and categorizing participants into high, mid, and low responders. This led to
the concept of the vitamin D response index”, based on the differential activity of vitamin D target genes in
individuals®*

Inthis ,mdy, we present the moleculr findings from the VitDHD intervention i, which follows the Vit
Dbol study design, isolating samples one day after vitam of
PBMCs identificd 452 in vivo vitamin D target genes and (alegnnz,ed the 25 participants into high (9), m|d (12),
and low (4) responders, providing insight into the molecular basis of the vitamin D response index

Scientific Reports |
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Material and methods
Sample collectior
The VADHSD intervention study had been performed in May 2018 in Kuopio, Finland. The inclusion criteria of
the study were an age between 20 and 60 years and a body mass index (BMI) of 20-25 kg/m?. Exclusion criteria
were a history of kidney stones, renal failure o dialysis, hypercalcemia, hypo- or hyperparathyroidism, severe
liver disease (cirrhosis), sarcoidosis or other granulomatous diseases, such as active chronic tuberculosis or
Wegener' ranlomatosis. Moreover; furlher reasons for an exclusion were continuous use of anti-inflammatory
d regular use of over 800 IU vitamin D;. The ethics committee oI the North-
e aavo Hospital District had approved the study protocol (#515/2018). In the context of the study, 25 healthy
individuals (12 females and 13 males, age 21-54, BMI 21.4-25.6, Table 1) had been supplemented with a vitamin
D; bolus of in total 80,000 IU, which was given in two equal doses together with breakfast and lunch. The bolus
represents a monthly dose of vitamin D, which was applied only once to the volunteers, while other vitamin D
interventions, such as VIDA®, used even 100,000 TU vitamin Dy/month over a period of more than 2 years. Thus,
80.000 IU vitamin D used in this study represent a safe dose. Blood was drawn directly before supplementa-
tion (d0) and 24 h later (d1) for serum and PBMC isolation. All participants gave written informed consent to
participate in the study. All were performed in a relevant guidelines and regulations

Serum measurements

Serum total 25(OH)D (i.e., 25(OH)D, and 25(OH)D) levels were measured using high-performance liquid
chromatography (1290 Infinity I1 LC System, Agilent) coupled with mass spectrometry detection (API 4000
LC-MS/MS System, SCIEX)*

PBMC isolation and culture

Without any in vitro culture, PBMCs of the 25 VitDHID study participants (#1-18, 20-26) were isolated within
one hour after the collection of 24 ml peripheral blood at d0 and d1 using Vacutainer CPT Cell Preparation
Tubes with sodium citrate (Becton Dickinson) according to manufacturers instructions. The PBMCs of the 25
study participants have the composition 7.4 % 2.1% B cells, 24.5  6.4% CD4" T cells, 14.9 % 4.1% CD8" T cells,
13.8+4.5% NK cells and 38.6 £ 6.5% monocytes, while there are only 0.8 + 0.4% neutrophiles as determined
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Table 1. VitDHiD study participants. Age, gender, BMI and total 25(OH)D serum levels (in ng/ml) at d0 and
d1 are indicated. Gene expression changes were investigated in vivo for all 25 study participant and in vitro for
participants #1-12, 23 and 26.
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by Cibersort” (https:/cibersortx.stanford.edu) from RNA-seq (RNA-sequencing) data. After washing with
phosphate-buffered saline, PBMCs were aliquoted (4 million cells/ml) and stored in liquid nitrogen until use
for either RNA isolation (d0 and d1) or in vitro cell culture (only d0 samples of the 14 study participants #1-12,
23 and 26). PBMC in vitro culture was performed in RPMI 1640 medium (0.5 million cells/ml) supplemented
with 10% charcoal-stripped fetal calf serum, 2 mM L-glutamine, 0.1 mg/ml streptomycin and 100 U/ml penicil-
lin.The cells were exposed for 24 h to cither 1,25(0H),D, (10 nM, Sigma-Aldrich) or solvent (0.1% EtOH) at
37 °C in a humidified 95% air/5% CO, incubator.

RNA-seq analysis

Total RNA was extracted from PBMCs using the High Pure RNA Isolation kit (Roche) following the manufac-
turer’s protocol. RNA quality was assessed on an Agilent Bioanalyzer and library preparation was performed
after rRNA depletion applying kits and protocols from New England Biolabs. RNA-seq libraries were sequenced
at 75 bp read length on a NextSeq500 system (Illumina) using standard protocols at the Gene Core of the EMBL
(Heidelberg, Germany). The quality of the files was evaluated using FastQC (version 0.11.9, www.bioinforma
tics babraham ac uk/projects/fastqc) (Table S1). Read alignment to GRCh38 reference genome (Ensembl version
111.38) was done using STAR® (version 2.7.2a) and quantification was carried out using Fealure(ounts” (version
2.0.1) with default parameters. Human genome (HGNC) of all datasets
were brought up to date using the R package HGNC helper (version 0.8.1, hllps JICRAN R- proyev.l orglpacka
ge=HGNChelper) and annotated with gene identifiers, description, genomic location and biotype by accessing
the Ensembl database (release 100) via the R package BiomaRt" (version 2.42.1). Entrez Gene identifiers were
added with the R package org Hs.eg.db (version 3.10.0) and incomplete mappings of target genes manually
retrieved from NCBI (www.ncbi.nlm.nih.gov/home/genes). Genes missing genomic position information or
being mitochondrially encoded were removed. In this study, we focused exclusively on protein coding genes.

Differential gene expression analysis
Differential gene expression analysis was computed in R (version 4.3.1) in the MacOS 13 (Ventura) operating
system using the tool EdgeR”" (version 4.0.14). The analysis focused on 19,287 protein-coding genes, in order
to mitigate transcriptional noise expected by non-coding genes. Read counts were normalized for differences
in library size to counts per million (CPM). Genes with very low expression were filtered out by applying the
function FilterByExpr(), in order to mitigate the multiple testing problem and to not interfere with the statisti-
cal approximations of the EdgeR pipeline. Afier fitering, library sizes were recomputed and trimmed mean of
was applied. The data structure plored via the method MDS (mul-
udlmensmnzhty scaling) (Fig. S1), which was computed via EdgeR’s function plotMDS(), in which distances
approximate the typical log2 fold change (EC) betuween the samples. This distance was calculated as the root
mean square deviation (Euclidean dxstance) of the log2FC vluesof genes with significant (flse discovery rate
(FDR) <0.05) ch: vitamin or 1,25(0H),D; treatment. The gene-wise statistical test
for differential du lized ‘model quasi-likelihood pipeline””. Trended
negative binomial dlsperslon estimate was calLula(cd using the method CoxReid profile-adjusted likelihood and
together with empirical Bayes-moderated quas d gene-wise dispersion estimates used for generalized
linear model fitting The empirical Bayes :hnnkdge vas mbumhed against outler dispersions as recommended ™
‘The glnTreat approach was used to test for diff p relative to abs >1forin
ments. Genes with a Benjamini-] Hochberg (errected p-value,i.e, FDR <005, and a total trimmed mean ufM
value-normalized logCPM >log, 10 (average g level for all samples
vitamin D target genes (Tables 52 and 153) Venn diagrams were created via the webtool jvenn (hup-//.vcnn
toulouse.inrae.fr/app).

Characterization of VDR enhancers

‘The genomic regions of key in vivo vitamin D target genes were investigated for VDR binding enhancers by
using epigenome-wide data from THP-1 cells, which had been stimulated for 24 h with 10 nM 1,25(0H),D;
or solvent (0.1% EtOH). These were ChIP-seq (chromatin immunoprecipitation sequencing) data of (i) the
histone marker of active promoter regions, H3K4me3'", ii) the histone marker of active chromatin, H3K27ac'*
VDR as well as FAIRE-seq (formaldehyde-assisted identification of regulatory elements followed by
sequencing) data'”. Comparable epigenetic data for PBMCs are not publicly available. However, a comparison
of the VDR cistrome of 6 different in vitro models indicated that there is large overlap in the genome-wide VDR
binding pattern of cells deriving from the same lineage™. With help of the IGV-browser™ these data sets were
displayed for the genomic regions of the vitamin D target genes and VDR enhancers showing responsiveness to
1,25(0H),D; were marked. One Mb of the genomic region up- and downstream of the target gene’s TSS were
screened but only essential regions are shown.

Relating vitamin D target genes to pathways

Gene enrichment analysis was performed via the webtool EnrichR® (https://maayanlab.cloud/Enrichr). All
genes/proteins of the indicated pathways were inspected for their function, such as type of encoded protein
and its primary biological function, with the help of databases like Human Protein Atlas (www proteinatlas.
org) and GeneCards (www.genecards.org). The latter two databases were also used for the categorization of
proteins encoded by vitamin D target genes. The network of interacting genes was plotted according to rules of
KEGG (Kyoto Encyclopedia of Genes and Genomes)* signaling pathway diagrams. In a pathway a set of genes
(nodes) was connected, in order to reflect the functional relationships between them. Arrows connecting one
node with another indicate positive downstream effects, while lines ending with a shorter perpendicular line
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display inhibitory effects. The nodes were colored based on the logFC in gene expression between d1 and do
(downregulation in red, upregulation in green). White nodes indicate genes expressed in PBMCs but not being
significantly regulated by vitamin D; bolus supplementation. The arrow next to the gene name in each colored
node indicates the overall net effect of vitamin D, supplementation on the expression of the respective gene.

Classification of study participants
‘The classification of participants into high, mid or low responders was performed through plotting for cach
study participant the average absolute logFC values of all 452 in vivo vitamin D target genes (or subsets of them)
(Table 52) over changes of total 25(OH)D concentrations (d1/d0) (Table 1) of the respective person. A trendline
pussing through 10 divideth lotand the athogonl diance o cach datepointfromthe e was dteined
‘These distances were ranked in a descending ord: K-means (KMeant from sklearn.
cluster library (https://pypi.org/project/scikit- mmm was used for clustering the individuals into three groups
(Fig. 2A). High responders are found at the upper left of the plot (green), mid responders around the trendline
(yellow) and low responder at the lower right corner (red). The distance from the trendline is proportional to
the vitamin D response index, which negatively correlates very well (~ 0.94 (Pearson correlation test), P-value
2.1 10" (paired T-test)) with the ratio of the vitamin D status at d1 and d0 (Fig, $2B), but less well (0.51, P-value
0.01) with the vitamin D status at d0 (Fig. $2C). In contrast, the vitamin D response index does not correlate
with the BMI (0.24, P-value 0.26) of the study participants (Fig. $2D) or their age (0.04, P-value 0.84) (Fig. S2E).
Please note that our segregation approach is not a linear regression analysis.

Results

The VitDHiD intervention trial

‘The VitDHiD intervention study had been designed as a human investigation, in order to study the effects of
vitamin D supplementation on gene expression in human immune cells. In order to allow direct comparisons,
the in vivo gene expression assessment was as similar as possible to that of in vitro cell culture experiments. In
the context of the VitDHD trial, 25 healthy individuals were supplemented with a vitamin D, bolus (80,000 TU)
and blood samples were taken directly before supplementation (d0) and 24 h later (d1). This protocol follows
our previous trial VitDbol***". Total 25(OH)D serum levels indicated that the basal vitamin D status of the study
participants ranged from 15.6 to 49.8 ng/ml and increased through vitamin D; bolus supplementation within
24 h by 14.9-96.1% (Table 1). Thus, a single vitamin D dose of 80,000 IU led within one day to a significant
(P-value 1.48 x 10", paired T-test) increase of the vitamin D status of all study participants into vitamin D suf-
ficiency (29.5-64.1 ng/ml).

VitDHiD identified in vivo vitamin D target genes

RNA-seq analysis was executed for the 50 in vivo PBMC samples as well as for the 28 in vitro samples. The inspec-
tion of the MDS plot of the in vivo data (Fig. S14) displayed for each of the 25 individuals in dimension 1 the d0
data point lefi of the respective d1 data point. The MDS plot of the in vitro data (Fig. $1B) clearly distinguished in
dimension 1 the solvent samples (left) from the 1,25(OH),D-treated samples (right). Differential g

of the total set of 9374 expressed protein coding genes (average normalized expression of all 50 samples > 10)
indicated 452 in vivo vitamin D target genes (FDR <0.05 and log,CPM > log,10) (Fig. $3A, Table $2), of which
181 are and 271 For the 9628 commonly expressed protein coding
genes in the 28 in vitro samples revealed 2661 target genes (FDR <0.05) (Fig. S3B, Table $3). However, when
the additional threshold of absolute logFC > 1 is applied, only 230 in vitro vitamin D target genes are remaining.
From these in vitro target genes, 113 are upregulated and 117 are downregulated.

“The list of 452 in vivo vitamin D target genes was compared with different in vitro datasets (all absolute
logFC> 1, treatment for 24 h with 10 nM 1,25(0OH),D;), which had been obtained from the same group of 25 Vit-
DHID study participants. We observed an overlap with 36 of 230 target genes of the 14 participants investigated
only once (Fig. S3C), with 96 of 918 target genes of the five individuals (+5,9, 12, 13 and 14) tested in triplicate™
as well as with 65 of 466 target genes'” and with 89 of 634 target genes® from a single person (#14) studied in
triplicate (Fig. 1A). In total, 138 in vivo vitamin D target genes could be verified by in vitro data

In summary, the setup of the VitDHiD study allowed the identification of 452 genes that within 24 h respond
under in vivo conditions in PBMCs to vitamin D; supplementation. Some 30% of these in vivo vitamin D target
genes could be confirmed under in vitro conditions using cells of the same cohort of participants.

In vivo function of vitamin D based on target gene subsets
‘The 16 genes ALOX5 NPEP (alanyl i brane), AQP9 (aqua-
porin 9), ASAP2 (ArfGAP with SH3 domain, ankynn repeat and PH domain 2), CD300E (CD300E molecule),
CD93, CRISPLD2 (cysteine rich secretory protein LCCL domain containing 2), CXCLS (C-X-C motif chemokine
ligand 5), FPRI (l'ormvl peplidc recepor 1, MPEGI d 1), S100A12 (5100 calcium binding
protein A12), $10049, SLCI1A1 (solute carrier family 11 member 1), TGEBI (transforming growth factor beta
induced), THins1 1)and TREM1 sed on myeloid cells 1) are vitamin
D targets not only under in vivo conditions but also in all four in Vit stdies (Fig. 1A). The genes ASAP2 and
CXCLS are upregulated by vitamin D, while the remaining 14 genes are downregulated. A screening for VDR-
bound enhancers using published ChIP-seq and FAIRE-seq datasets from THP-1 cells identified for all 16 genes
one to three VDR-binding enhancers in a distance ranking from very close to the TSS (ANPEP, FPRI, S100A9
and TREM) up to 246 kb apart (CD93) from the TSS (Fig, $4). Accordingly, all 16 genes seem to be directly
regulated by ligand-triggered VDR, but they can be distinguished based on the intensity of the VDR ChIP-seq
peaks into strong binders (CD93, ASAP2, CRISPLD2, TREM1 and AQP9, Fig. $4A), medium binders (ALOX5,
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Figure 1. In vivo and in vitro vitamin D target genes. A Venn diagram was used, in order to display the
overlap between the 452 in vivo vitamin D target genes identified in PBMCs isolated from 25 participants of the
VitDHiD study and in vitro target genes found by different approaches from the pool of the same individuals
(A). The identity of the overlapping genes can be obtained from Table $2. A schematic model indicates the
location (within or outside the cell) and function (sorted into four categories) of the proteins encoded by the

16 vitamin D target genes that were overlapping between in vivo and in vitro datasets (B). Arrows indicate the
direction of regulation of the respective genes/proteins.

SLCI1AL, TGFBI, THBSI and ANPEP, Fig. $4B) and weak binders (S10049, $100412, FPR1, CD300E, MPEG1
and CXCLS, Fig. S4C). As expected for immune cells like PBMCs, the functions of the proteins encoded by the 16
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genes relates to immunity, such as “communication via cytokines’, “vesicular and ::‘crelun peptides’, “immune
and * matrix (ECM) and cell motility” (Fig. 1

Another mlﬂesllng subset of the 452 in vivo vitamin D targets are the 91 genes that in a\emge ofall 25 study
participants have an absolute logFC >0.25 (Table $2). These are 66 upregulated and 26 downregulated genes,
but only the genes AQP9, ASAP2, CXCLS and THBS1 are in common with list of 16 confirmed targets (Fig. 14).
Well-known members of the lst of the 91 genes are CDI4, CDKNIA (cyclin dependent kinase inhibitor 1A),
GADDA45A (growth arrest and DNA damage inducible alpha), HIFIA (hyposia inducible factor 1 subunit alpha),
NAMPT (nicotinamide phosphoribosyltransferase), PERI (period circadian regulator 1) and VEGFA (vascular
endothelial growth factor A). These candidates suggest an in vivo role of vitamin D in response to bacteria, cell
cycle regulation, energy metabolism, circadian rhythms as well as angiogenesis. However, gene enrichment
analysis via EnrichR suggested most reliable results from the pathway database Wikipathways® (www.wikip
athways.org) (Table 2). As expected, FDR ranking of the pathways identified the VDR pathway (WP2877) as
most significant followed by the focal adhesion PI3K (phosphatidylinositol-4,5-bisphosphate 3-kinase)-AKT
(AKT murine thymoma viral oncogene homolog)-TOR (target of rapamycin) signaling pathway (WP3932)
and the regular focal adhesion pathway (WP306). Taken the latter two pathways together, 11 of the 91 genes
(CDKNIA, GNGLI (G protein subunit gamma 11), HIFIA, ITGA2B (integrin subunit alpha 2B), ITGB3, ITGBS,
MYL9 (myosin light chain 9), MYLK (myosin light chain kinase), PEKFBS3 (6-phosphofructo-2-kinase/fructose-
2,6-biphosphatase 3), THBSI and VEGFA), are involved in the process of focal adhesion.

‘Taken together, the 16 in vivo vitamin D target genes that were confirmed by all in vitro PBMC datasets
can be categorized into (i) communication via cytokines, (ii) vesicular and secretory peptides, (ii) immune
responsiveness as well as (iv) ECM organization and cell motility. In contrast, gene enrichment analysis of the 91
most responsive in vivo vitamin D target genes indicated that the process of focal adhesion is the major pathway
reflecting the in vivo function of vitamin D in immune cells of healthy individuals.

Vitamin D upregulates genes related to focal adhesion in healthy individuals

In order to visualize the effect of vitamin D, supplementation on genes related to focal adhesion, we displayed
the pathway following the rules of KEGG and color-coded the nodes representing up- and downregulated in vivo
vitamin D target genes (Fig. 2A). From the 11 vitamin D-triggered genes, GNG11, ITGA2B, ITGB3, ITGBS,
MYL and MYLK are upregulated and they promote focal adhesion. In contrast, the genes CDKNIA, HIFIA,
PFKFB3, THBSI and VEGFA are downregulated by vitamin D, but in case of CDKNIA this leads to a supportive
effect on the pathway. Thus, in average of 25 study participants, the response of 7 of 11 in vivo vitamin D target
genes activates focal adhesion.

‘The participant-specific regulation of the 11 target genes monitors that there is a large interindividual vari-
ation of the effect of vitamin D; supplementation on the focal adhesion pathway (Fig. 2B). For example, in
PBMCs of individuals #2, 12, 18 and 22 the genes MYL9, GNG11, ITGB3, ITGA2B, MYLK and ITGBS5 (in the
order of their responsiveness) are upregulated, while in other participants (#4, 5, 8 and 26) the same genes are
downregulated. In contrast, the THBS! gene is significantly downregulated in individuals #7, 12, 14 and 21 but
upregulated in persons #2, 6, 11 and 18. Thus, in comparison of the study participants, in vivo vitamin D target
genes can vary both in the intensity of their response as well as in the direction of their regulation.

In summary, on average of the investigated healthy subjects, genes supporting the process of focal adhesion
are more upregulated through vitamin D; supplementation than downregulated. However, the study participants
differ significant in the response of their in vivo vitamin D target genes, which in part has opposite effects on
pathway regulation.

Segregation of study participants into high, mid and low vitamin D responders
In order to evaluate the vitamin D responsiveness of the 25 individuals, we plotted for each person the average
absolute logFC of all 452 in vivo vitamin D target genes over the ratio of the vitamin D status at d1 compared to
thatat o (Fig. 3A). K-means clustering was performed, in order to segregate the individuals into 9 high (green),
12 mid (yellow) and 4 low (red) responders (Fig. S2A). When the list of investigated genes was reduced to 91
targets, basically the same result was obtained, but individuals #7 and 26 were classified only as mid responders
(Fig. 3B). Furthermore, when the gene list was restricted to the 16 in vivo vitamin D targets that were confirmed
by all 4 in vitro datasets, individual #2 was graded as mid responder but participant #21 as additional high
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Table 2. Gene enrichment analysis. The webtool EnrichR was used for enrichment analysis of the 91 in vivo
vitamin D target genes with a logFC>0.25 and provided most meaningful results with Wikipathways. The top
5 results (ranked by FDR) are shown.
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Figure 3. Segregation of VitDHiD study participants. The segregation of the 25 individuals into high (green),
mid (yellow) and low (red) responders was based on all 452 in vivo vitamin D target genes (A), a subset of 91
genes with a logFC>0.25 (B) and 11 genes involved in focal adhesion (C). Numbers indicate the individuals
listed in Table 1

border of high to mid as well as mid to low responders the choice of the list of vitamin D target genes is critical
for their classification. However, individuals #9, 12, 14 and 25 were always found as high responders, #4, 6, 8, 10,
15,20 and 24 constantly as mid responders and #11, 16, 17 and 23 each time as low responders,

Taken together, the responsiveness of in vivo vitamin D target genes can be used to segregate the VitDHID
study participants into high, mid and low responders. For some 40% of individuals that are a the border between
high and mid or mid and low responders, the choice of target genes subset is critical for their exact classification.

Molecular distinction between high and low vitamin D responders

‘The observation of ind o vitamin Dy raises the question of its
molecular explanation, Thcrcforc. we compared the gene expression pattern of the 4 stable high responders (#9,
12, 14 and 25) with that of the 4 stable low responders (#11, 16, 17 and 23) at both d0 and d1. Before supple-
mentation 588 genes were significantly (FDR <0.05) different in their expression when comparing high with low
responders (Table $4). One day of a vitamin D; bolus reduced the total number of differently expressed genes to
265 (Table $5). Interestingly, only 107 genes of both lists are identical, i.c., vitamin Dy supplementation equal-
ized 481 genes between high and low responders but additional 158 genes became differently expressed between
the two groups (Fig. 4A). When we restrict the gene lists to an absolute logC larger than 1, only 15 genes are
differently expressed between high and low responders at d0 and even only 12 genes at d1 (Fig. 4B). Interest-
ingly, from the five overlapping genes HLA-C, DGKK (diacylglycerol kinase kappa) and CESI (carboxylesterase
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1) were higher expressed in high responders, while EDAR (ectodysplasin A receptor) and EPPKI (epiplakin 1)
showed higher expression in low responders. The most remarkable difference in the gene expression profile of
high and low responders shows the HLA-C gene, which is in high responders on an average more than 4-times
higher expressed than in low responders. Interestingly, HLA-C has been reported as a vitamin D target gene!’,
which has a strong VDR-binding enhancer 286 kb pstream of its TSS (Fig. 4C).

In summary, the gene expression profile of PBMCs from high and low vitamin D responders differ in nearly
600 genes, but vitamin D supplementation is cutting the number of differently expressed genes to a half. The
vitamin D target gene HLA-C shows the most prominent differences between high and low responders

Discussion
The main goal of this study was to obtain a better understanding of the gene regulatory effects of vitamin Dy
supplementation on immune cells of healthy individuals. With the exception of a few scenarios of

pid signaling", vitamin D acts via its nuclear receptor VDR. Therefore, a central question s, which genes show
in response to vitamin D stimulation a statistically significant change in their expression. In average of the 25
VtDHID participants, this resulted in 452 candidate genes, 138 of which could be confirmed by four in vitro
studies with PBMCs of the same individuals and the identical treatment time (24 h). Compared with other
studies'*1*, a validation rate of 30.5% of the in vivo vitamin D target genes is a good score. However, if we had
selected an even larger in vitro cohort, such as all 25 VitDHiD participants, we would probably have obtained
an even higher validation rate. The in vitro studies had the clear advantage to use solvent treatment as a negative
control and to apply with 10 nM 1,25(0H),D; a more than 100-times higher concentrated stimulus as could
be reached in vivo by a bolus with 80,000 IU vitamin D,?. For the same reasons in vitro experiments show far
higher inducibilities of vitamin D target genes than observed in the in vivo setting,

do d1 do d1
A B FDR < 0.05; abs logFC > 1

FDR < 0.05

c Enh
chre: 31,300 kb 31,500 kb
- 1
H3K4me3 ChIP-seq i - . '
125D . R i,
i
H3K27ac ChiP-seq ~O" i1g Lk
125D Lk
con P
VDR ChiP-seq =y i
1,260 |
eon R
FAIRE-seq B
250 - i — I
HLA-C LINC02571 HLA-B MICA LINO1149 HCP5 MICB ~ NFKBL1

Figure 4. Gene expression profile of high and low responders. Venn diagrams display the number (A) and
name (B) of significantly (FDR <0.05) differently expressed genes in high and low responders before (d0)

and after (d1) vitamin D, supplementation. In (B) only genes with an absolute logFC > 1 are shown. Genes
being expressed higher in high responders are indicated in green, while red indicates higher expression in

low responders. The IGV browser was used to visualize ChIP-seq results for H3K4me3 (purple)'!, H3K27ac
(green)!" and VDR (red)* as well as FAIRE-seq data (turquois)"* obtained in THP-1 cells that had been treated
for 24 h with solvent (EtOH) or 1,25(OH),D; (1,25D) (C). The peak tracks display merged data from three
biological repeats. A VDR-binding enhancer is shaded in grey and gene structures are shown in blue.
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Due to the known large interindividual variation in vitamin D target genes™, only a shortlist of 16 genes
responded significantly to vitamin D both in vivo as well as in all four in vitro studies. Interestingly,all 16 genes
have at least one VDR-binding enhancer in the vicinity of 0-246 kb to their TSS region, i.c., they are all primary
vitamin D targets”. Although the 16 genes represent rather divergent molecular processes, such as communica-
tion via cytokines, vesicular and secretory peptides, well as ECM ion and cell
motility, they all relate to immunity. A more focused gene enrichment analysis on the basis of the 91 genes with
alogEC>0.25 highlighted 11 targets being involved in the process of focal adhesion. Thus, this study concludes
that a key physiological effect of vitamin D; supplementation of healthy individuals may be the promotion of
focal adhesion. The main role of focal adhesion is the communication of a cell with the ECM, i.c., with its direct
environment". Integrins, such as encoded by the upregulated in vivo vitamin D target genes ITGA2B, ITGB3
and ITGBS, form the core of large adhesion complexes that connect the cytoskeleton with proteins of the ECM.
In this way, cells can adapt their shape in response to the mechanical structure of their environment*. For
example, this s important for the movement of monocytes from the blood strear toinflamed tissues and their

to . Since tes are the most vitamin D responsive cell type of PBMCs", the
upregulation of genes involved in the process of focal adhesion may prepare healthy individuals for a possible
attack by pathogenic microbes. This enhances the potency of innate immunity. Interestingly, in the context of the
vitamin D-triggered differentiation ofmesemhymal stem cells into osteoblasts, ITGAs and ITGBs have already
been shown o be upregulaed i vitto by L2(OH)

‘The individ s ofiamin D the 11 in vivo vitamin D target
genes, which are roved i the pathway of focal adhesion, indicated larger variations between the study par-
ticipants. In some individuals vitamin D seems to inhibit focal adhesion suggesting that these person's immune
system s less prepared to respond to a possible infection. Accordingly, the classification of the VitDHID par-
ticipants based on the responsiveness of all 452 in vivo vitamin D target genes in relation to the increase of the
vitamin D status after vitamin D, bolus supplementation allowed a distinction into 9 high, 12 mid and 4 low
responders. The use of subsets of these target genes, such as the 91 genes with a logFC>0.25 or the 16 genes being
confirmed by all four in vitro studies, resulted in basically the same classification but indicated some deviations
for those individuals who are at the border between high and mid or mid and low responders. Nevertheless, 4
high, 7 mid and 4 low responders turned out to be stable in their classification irrespective of the used subset of
in vivo vitamin D target genes.

‘We described the concept of the vitamin D response index already for other Finnish cohorts and found that
some 25% of the participants are low responders'**22*, The 4 stable low responders of this study suggests a rate
of only 16% in the Finnish population. However, some gene lists, such as those of the 138 in vitro confirmed
candidates or the 271 downregulated targets, suggested 6 low responders, which stands for a rate of 24%, L.,
a rate very comparable to previous studies. We propose that low vitamin D responders should take special
care on thir yitamin p, supplementation, in order to prevent discases, such as musculoskeletal disorders like
‘multiple sclerosis™ and different types of cancer like
colon cancer Since a duly vitamin Dy aupplemenlmon up 10 4000 IU is considered safe™, the percentage of
low responders in the population should rather be overestimated than underestimated.

‘The comparison of the gene expression profile of stable high and low responders provided some insight into
the molecular basis of the vitamin D response index. Interestingly, at basal conditions the transcriptome of
PBMCs from high and low responders significantly (FDR <0.05, abs logFC > 1 and logCPM > log; 10) differed in
the expression strength of 588 genes, Le., in some 5% of all expressed genes. Gene expression is primarily based
on the epigenetic stage of the respective cell, since effective gene regulation requires accessible chromatin at
enlbancersand TSSregions” Therefore, thediffernce nthe geneexpression berween high. andlow responders i
rather based on epigenetics and signals from than on genetic &
association studies indicated that key genes of vitamin D suchas an;m
reductase), GC (GC vitamin D binding protein), CYP2RI (cytochrome P450 family 2 subfamily R member 1)
and CYP24AL significantly contribute to 25(OH)D; serum levels*. Therefore, in analogy to the trait “vitamin
D status’, it s likely that there is also a genetic contribution for the trait “vitamin D responsiveness”. This needs
to be further investigated by future studies involving a significantly higher number of participants.

vitamin D bolus ‘can be considered as a major environmental trigger, since
it reduces within one day the difference in the gene expression profile of high and low responders to 265 genes,
i.e, to less than half, HLA-C stands out from the differently expressed genes, since it is more than 4-times higher
expressed in high responders than in low responders. Moreover, it is a vitamin D target gene in PBMCs'** and
has a prominent VDR-binding enhancer 286 kb upstream of its TSS. Importantly, the HLA gene cluster in chro-
mosome 6 is known as the genetically most divergent region of the human genome™. Therefore, it is possible
that single nucleotide variants of the HLA-C gene as well as that of other members of the HLA gene family, most
of which are also vitamin D targets”, contribute to the genetic variations that are the basis for interindividual
differences in the vitamin D response index.

‘This study has a few limitations, the major of which is the rather low number of investigated VitDHD
participants, ie., at present we are lacking statistical power to prove our claims concerning the molecular differ-
ences of high and low vitamin D responders. Thus, future studies, such as the presently ongoing VitDPAS trial
(NCT06104111), will need to refine the results presented here. This concerns both the epigenetic as well as the
genetic contribution to the vitamin D response index. Another limitation of this study is that PBMCs represent
a mixture of at least five types of primary immune cells, ic., the effects of vitamin D described here cannot be
assigned to one single cell type. However, from other studies we know that monocytes are most responsive to
vitamin D",

In conclusion, in this study we present 452 in vivo vitamin D target genes that show a higher overlap with
genes identified by in vitro studies than previous reports. Moreover, the process of focal adhesion, which is
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central for the migration and differentiation of monocytes was identified as a major pathway being upregulated
by vitamin D, supplementation in healthy individuals. This sharpens the response of the innate immune system
against possible microbe infections. Furthermore, this study provides some insight into the molecular differ-
ence of high and low vitamin D responders. On one hand high responders scem to differ from low responders
primarily by epigenetically and environmentally driven differences in their transcriptome. On the other hand,
variations of some of the differentially expressed genes, such as HLA-C and possibly other members of this gene
family, may represent the genetic contribution of the trait “vitamin D response index’.

Data availal
Fastq files of the raw data can be found at Gene Expression Omnibus (GEO, www.ncbi.nlm.nih.gov/geo) with
accession numbers GSE260981 (50 in vivo samples) and GSE261699 (28 in vitro samples).
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ARTICLE INFO ABSTRACT

Keywords: ‘The concept of the vitamin D response index was developed based on vitamin D intervention studies conducted
Viamin Dy supplementation it Finnish coorts. In tis study, we challengethe concep by peforming amglm vitamin D3 bolus nm 000
Pronlammtory ke with a cohort of

Viamin D targr o
Viamin D response ndex
Saudi cohort

intrieukin 6, tereukin § and tumor necrossfactor messured dm:cdy bcfem Intervention In comparison to
samples taken one and thirty days after vitamin Ds supplementation were used as biomarkers for distinguishing
Tow, mid and high responders. Interestingly, we identified 39 % of the study participants as lo

contrast, when we used in a subset of 37 study participants whole blood expression changes of seven well-known
vitamin D target genes one and thirty days afte supplementation as alternative biomariers, ony 9 persons (24

I i Arabia the rate

or even higher than that in Finland. Therefore, smlar to Nordic counties also in Saud Arabia appropriate
vitamin Ds supplementation is essential, in order to fulfill the needs of low responders.

1. Introduction osteomalacia in adults and osteoporosis in elderly (Uday and Hogler
2017) as well as with inflammatory and autoimmune diseases, such as

Vitamin D; is an important signaling molecule, because its metabo-  rheumatoid arthritis and multiple sclerosis (tlarrison ct al., 2020)

lite 1,25-dihydroxyvitamin D3 (1,25(0H);Ds) acts a as high affinity
ligand to the transcription factor vitamin D receptor (VDR) (Pike et 1.

2017, Zmijewski and Carlberg., 2020. This makes vitamin D a direct
regulator of gene expression (Carlberg 2022) and a molecule with a
pleiotropic physiological profile (Dimitrov et sl 2021). The most
important functions of vitamin Ds are the regulation of calcium ho-
meostasis (Fleet, 2022), which is essential for appropriate bone forma-
tion (van Driel and van Leeuwen, 2023), and the modulation of the
immune system, such as boosting innate immunity and preventing
overreactions of adaptive immunity (Bishop et al., 2020). Accordingly,
insufficient circulating levels of 25-hydroxyvitamin D3 (25(OH)D3),
which i the moststable vitamin Dy metabolite and serves as a biomarker
for the vitamin D status, are associated with rickets in children,

When 7-dehydrocholesterol, a direct precursor of cholesterol, is
exposed in human skin to the ultraviolet-B (UVB) component of sun-
light, vitamin Dy is synthesized in a non-enzymatic reaction (Wacker and
Holick, 2013). However, changes in lifestyle like preferential indoor
activities as well as living at higher latitudes with large seasonal varia-
tions in sun exposure, drastically reduced the endogenous vitamin D3
production in nearly all human populations (Bendik et al., 2014, Spiro
and Buttriss, 2014). This made vitamin D; a vitamin that needs to be
taken up by diet or directly supplemented via pills. There is an ongoing
discussion about the dose of daily vitamin Ds supplementation as well as

the threshold levels distinguishing vitamin D sufficiency from
insuffciency and deficiency (Pil ct a1, 2019). In ths study, we follow
the well-accepted recommendation of the US Endocrine Society that a
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25(0H)D; level above 75 nM (30 ng/ml) is considered as sufficient,
while vitamin D deficiency is defined as a 25(OH)D; concentration
below 30 nM (12 ng/ml) (Holick et al., 2011).

Studies with Finnish cohorts being supplemented either daily with
1600 or 3200 U vitamin Dy (Carlberg et al., 2013) or once with a
monthly dose of 80,000 IU suggested that individuals can be segregated
into low, mid and high responders to vitamin D. This vitamin D response
index concept (Carlberg and Hag, 2018) implies that there should be
supplementation with personalized doses of vitamin Ds, because low
responders need a higher daily vitamin Ds dose than high responders.
Determining the vitamin D response index requires at least two samples
from the same individual and measurements of circulating vitamin D-
triggered proteins, such as the cytokines ILG (interleukin 6), IL8, TNF
(tumor necrosis factor) and the peptide hormone PTH

‘Saudi Pharmaceutical Journal 32 (2024) 102137

et al, 2022, Alsufiani et al., 2022) (Table S1).

2.3. Gene expression measurements

RNA was extracted from fresh blood sample by using QIAamp RNA
blood mini kit following the instructions of the manufacturer (Qiagen).
RNA quantity was determined via a Nanodrop 2000 spectrophotometer
and RNA integrity was assessed on an Agilent 2100 bioanalyzer. RNA
with RIN > 8 was used for cDNA synthesis through the SuperScript™ IV
VILO™ Master Mix (Invitrogen) according to manufacturer’s protocol.
For measuring the expression of the vitamin D target genes A 2
(AXfGAP with SH3 domain, ankyrin repeat and PH domain 2), CAJ

(cathelicidin antimicrobial peptide), CDI4 (CD14 molecule), mm

hormone) (Carlberg et al., 2013), or the expression of vitamin D target
genes in immune cells, such as PBMCs (peripheral blood mononuclear
cells). The molecular basis of the vitamin D response index is not well
explored, but it islikely based both on genetic and epigenetic variations
u[ individuals (Hanel and Carlberg, 2020). However, the vitamin D
response index is independent from the vitamin D status, since persons
with high 25(0OH)D; serum levels can be low responders, while in-
dividuals with a low vitamin D status may be high responders (Carlberg
and Hag, 2018).
ecently, we reported on single vitamin Dy bolus (80,000 TU) sup-
plementation of 50 males (AlGhamdi et al., 2022) and 50 females
(Alsufiani et al., 2022) from Saudi Arabia. We found in both cohorts a
significant reduction in the circulating levels of the proinflammatory
cytokines IL6, IL8 and TNF. In this study, we performed a meta-analysis
of the data from both cohorts and used them for determining the vitamin
D response index. Furthermore, we used changes in the expression of
vitamin D target genes in a subgroup of 37 study participants for the
verification of response index determination.

2. Materials and methods
2.1, Study design and participants

Each of the 50 male and 50 female adults (18-53 years old) had been
recruited from the staff of King Abdul Aziz University and King Fahad
Medical Research Center. Details of the study have been described
previously (AlGhamdi et al., 2022, Alsufiani et al., 2022). In brief, all
participants were native Saudis, free of cancer, liver or kidney diseases
and did not take vitamin D supplements within three months before the
study. They orally received a single vitamin D3 (80,000 IU) bolus and
gave fasting blood samples directly before supplementation (d0) as well
as one and thirty days after (d1 and d30). The study was approved by the
ethical committee of the Faculty of Medicine, King Abdulaziz University
(ref. no. 30-18) and all participants provided written informed consent.
‘The individuals were considered healthy as per Saudi standards (set by
the Saudi Central Board for Accreditation of Healthcare Institutions
(CBAHI, https://portal.cbahi.gov.sa/english/cbahi-standards) and the
Saudi Commission for Health Specialties (SCFHS, https:/.
sa/en)), which defines health as being free of serious ailments or life-
long medications.

/schs.org.

2.2. Biomarker measurements

Quantitative measurements of serum levels of 25(OH)Ds were done
via the Architect 25-OH vitamin D assay kit (Abbott), which has a
detection limit of 4 ng/mL, with an intra-assay coefficient of variation
(CV) of approximately 5.0 % and an inter-assay CV of approximately 7.0
%. The cytokines IL6, IL8 and TNF were determined by fully automated
ELISA (enzyme-linked immunosorbent assay, Bioassay Technology
Laboratory). The detection limits for L6, IL8, and TNF were 2 pg/ml, 1
pg/ml, and 2 pg/ml, respectively, with intra-assay CVs of less than 10 %

), ITGAM it alpha M), LRRC25
(leucine rich repeat containing 25) and NINJ1 (ninjurin 1) in relation to
RPLI3A (ribosomal protein L13a) housekeeping gene, real-time PCR
‘was performed using the EverGreen Universal qPCR Master Mix (Haven
Scientific) and the primer oligonucleotides listed in Table 1. Triplicate
reactions were done on an ABI7300 system applying the following
protocol: 3 min at 95 °C followed by 40 cycles of 95 °C for 15 5 and then
60 °C for 60 s (data collection). To eliminate inter-run variabilities, all
assays for a given sample were run on the same plate. PCR product
specificity was monitored using post-PCR melt curve analysis. Relative
mRNA expression levels were determined using the formula 24,
where ACt is Ct(target gene) ~ mean of Ct(reference gene)

2.4, Determination of the vitamin D response index

In order to determine the vitamin D response index, we scored all
100 study participants based on the downregulation of proinflammatory
cytokines (IL6, L8, and TNF) at days 1 (d1) and 30 (d30) after a single
vitamin D bolus (80,000 IU) supplementation at day 0 (d0). Absolute
log fold changes (IogFC) in cytokine serum levels between d1 and d0 and
between d30 and d0 were compared to changes in 25(OH)D3 serum
concentrations. This scoring system was also applied to a subgroup of 37
individuals for the upregulation of vitamin D target genes (ASAP2,
CAMP, CD14, FBP1, ITGAM, LRRC25 and NINJ1).

For the visualization of the data, we plotted cytokine expression
changes against 25(OH)D; serum levels and added a trend line to un-
derstand the pattern of responses. This line divided the participants into
low responders (score 0), mid responders (score 1), and high responders
(score 3) based on their relative positions to the line. Further, we utilized
the K-means clustering algorithm to classify participants into low, mid
and high responders based on their cumulative scores. We performed
correlation tests to rule out confounding factors such as age, gender and
BMI, confirming that the observed changes in cytokine serum levels and
target gene expressions were primarily influenced by 25(OH)D; serum

Table 1
Oligonucleotide primers used for real-time PCR.
Genename  Orientation _ Oligonucleotide sequence Amplicon size
Asap2 TACGGATCTTCACACGATCAAAC 104
Reversed CTCTTTCTGTTCAACCTGCAA
camp Forward GATGCTAACCTCTACCGCCTC 61
Reversed  CTGGGTCCCCATCCATCGT
14 Forward GCCGCTGTGTAGGAAAGAAG 85
Reversed  CGCGCTCGATGGTCGATA
FBP1 Forward ACTCTGGTGTACGGAGGGAT 73
Reversed  ACAGCAGTCTCAGCTTTCCAT
eam Forward GGTTCACCTCCTTCCAGGTT 51
Reversed  ATGACATAAGGTCAAGGCTGTT
IRRC2S  Forward CCCTCCACTCCCGACTATGA 8
Reversed  GAAGGGTGAGCCCCTTGITC
N Forward /GCCTGGTGTTCATCATCGTG 106
Reversed  CAGGGTCCTGGGTGTCCTACT
RPLI3A GCTAAACAGGTACTGCTGGG 99
Reversed  AGCCAGGTACTTCAACTTGTTTC

and inter-assay CVs of less than 12 (AlGhamdi
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levels. For seven participants with dissimilar scores between the two
methods, we noted a trend of higher basal IL6 and TNF serum levels but
no statistically significant differences were found

3. Results

In this study, we took advantage of two vitamin D intervention
studies that were performed with 50 males (AIGhamdi et al., 2022) and
50 females (Alsufiani et al., 2022) from Saudi Arabia using an identical
protocol, which had been established with Finnish cohorts (Seuter et al.
2017). The protocol involves taking blood samples directly before (d0),
one day after (d1) and 30 days after (d30) a single oral vitamin D bolus
(80,000 1U) supplementation.

‘The meta-analysis of the data of both studies showed an age range of
the 100 participants from 18 to 53 and a body mass index (BMI) span-
ning from 14.9 to 39.1 (Table S1). The individuals were considered
healthy, because they were not diagnosed of any major disease and did
not take any medication. However, at baseline (d0) the serum levels of
IL6 ranged from 179 to 1079 ng/1, that of IL from 67 to 1311 ng/1 and
that of TNF from 69 to 342 ng/], ic., the study participants showed a
large variation in basal chronic inflammation. Moreover, the basal
vitamin D status ranged from 14.2 to 136.7 nM (5.7-54.7 ng/ml) 25
(OH)D;, which diagnosed 45 % of the study participants vitamin D
deficiency (serum 25(OH)D; levels less than 50 nM), for 49 % of them
vitamin D insufficiency (serum 25(0H)D; levels between 50 to 75 nM)
and only for 6 % of the persons vitamin D sufficiency (serum 25(OH)D3
levels above 75 nM). At d1 only one person remained vitamin D defi-
cient, 82 were still vitamin D insufficient but already 17 were vitamin D
sufficient and at d30 1 % of the study participants were vitamin D
deficient, 76 % were still vitamin D insufficient but 23 % became

‘Saudi Pharmaceutical Journal 32 (2024) 102137

vitamin D sufficient. The average 25(OH)Ds serum concentration raised
from 39.1nM (15.6 ng/ml at d0) to 61.0 nM (24.4 ng/ml at d1) and even
64 M (25.6 ng/ml at d30), ie., by 56 and 64 %, respectively. In our
previous studies (AIGhamdi et al., 2022, Alsufiani et al., 2022) we had
reported that both in males as well as in female’s vitamin Dy bolus
supplementation significantly reduced IL6, IL8 and TNF levels already
after one day and even more after 30 days. As expected, the analysis of
the samples of in total 100 study participants came to the same results
(Fig. 1A).

‘The main focus of this study was to determine the vitamin D response
index of the study participants on the level of vitamin D-triggered
changes of cytokine levels. For each individual calculations was made
with respect to the respective basal levels, Le., without vitamin D3
supplementation. We used the approach to display the changes in
cytokine expression (in absolute log scales) between d1 and do (Fig. 1B)
as well as between d30 and d0 (Fiz. 1C) in relation to the respective
changes in 25(0H)D; serum levels. A linear regression line through the
zero point subdivided the graphs into low responders (red, score 0), mid
responders (yellow, score 1) and high responders (green, score 3) for the
respective parameter. In this way, each of 100 study participants got six
scores, the sum of which s proportionally to the vitamin D response
index. The index numbers varied from 0 to 16 and allowed the display of
all study participants ascendingly (Fig. 2). K-means clustering was
applied on this dataset and segregated the study participants into 39 low
responders (red), 39 mid responders (yellow) and 22 high responders
(green).

In order to challenge the scoring results based on cytokine level
changes, we used expression changes of the vitamin D target genes
ASAP2, CAMP, CD14, FBP1, ITGAM, LRRC2S and NINJ1 in whole blood
cells as alternative biomarkers for the responsiveness to vitamin Dy
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Fig. 2. Ranking of study participants. The K-means clustering algorithm was used to segregate the 100 study participants based on the sum of their scores in the
responsiveness of cytokines at d1 and d30 (Fig. 1) into low (red), mid (yellow) and high (green) vitamin D responders. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)

itamin D target genes
as shown by previous vitamin D intervention studies. The vitamin D
target gene expression evaluation was done with a subgroup of 37 study
participants (13 low, 16 mid and 8 high responders based on cytokine
level changes) and resulted in 24 % low responders, 49 % mid re-
sponders and 27 % high responders (Fig. 3). Thus, this approach in-
dicates for the chosen subgroup a lower percentage of low responders
but more mid responders and high responders than the classification via
cytokine serum levels.

‘The direct comparison of both methods indicated for 30 of 37 study
participants (81 % of all) a similar scoring and classification. However,
for 7 persons the classification based on target gene expression changes
in whole blood differed more than 33 % from that calculated from
changes in cytokine serum levels. In order to identify the reason for the
difference in the classification, we compared the group of 30 persons
with a similar score to the group of 7 individuals with a dissimilar score
for their BMI and basal serum levels of IL6, IL8 and TNF (Fig. 4). For IL6
and TNF serum levels there is a trend that the medians of the values are
higher for the persons with a dissimilar profile than for those with a
similar profile, but no statistically significant difference was observed.
To rule out other factors for the observed changes in serum levels of
cytokines as well as the target gene expressions, we carried out

significance tests for other variables like BMI, gender and age, but only
25(0H)D; serum levels showed to cause these changes.

iscussion

This repot data of two recently
studies havmg 50 native males (AIGhamdi et a1, 2022) and 50 females
(Alsufiani et al., 2022) from Saudi Arabia as participants. The in total
100 individuals were considered representative for the population in
Saudi Arabia, since they were not diagnosed of any major discase.
However, at baseline 45 % of the study participants were vitamin D
deficient and only 6 % were vitamin D sufficient. Although this is not a
good sign for the overall vitamin D health in Saudi Arabia, it provides
optimal start conditions for vitamin Dy intervention studies (Bouillon
al. 2022). The single oral vitamin Dy bolus supplementation
increased the average 25(0H)D; serum concentration already after one
day by more than 20 nM (8 ng/ml). This increased vitamin D status was
maintained 30 days later. The latter is not very surprising, since the
bolus (80.000 1U) represents a monthly dose (Viazess et 2., 2021). Thus,
vitamin Ds
umin D status and confirmed comparable prevlous studies (Witham
2013). However, in clinical routine a vitamin D bolus should be

et
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applied only in cases of severe vitamin D deficiency to individuals who
do not comply daily supplementation routines (Fill et al., 2022).

‘The main aim of this study was to use the vitamin Dy bolus treatment,
in order to follow the protocol of the Finnish vitamin D intervention
studies VitDbol (NCT02063334) and VitDHID (NCT 03537027) (Hanel
2020) for a fast determination of the vitamin D response index. In
principle, the response index can also be evaluated after a longer-term

etal

in this figure legend, the reader is referred to the web version of this article.)

cytokines, such as IL6 and TNF. Although the study participants did not
have any major diseases, they differed significantly in their BMI, which
ranged from 14.9 (underweight) to 39.1 (severe obesity). Accordingly,
the basal serum levels of IL6, which may be majorly derived from adi-
pocytes and associated macrophages (Han et al., 2020), also showed a
large variation. Thxs suggests that for overweight and obese persons the

the vitamin D respon: ia of

daily vitamin Dy such as by the VitD-
met study (NCT01479933) (Carlberg et 2L, 2012), but there should be a
few months between both measurements, i.e., the investigations take
longer. With the combined data of both studies from Saudi Arabia we
first applied the classical approach (Carlberg, 2016) and used the
decrease in the serum levels of the proinflammatory cytokines IL6, IL§
and TNF one and thirty days after vitamin Ds bolus supplementation as a
biomarker for the effects of vitamin D. The combined score of the six
single response evaluations allowed to segregate the 100 individuals
into 39 % low responders, 39 % mid responders and 22 % high re-
sponders. The most critical subpopulation is that of the low responders
and based on the vitamin D-triggered decrease in proinflammatory cy-
tokines their proportion in this Saudi cohort is clearly higher than the
rate in Finnish cohorts (25 %) (Carlberg et al., 2013, Seuter et al., 2017).

The measurement of the expression changes of vitamin D target
genes like in this or previous studies is an alternative approach for
determining the vitamin D response index. This study is the first one
directly comparing both methods and demonstrated that for the ma-
jority of the tested persons the result is similar. This is an interesting
result, since the populations in Saudi Arabia and Finland are genetically
rather rent and live in a distinct environment (Investigators et al.
2021). Therefore, this study provides evidence that the concept of the
vitamin D response index may be extrapolated to all other populations.

Nevertheless, there is some discrepancy in the determination of
vitamin D response index, which may result from higher rate of chronic
inflammation detected by elevated basal levels of proinflammatory

lead to
assessment of vitamin D response indices had been performed with
normal weight persons (BMI ranging from 20 to 25) (Carlberg et al.
2013, Seuter et al,, 2017), this aspect before had not been an issue. Thus,
vitamin D response index evaluations of overweight and/or diseased
persons should be determined on the basis of gene expression rather
than via changes of cytokine levels.

Ina Finnish cohort of healthy, normal weight persons the rate of low
vitamin D responders was determined as 25 % (Seuter et al., 2017). In
contrast, 50 % of the Saudi cohort ight or
obese and, based on cytokine levels, their rate of low responders was 39
%. This higher rate of low responders may be related to the fact that in
the past in Saudi Arabia there was no evolutionary pressure leading to
their outnumbering, since the traditional lifestyle provided enough sun
exposure for endogenous vitamin Dy production. However, it is also
possible that in northern Europe with long dark winters,like in Finland,

high vitamin . for which
a rather low vitamin D status is still sufficient for the activation of
vitamin D target genes. Thus, the change of lfestyle in Saudi Arabia over
the last two generations made the higher rate of low responders a
challenge that needs to be overcome by more intensive vitamin D3
supplementation (AI-Daghri ct L, 2019, Amer et al, 2022, Sabico et al.
2023). In this context also the significant rise in average BMI (Althumiri
021) needs to be considered, i.., vitamin Ds supplementation
should be adjusted by weight.
Determining the vitamin D response index of a person is far more

et al
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effort than measuring the vitamin D status, since for the latter only a
single measurement of the 25(0H)D; serum level is needed, while for
the response index two samples and a number of parameters, such as 25
(OH)D;, cytokines and/or gene expression have to be assessed (Carl-
016). Therefore, it is unlikely that response index measurements
will enter routine clinical diagnosis. However, more important is the
public awareness of a vulnerable subpopulation of low responders,
which need a higher dose of daily vitamin Dy supplementation than
indicated by national guidelines. In most countries the

berg,
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ticipants. This will facilitate the segregation of the study participants in
low, mid and high responders, which could lead to more specific pre-
sentations the trial results. The underlying hypothesis of this suggestion
is that due to the pleiotropic actions of vitamin D, a low vitamin D
response index may affect the results of a larger number of nutritional
intervention studies.

“This study has a few limitations. Although the cohort size is with 100

individual larger than that of comparable studies from Finland, which

had 35-71 participants, an even larger number of studied persons would
have been desirable, in order to obtain more accurate numbers on me
percentage of low vitamin D responders. Moreover, the under
studies (AIGhamdi et al., 2022, Alsufiani et al., 2022) are not dnsicn
controlled trials. The studies had a focus on adults in an age range of
18-53, but it would be interesting to obtain data also from children as
well as from elderly. Finally, the availability of transcriptome-wide data
would have further increased the accuracy of the vitamin D response
index determination.

5. Conclusion

Ranjini Ghosh Dastidar: Software,
Formal analysl& Macle] Rybiriski: Visualization, Formal analysis.
Hadeil M. Alsufiani: Writing - review & editing, Melhadclugy,
ion. Sawsan 0. Khoja: C

Emubu: Methodology, Data curation. Safa F. Saif: Me(hodology, Data
curation. Carsten Carlberg: Writing - review & editing, Writing —
original draft.

Declaration of competing interest

‘The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Appendix A. Supplementary data

Supplementary data to this article can be found online at htps:/
0rg/10.1016/.j5ps.2024.102137.

References

AuDaghe MM, Mokamme, AX. Dubar L, R, . Abd . Are
. ALSalh, Y., Alokil, M.5, 2015. Effcacy of
Siplemation scordig 1ot Lot proren pomorphiens.

s,
o d

Nuriion 65-64, 148 154 by nt.2019.02.003,

AlGhamdi, S.A., i, HLF., Khoja, 5.0, Carlbers, C.,
o e o i &b e ot markers in ey s
males nt. . Mol . 2 it/ /o ry/ 10390 msz31911

I IGhamdi, 5.A., AlShaibi, .F., Khoja, §.0., Saif,S.F., Carlberg, C., 202.
e vamin 1 bl suplemenation inpross i s a s

proinflammatory cytokines in healthy females. Nutrients 14. hiips:/doi.or

$ 053901419396

Althumiri, N.A., Bas

besiy in saudi arabia in

The concept of the vitamin D response index could bya
Saudi cohort. In Saudi Arabia the rate of low vitamin D responders is at
least as high as in Finland but probably even 14 % larger when deter-
mined based on cytokine level changes. This suggests that under the
present modern lifestyle, which also in sunny Saudi Arabia is charac-
terized by low UV-B exposure, there should be daily vitamin D sup-
plementation in doses between 2000 and 4000 1U (depending on body
weight), which are sufficient even for low vitamin D responders.

Funding

The authors thank the deanship of scientific research (DSR). This
work was supported by the deanship of scientific research (DSR) - King
Abdulaziz University - Saudi Arabia under Grant [RG: 21-130-38]. C.C.
receives funding from the European Union’s Horizon2020 research and
innovation program under grant agreement no. 952601.

Institutional review Board Statement
‘The study was conducted in accordance with the Declaration of

Helsinki, and approved by the ethical committee of the Faculty of
Medicine, King Abdulaziz University (ref. no.30-18).

2050 preslencs it 15 s socition wih vrios et
conditions. Healtheare (Basel) 9. hi(ps://doi.org /10,3390, healtheare0030311
5 O, Sabc, S Sheta, B, Altabl, NEL, Aldl, DA, Enanl,M.A. Alotas,
5, lomar, .., Hussain, 5.0., Al . Elsaid, MA, Al
I)aghr\NM 2032. Bvaluation o 34 kins and v dsatsreval o
active to sars-cov-2. 10,
s/ /doiorg/ 10,3390 healthcare1 012257

Bendik, L, Friedel, A., Roos, F.F,, Weber, P, Fggersdorfc i
ssential mictonutient forhuman healh ot By, 248 e oo
4.0

Bishop, ., Ismailowa A., Dimelo, S, Hewso, M, Wi, 111, 2020 Vo dud
m regultio: sorbecterl, v, athflametory. TR phs

0405,

B, &, Mo ajancska, K, Rivadeneira, ., Richards, J.B.,
2055 o he s o v 4 pplementation: evidene rom buran
Studies. Nat. Rev. Endocrinol. 18, 96-110. hitps://doi.org/10.1038/54157-
005932

Garlberg, C., 2016. Molecular approaches for optimizing
Vham o, 100, 355-271. bty /doorg/ 101016

Carlberg, C, Hag, A, 2018. The concept of the personal vita
3. Steroid Biochem. Mo, Biol. 175, 12-17. hrips://doiors
j3bmb.2016.12.011

Carlberg, C., Seuter, S, de Mello, V.D,, Schwab, U, Voutilainen, S, Pulkki, K, Nurm, T.,
Vianen, J, Tuomlnen, TP, Uusitupa, M, 2013, Prinary vimin d trge genes

famin 4 suplementation.
5.vh.2015.10.001
i d rspone nder.
0.1016/3.

71042, hitps://doi.org/10.1371 /fournal.pone.007 1042
n..m.m,v Barbier, C, Ismailova, A., Wang, Y., Dmowski, K, Salehi-Tabar, R.,
Mt B, Goul Bovi, B, Wi, I, 262, Vi G rsulted gene

rg/10.121
testial calcium absrption.

oy 165 hipe ot fendocr/bqga218,
Flet, .G, 2022 Vi d-medted regulatn

14, hitps://doi.org/10.3390/nu1 416
a5 Whi, A e R, Campore 5. dslxo: ,Shlan, 1, Davs, Ry
2020, Regulation of adipose tissue inflammation b eakin . ro. Nat.Acad
Sci. U A 117, 2751-2760. hitps://doi org/10.1073/pras. 1920




S.A. AlGhamdi et ol

Hanel, A., Carlbers, C, 2020, Skin color and viamin d: an update. Exp. Dermatol. 29,
864675, b/ o/ 10.1111xd 14142
Hane A, Neme, A, Haline, M, Hamalaine, E, Malberg, HL, Bthve, .
Nirtanen, 51, Bendik, 1, Carlberg, ¢ ‘Common and
personal target genes of the micronutrient vitamin d in primary immune cell fro

human pesighera bod. St Rep 10, 2105 s dokorg 10.1038/541598.020
78285,

Harrson, SR, Li, . Jefey, LE. Raza, K. Hewison, M., 2020, Vitamin d, autolmmune
disase and shematoid s, i, s . 106, 575, i/ o or

10.1007/500223-019-00577-2,

i A, Srchl, . resen, . Stope, G, Amein, €, 2022 A upate of theefcsof
vitamins d and c in critcal llness. Front Med. (Lausanne) 9, 1083760. his: doi.
0rg/10.3389/med. 2022.1083760.

Holick, M.F., Binkley, N.C., Bischoff-Ferrari, H.A., Gordon, C:M, Hanley, DA,
Hean ‘RY‘Mumd,MH Weaver, G, Endocine S, 2011 zm\mmn,

‘Saudi Pharmaceutical Journal 32 (2024) 102157

., Camps, C, Gibson, K., Koelling, N, Lester, T., Nemeth, A, Palles, .,
Batc S, Roy, NIBA, Seny A Faior, 1 ahsi, B aiobser, 10, Scaby, £
Davison, V., Chitty, L, Douglas, A, Naresh, K., McMullan, D., Ellard, 5, Temple, m
ity A, Wik, G Bsls, P, e Glndic, 1. Bk, . ey
e, P B 1 Cimery, 1, o, b P, . Houkon, ., 1, M,
W., Rahman, S, Sayer, J.v, Taylor, 1.C., Webster, AR., Wilkie, A.OM,
Oueand, WL, Raymond, L., Chichom . il 5., Benes, b, Seo, R 1
Fove, . Renda, A, Cautie M- 2021 16000 senomes pl on i e

diagnosis n health inary report. N. Engl. J. Med. 385, 1868-1850.
e dotory/ 101056, N mwmm 0.
Mazess, RB., 021
[y e T e

a narrat
Fike LW, Mese, LB, Les S, Ol M, Beny, N
receptor: contemporary genomic approaches r

umgjm 3. i vest, 127, 146 1154, it/ /o

i prevention of vitamin d deficiency:
racice uideline. 3 i Endocnol Metab. 96, 1911 1950, 1 415
10.1210/jc.2011.03:

» Smedly, D, it KR, Mrtn, . Thonas
o, V. llnglort, T, Arv, . T, o, Yandrveas, o chan 5
Wik, 11, Rtnas, T, Wel, W S, K,
Wielscher, M., Need, A., Barnes, M.K., Vestito, L, Buchanan, J Wordsworth, S,

James R, Peket, . Dot Gl . Mapets, . Kk, M vty A
,Babcock, M, Reese M., ale Mo Baple, . Bousts, . it i,
e o o reau, A., Halai, D., Haraldsdotti, E, Hyder, Z.,
Kaspersvici, D Patch, O Pbchvonopoulos, b Maichan, & Suans
ares, ALT, Tregid;

Pilkington, C., Quinlivan, R., Thapar
Bueser, T, Compton, C., Deshpande, C, Fasshi, H, Haque, E. lzatt, L., Josifova, D.,
Nakammed, . Rober L, Rose, S Ruddy, . Sarkny, . Sy, G, S, A,
Wolejko, A, ,Bums, G Fune, S, Grocock K1, Humphay, S,
Rabton, P Haendel e Ston, M. anka, . lston i .
Dourgon: 5. Yall. Gy Thom, 15, ' Kees 1T Michachie, M Vore, A
., Pontikos, N., Browning, A.C, Straub, V., Gorman, G.5., Hi
Quinton, R, Schafer, AM., Yu-Wai:
‘Taylor, RW., 0" Connor, E., Yip, J., Newland, K., Morris, R, Polke, J., Wood, N.W.,

pilz, Trummer, rcht
Grible, MR, o M 2015 vianin  tning
ot eview of urent evidence Endocr, Connect & R37-RA5.htre. oL ors
10.1530/EC-18.0432.

Sabico, S, Wani, K., Grant, W.B., AlDaghri, NM., 2023, mproved hdl cholesterol
through vitamin d status correction substantally lowers 10-year atherosclerotic
cardovasculas diase sk sere i Vi d defintaab . Nt 15,
hitps://dol.org/10.3390/nu 5

eate, 5 Vinanen 3., Nurmi, T, P
kL

Mursu, 1., Voutilinen, s

amainen, T, Neme, Ao arber, C» 2017, Moleclar evalition of viamin
d responsiven hy young adls. . Sterid iochen. o, ol 174,
314-321. hutps://doi org/10.1016/] jsbmb.2016.06.003.

Spiro, A, Butriss, L., 2014. Vitamin d: an overview of vitamin d status and intake in

rope. Nutr. Bull 39, 322-350. htps://doi.org/10.1111/nbu. 12108,
Uday, ., Hogler, W., 2017. Nutitional rickets and osteomalacia in the twenty.
century: revised conceps, public health, and prevention strategies. Curr. Osteoporos
Rep. 15, 293-302. htps://doi.org/10.1007/511914.017.0383..
van Driel, M., van Leeuwen, J.P-T.M., 2023. Vitamin d and osteoblasts: an endo/auto/

aracrine story. Nutrients 15, 480. hi1ps://dol org/10.3390/0115030450.
Wkt M, Holck MR 201, Sunlight andviamind:  loel pespctive o bl
Demmatoedocinol 5, S1-108. /ol org/ 10416

Witham, M.
s i

b, . Keomedy, .. Bk . K, £ 013, it of
mention on ks of vaeulr hesth i south ason
93-299.

fe

hitps://doi.org/10.1016/j.atherosclerosis. 201 3.08.005.
Zmijewski, M.A., Carlberg, C., 2020. Vitamin d receptor(s): in the nucleus but akso at
‘membranes? Exp. Dermatol. hips://doi.org/10.1111/exd 14147,




www.nature.com/scientificreports

scientific reports

OPEN

Transcriptomic profiling of immune
modulation induced by vitamin D,
in the VitDPAS and VitDHiD cohort
studies

Emilia Gospodarskal, Ranjini Ghosh Dastidar'*, Julia Jaroslawska’, Maciej Rybiriski
Marianna Raczyk?, Kornelia Tokarczyk-Malesa?, Jerzy Romaszko? & Carsten Carlberg™>

The VitDPAS study (NCT06104111) was designed as a medical experiment to assess the in vivo effects
of vitamin D on immune responses. This study enrolled 45 healthy individuals from Olsztyn, Poland,
who received a body weight-adjusted bolus dose of vitamin D, (1,000 1U/kg). Transcriptome-wide
differential gene expression analysis of peripheral blood mononuclear cells, collected before and 24 h
after identified responsive genes (p<0.05). By correlating individual
gene expression changes with alterations in vitamin D status, participants were (ategnnud into three
high and analysis
with the VitDHID study (NCT03537027), conducted on a Finnish cohort of 25 healthy participants,
revealed 232 overlapping target genes, enabling an integrated assessment of vitamin D responsiveness
across all 70 individuals. Applying a istical threshold (false di y rate<0.05)
highlighted 26 shared target genes, demonstrating a consistent in vivo response to vitamin D, across
both cohorts. The modulation of inflammatory processes, mediated primarily via tumor necrosis
factor and nuclear factor kB signaling pathways, emerged as a shared effect, highlightening the
immunomodulatory potential of vitamin D as a key function of the vitamin in healthy individuals.

Keywords Vitamin D, Vitamin D intervention studies, Transcriptome, Vitamin D target genes, Vitamin D
response index, Inflammatory response
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1a,25-dihydroxyvitamin D,

25-hydroxyvitamin

Acyl-CoA synthetase long chain family member 1
assay for transposase accessible chromatin with high-throughput sequencing
Body mass index

Cyclin dependent kinase inhibitor 1 A

Counts per million

cysteine and serine rich nuclear protein 1

C-X3-C motif chemokine receptor

C-X-C motif chemokine receptor 4
proto-oncogene 2, transcription factor

Fold change
False discovery rate
GADD45B Growth arrest and DNA damage inducible beta
GIMAPS GTPase, IMAP family member 6
GLUL Glutamate-ammonia ligase
HERPUDI Homocysteine inducible ER protein with ubiquitin like domain 1
HGNC Human genome nomenclature committee
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HIFIA Hypoxia inducible factor 1 subunit alpha
IRS2 Insulin receptor substrate 2.

KEGG Kyoto Encyclopedia of Genes and Genomes
KLF KLF transcription factor

MDS Multidimensionality scalin

NAMPT Nicotinamide phosphoribosyltransferase
NFxkB Nuclear factor kB

NFKBI NFKB inhibitor

PBMC Peripheral blood mononuclear cell

PELIL Pellino E3 ubiquitin protein ligase 1

PERI Period circadian regulator 1

PFKFB3 2 X 3
RBM7 RNA binding motif protein 7

RNA-seq RNA sequencing

SIPRL Sphingosine-1-phosphate receptor 1
SLC2A3 Solute carrier family 2 member 3

TNF Tumor necrosis factor

TNFAIP3 TNF alpha induced protein 3

TNFSF14 TNF superfamily member 14

TSC22D3 TSC22 domain family member 3

TSS Transcription start site

VDR Vitamin D receptor

Vitamin D, is a vital in human skin when exposed to UV-B

light'. Both in vitro studies and nimal model experiments suggest that vitamin D plays a significant role in
modulating the activity of innate and adaptive immunity>S. Observational studies comparing individuals with
vitamin D deficiency to those with sufficient levels suggest that adequate vitamin D may provide protective
benefits against a range of diseases. These include musculoskeletal disorders such as osteoporosis’ and
sarcopenia®, autoimmune diseases like multiple sclerosis’, and certain types of cancer, including colon cancer™®.
In vitamin D deficiency, the underlying issue often relates to insufficient immune modulation’. However,
conclusive evidence of the beneficial effects of vitamin D supplementation in healthy, non-deficient individuals
is lacking. Large-scale intervention studies with thousands of participants over periods up to five years was
unable to demonstrate statisicaly ignificant primary benefts from vitamin D supplementation, parly due to
ethical constraints against leaving control groups vitamin D deficient for extended periods'"

Vitamin D's molecular mechanisms involve its nuclear receptor, VDR (vitamin D receptor), which binds the
active vitamin D metabolite, 1a,25-dihydroxyvitamin D, (1,25(0H),D,)'*!, with very high affinity (K, = 0.1
nM). For endocrine signaling, this nuclear hormone is synthesized from 25-hydroxyvitamin D, (25(OH)D,) in
the Kidneys but can also be locally produced in immune and skin cell or para- and autocrine functions'’ The
‘most abundant and stable metabolite, 25(OH)D, defines vitamin D status in serum®, with levels above 30 ng/
ml (75 M) considered sufficient and those below 12 ng/ml (30 nM) indicating severe deficiency”.

As a transcription factor, VDR mediates all genomic actions of vitamin D, with 1,25(OH),D, being the
exclusive activator of VDR at physiological concentrations'®. Based on data of the Genotype-Tissue Expression
(GTEx) Ponal"’ VDR is expressd in mos tissues, excluding the brain, with hundreds ol Flarge genes in each
tissue®, many of and
the concept of the vitamin D response mdex, categorizing individuals as high, mld or low responders to
vitamin D supplementation®2. Notably, low responders may require higher vitamin D dosages to attain optimal
physiological benefits?*.

"To investigate vitamin D' molecular effects in healthy individuals under in vivo conditions, we previously
conducted studies such as the VitDbol (NCT02063334, ClinicalTrials gav)’“‘ and VitDHiD**, involving
healthy cohorts in Kunplo, Finland, who received a single 80,000 IU vitami bolus Inthe current study, we

the VitDPAS study, which individuals
from Dlszxyn, Poland. Located mote than 1000 ki south of Kuopio,the vitamin n winter in Olsztyn is abou{
one month shorter than in Eastern Finland. of peripheral blood
(PBMCs) identified 758 significantly (p<0.05) responsive vitamin D target genes, of which 232 overlapped wn.h
targets observed in the VitDHiD study. A core function of these common in vivo vitamin D target genes was the
‘modulation of inflammatory responses.

Materials and methods

Sample collection

‘The VitDPAS intervention study commenced in November 2023 in Olsztyn, Poland. Participants eligible for
inclusion were between 20 and 65 years old, with a body mass index (BMI) of 18.5-29.9 kg/m?. Exclusion criteria
included any disease or infection contracted within the last two weeks before the planned blood draw; severe
visual or hearing impairment; gastrointestinal disorders like celiac disease or irritable bowel syndrome; chronic
kidney discase; presence of kidney stones; chronic liver diseases; history of pathological bone fractures or
fractures d Y the st v diagnosis of cancer; treatment that affects calcium
metabolism; diseases with a risk of recurring symptoms, including Parkinson’s disease, post-stroke hemiplegia,
epilepsy,recurrent dizziness, and repested finting: astor currnt dscases that may increase serum calcum
levels, such 1 use of that affect 25(OH)D, levels
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theumatoid arthritis, Reiter’s syndrome, and psoriatic arthritis; participation in research studies within the last
4 months, except for observational studies; known infection with HIV, hepatitis, and other infectious diseases;
substance abuse like drug dependence, alcoholism, and tobacco smoking; mental illness; homeostasis disorders
that may complicate the blood collection process; current pregnancy, breastfeeding, or planned pregnancy. The
study protocol was approved by the Ethics Committee of the Olsztyn Chamber of Doctors (#31/2023/VTIT).
‘The study involved a cohort of 45 healthy participants (23 females and 22 males, aged 24-64, BMI 19.3-29.3,
Table 1) who received a single vitamin D, bolus of 1,000 TU/kg body mass with breakfast. This bolus equates
to a monthly dose of vitamin D, administered only once, whereas other vitamin D interventions, such as the
ViDA study”, employed a monthly dose of 100,000 IU of vitamin D, over a period of more than two years.

Participant [ Age [ Gender [ BMI [ [25(0H)D,] at d0 | (25(0H)D,Jatd1
' a0 |F 225 | 265 >
2 5 [F 2.1 [ 193
5 st [F 202 [ 161

i |F 198 |38
5 w [F 212 |95
O s [F 202|247 352
7 W [F 247 218 504
s ERE 04 199 25
5 5 [F 202 [ 266 00
0 ERE 50 | 188 00
11 ENE 197 215 278
1z s [F 212 [543 399
B W [F 215 | 470 575
0 50 [F 204|353 101
i5 BN 212 |00 93
is w0 [F 25 512 387
17 W [F EEE 534
s u |F 250 [ 168 02
5 EE 246 | 281 355
0 BB 205 205 50
21 ENE 195 | 548 25
2 7 [ 22 |10 156
B G 255|214 20
u 7 M 255 |41 87
2 55 M 255 | 127 2.1
% EREl 295 | 500 517
27 EEE 71 [412 27
28 B 201 |25 364
) ENE 279 |21 Xl
0 ENE %7 [ 155 22
3 M 266 | 143 EX
2 EEE 295 | 163 210
5 INE 200 [555 578
5 v M 254 |07 a9
55 u M 212|257 514
5 5 M 205 | 256 505,
7 57 M 193 155 207
£l ERE 276 |24 547
B ERE 275 (a7 5.1
W0 IR 295 | 208
il ERES ERED
2 e 29 | 90
[ ENE 272 174 25
W ENE 269 | 114 199
5 2 |M 285 | 286 21

‘Table 1. VitDPAS study participants. Age, gender, BMI and 25(OH)D, serum levels (in ng/ml) at d0 and d1
are indicated.
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‘Therefore, the dose range of 52,000-110,000 IU vitamin D, used in this study was within safe limits. Blood
samples were collected immediately before supplementation (day 0 (d0)) and 24 h after dosing (day 1 (d1))
for serum and PBMC isolation. Based on data collected from previous studies, such as VitDbol****, a 24-hour
post-supplementation period is considered the optimal time point. Serum 25(OH)D, levels were assayed using
the electrochemiluminescence binding assay on Cobas Pure Immunoassay Analyzer (Roche) in the analytical
laboratory of the Municipal Pnlychmcal Hospital n Olsztyn, Poland. Allparticipants provided witen informed
consent, and all d to relevant guidel d regulations,

PBMC isolation

PBMCs from the 45 participants of the VitDPAS study were promptly processed without any in vitro culture
Following the collection of 8 ml of peripheral blood on d0 and d1, PBMCs were isolated within one hour using
Vacutainer CPT Cell Preparation Tubes with sodium citrate (Becton Dickinson), following the manufacturer’s
protocol. After isolation, cells were washed with phosphate-buffered saline, aliquoted at a concentration of
4 million cells per ml, and preserved at -80 °C for future RNA isolation.

Transcriptome analysis
Total RNA was extracted from PBMCs using the High Pure RNA Isolation Kit (Roche) following the
manufacturer’s instructions. RNA quality was assessed using an Agilent Tapestation, and library preparation
was conducted after rRNA depletion with kits and protocols from New England Biolabs. RNA-seq libraries
were sequenced at a read length of 75 bp on 2 NextSeq2000 system (Illumina) according to standard protocols
at the EMBL Gene Core (Heidelberg, Germany). Qualiy contrl of the sequencing files was prformed uing
FastQC (version 0.11.9, y Table
$1 online). Reads were aligned to the GRCh38 refmnce gmome (Ensembl version 111.38) using the STAR
aligner®” (version 2.7.2a), and quantification was carried out with FeatureCounts® (version 2.0.1) using default
parameters. To standardize gene nomenclature across all datasets, Human Gene Nomenclature Committee
(HGNC) symbols were updated using the R package HGNChelper (version 0.8.1, https://CRAN.R-project.org/
package=HGNChelper). Annotation, including gene identifiers, descriptions, genomic locations, and biotypes,
was added via the Ensembl database (release 100) using the R package BiomaRt*! (version 2.42.1). Entrez Gene
identifiers were incorporated using the R package org Fis.eg.db (version 3.10.0), and any incomplete mappings
for target genes were manually verified and retrieved from NCBI (http://www.ncbinlm.nih.gov/home/genes).
Genes lackin those encoded ded from the analysis.
‘This study focused solely on protein-coding genes.

Differential gene expression analysis
Differential gene expression analysis was conducted in R (version 4.3.1) on MacOS 13 (Ventura) using the EdgeR
package’ (version 4.0.16) for robust assessment. To reduce transcriptional noise associated with non-coding
genes, the analysis focused on 19,287 protein-coding genes. Read counts were normalized to counts per million
(CPM) to account for library size differences. Low-expression genes (CPM < 10) were filtered out using the
FilterByExpr() function, minimizing the multiple testing burden and optimizing statistical accuracy within
the EdgeR l'mme»\ork Following filtering, library sizes were recalculated, and the trimmed mean of M-values

lied. The data structure was explored using multidimensional scaling
(MDS) via Edgekts plocMDSO function, where distances approximate typica log, fold changes (FC) between
samples. Th the root mean sq; (Euclidean distance) of log,FC values

for genes showing significant changes (p-value<0.05 or Benjamini-Hochberg adjusted p-value=FDR (false
discovery rate) <0.05)) post-vitamin D, supplementation. Mean-Difference (MA) plots were generated with
vizzy (version 1.0.0, hitps://github.com/ATpoint/vizzy). Differential expression for each gene was determined
through the generalized linear model quasi-likelihood (GLM-QL) pipeline. A trended negative binomial
dispersion estimate was calculated using the Cox-Reid profile-adjusted likelihood method. This estimate, along
with empirical Bayes-moderated quasi-likelihood gene-wise dispersion eslima\ea , was employed for GLM
fitting, with empirical Bayes shrinkage robustified against outlier dispe as recommended. To identify
diffcrentiall expresse genes with substantia change, the gniTreat approach's was applied,settng a thrcehold
for absolute log,FC>0.25 (Supplementary Table S2 online).

¢ the gene expression data from the VItDPAS and VtDHID cohorts, matched common gene
identifiers across both datasets were identified, ensuring that only shared genes were included in the combined
dataset. To account for differences in sequencing depth, the expression values were normalized using CPM,
which adjusts raw counts accordingly. Additionally, a scaling step was applied to harmonize the data across
time points (d0 and d1). This involved calculating scaling factors based on the average gene expression levels
of both cohorts and adjusting the data to minimize technical discrepancies, thereby facilitating a more accurate
comparison.

Classification of study participants

To dassfy paticipants as igh, mid, o low responders, the average absolute log,FC values of all in vivo vitamin D

target genes (or for cach individual was plotted against the changes

in total 25(OH)D, concentrations (d1/d0) (Table 1). Based on prior experience with b vitamin D intervenion

studies VitDmet** and VitDbol2*2, plotting the ratio of 25(OH)D, values proves to be more effective than using their

delta. A trendline was dravn through the 1/0 point to divide the plot,and the orthogonal distance of each data point
his Jculated. These dis Fescending order, o

the library,
available at hitps:/pypi.org/project/scikit-learn/).
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Functional characterization of vitamin D target genes
‘The STRING database (hitp:/string-db.org/)*® was used to confirm and visualize the physical and functional
intrscions among viamin D tagel genc. In this nelwork each node represents a protein, whxle edges between

nferred from a
data, Functional annotation of the genes, with an emphasu on their primary roles, was denv:d from dalabaxes
like Human Protein Atlas (http: ) and GeneCards )

Results

The VitDPAS intervention trial

‘The VitDPAS study design is detailed in Supplementary Figure S1A online. The study began by administering a
weight-adjusted vitamin D, bolus (1,000 IU/kg) to 45 healthy participants (23 females, 22 males; mean age: 39.6
years; mean BML: 23.8, Supplementary Figure S1B online). Blood samples were collected immediately before
supplementation (d0) and 24 h afterward (d1). Baseline serum 25(OH)D, levels at d0 ranged from 9.0 to 55.9 ng/
ml, with an average of 26.5 ng/ml, while levels at d1 increased to a range of 1.6 to 62.6 ng/ml, with an average
0f 32.9 ng/ml (Table 1). Thus, the vitamin D, bolus resulted in a significant average increase in vitamin D status
by 6.4 ng/ml, or 29% (p=3.8x 10", paired T-test, Supplementary Figure SIC online). In summary, a single,
weight-adjusted vitamin D, bolus was sufficient to elevate the vast majority of VitDPAS participants to a level of
imin D sufficiency.

Vitamin D-induced transcriptomic response in VitDPAS participants
Differential gene expression analysis of RNA-seq data t 1 compared to baseline (d0) revealed that vitamin D, bolus
supplementation significantly impacted the transcriptome of the 45 VitDPAS participants. Principal component
analysis, visualized in an MDS plot, showed a notable shift, with d1 data points averaging below the respective d0
points along dimension 2 (Fig. 1A). Out of 8,937 protein-coding genes expressed in PBMCs across all participants
(defined as mean CPM > 10 for d0 and d1), 758 genes were significantly (p<0.05) regulated by vitamin D (Figure
52). OF these, 369 were upregulated and 389 ‘Table 52 online,

Figure 52 online). Applying an additional threshold of absolute log,FC:>0.25 narrowed this list to 94 vitamin D
target genes, including 39 upregulated and 55 downregulated. A stricter criterion of FDR <0.05 identified 70 genes,
with 15 upregulated and 55 downregulated, and 39 of these also meeting the absolute log,FC>0.25 threshold (5
upregulated and 34 downregulted) (ig. 1B). Taken togethe, viamin D, bolus supplementaion sgnificanty
modulates the lls in VItDPAS

Segregation of VitDPAS study participants by vitamin D responsiveness
To evaluate the vitamin D the 45 VitDPAS participants, eac dual absolute
log,FC of all 758 vitamin D target genes was plotted against the ratio of their vitamin D status at d1 relative to
baseline (d0) (Fig. 2A). This analysis revealed a spectrum of responsiveness, with high responders clustering
at the upper left of the plot (green), mid responders near the trendline (yellow), and low responders at the
lower right (red). The distance from the trendline was proportional to each participant’s vitamin D response
index, which showed a strong negative correlation (-0.82, Pearson correlation, p=3.7x 10~ 1%, paired T-test) with
the d1/d0 vitamin D status ratio. This response index correlated less strongly with baseline vitamin D status
(0.61, p=0.0000089, Supplementary Figure S3A online), and showed no significant correlation with age (0.23,
p=0.12, Supplementary Figure S3B online) or BMI (-0.08, p=0.58, Supplementary Figure $3C online) of the
individuals. K-means clustering further classified the participants into 9 low responders, 19 mid responders,
and 17 high responders (Supplementary Figure S4 online). When the analysis was limited to the 94 genes with
an absolute log,FC >0.25, the results were similar; however, participants #9, 14, 16, and 39 were reclassified
as mid responders (Fig. 2B). Narrowing the gene list further to 70 targets with FDR <0.05, individuals #1, 9,
14, 16, 19, and 39 were reclassified as mid responders, while participants #18 and #22 were newly classified as
high responders, and #28 as a low responder. Consequently, participants #1 and #19 appear as unstable high
responders, while #9, 14, 16, 18, 22, 28, and 39 are unstable mid responders. In summary, VitDPAS participants
were stratified into high, mid, and low responders to vitamin D, supplementation.

Joint classification of VitDPAS and vitdhid participants
Comparison of the 758 in vivo vitamin D target genes from the VitDPAS study with the 1,654 targets identified
in the VitDHD study (p<0.05) revealed 232 shared genes (Fig. 3A). The two studies, which both investigated
healthy individuals (VitDHD with 25 participants from Finland), were highly comparable and analyzed using
identical methods. The combined transcriptome datasets from all 70 participants were normalized and analyzed
using pnn(lpal component analysis via MDS plots. Based on the 232 common target genes, on average, d1
he left of d0 d the first d that vitamin
consistently impacted the PBMC transcriptome across both cohorts (Fig. 3B). Segregation of the 70 individuals
vitamin D responsiveness classified them into 22 high responders, 34 mid responders, and 14 low responders
(Fig. 3C). Four VitDPAS participants were reclassified based on this joint analysis: participant #19 shifted from
unstable high to mid responder, #16 and #39 from unstable mid to mid responders, and #28 from unstable mid
to low responder. Similarly, four VitDHID participants were reclassified (three from mid to high responders
and one from mid to low responder)””. For the remaining 41 VitDPAS and 21 VitDHID participants (88.6%
overal,the joint analysis produced resuls consistent with each individul study’s classification. In summary,
this combined analysis of the VitDPAS and \’liDHlD vitamin D intervention studies identified 232 common
target genes and yielded consistent resps for 62 of the 70 pa
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Fig. 1. Transcriptome-wide analysis of vitamin D, bolus supplementation in the VitDPAS cohort. (A) The
quality of transcriptome datasets (of 758 target genes) from the 45 VitDPAS participants at d0 and d1 was
assesed using dimensionality reduction techniques, visualized through a MDS plo. (B) A ancano plot
was employed to illustrate the impact of vitamin P

regulated genes (p<0.05). Selected target genes are highlighted.
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Fig. 2. Classification of VitDPAS study participants. (A) The 45 VitDPAS participants were classified into high
(green), mid (yellow), and low (red) responders based on the expression profiles of all 758 in vivo vitamin D
target genes. (B) Comparison of classification methods utilizing various subsets of vitamin D target genes to
evaluate the robustness of the segregation approach.

Functional impact of joint VitDPAS and vitdhid target genes

A stringent comparison (FDR<0.05) between 70 vitamin D target genes identified in the VitDPAS study and
452 targets from the VitDHID study” revealed 26 shared genes (Fig, 4A). Notably; of these common gene, only
4 were upregulated by vitamin D, while 22 were Figure S5
online). The 26 genes were validated by two different approaches. A repeated vitamin D, bolus supplementation
with the same study participants indicated for 80-90% of genes a comparable regulation on the RNA level
(Supplementary Figure $6 online). Moreover, an ATAC-seq (assay for transposase accessible chromatin with
high b firmed

g p
for all downregulated genes a decrease in accessibility (Supplementary Figure S7 online).
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Fig. 3. Overlap and classification of vitamin D target genes between VitDPAS and VitDHID studies. (A) A
Venn diagram highlights the intersection of 758 significant (p<0.05) in vivo vitamin D target genes identified
in the VitDPAS study and 1,654 target genes from the VitDHID study. (B) The quality of transcriptome datasets
for the 232 shared target genes at d0 and d1 was assessed using dimensionality reduction, depicted in a MDS
plot. (C) Based on the expression profiles of the 232 common target genes, the 70 pﬂnmpdnls across both
studies were categorized into high (green), mid (yellow), and low (red) vitamin D responders.

The STRING i

the 26 shared S Figure S8 online d with a review of p

databases such as Human Protein Atlas and GeneCards, facilitated the classification of these genes/proteins into
five distinct functional categories: (i) “inflammatory response and TNF (tumor necrosis factor)/NFKB (nuclear
factor xB) signaling includes TNFAIP3 (TNF alpha-induced protein 3), TNFSFI4 (TNF superfamily member
14), NFKBIA (NFxB inhibitor alpha), NFKBIZ (NFxB inhibitor zeta), PELII (pellino E3 ubiquitin protein
ligase 1), and ETS2 (ETS proto-oncogene 2, transcription factor); (ii) “immune cell migration and survival”
comprises SIPRI (sphingosine-1-phosphate receptor 1), CXCR4 (C-X-C motif chemokine receptor 4), CX3CRI
(C-X3-C motif chemokine receptor 1), and GIMAPG (GTPase, IMAP family member 6); (ii) “transcriptional
regulation” contains PERI (period circadian regulator 1), CSRNPI (cysteine and serine-rich nuclear protein
1), KLF10 (KLF transcription factor 10), KLF11, and HIFIA (hypoxia-inducible factor 1 subunit alpha); (iv)
“Stress response and apoptosis” consists of REM? (RNA binding motif protein 7), TSC22D3 (TSC22 domain
family member 3), CDKNIA (cyclin-dependent kinase inhibitor 14), HERPUDI (homocysteine-inducible ER
protein with ubiquitin-like domain 1), and GADD45B (growth arrest and DNA damage-inducible beta); (v)
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Overlap and functional classification of vitamin D target genes between VitDPAS and VitDHiD studies.

(A) A Venn diagram illustrates the overlap between 70 highly significant (FDR <0.05) in vivo vitamin D

genes identified in the VItDPAS study and 452 target genes from the VitDHD study. (B) The 26 shared vitamin D

target genes are grouped into distinct functional categories. Gene interactions, derived from the STRING database
Figure $8 online), are depicted with i jpregulated in green, while

downregulated genes are represented in red.
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“metabolism and energy homeostasis™ embraces GLUL (g ligase), NAMPT
phosphoribosyltransferase). RS2 (inslin receptor subsirate 2), ACSL (acyl-CoA synthetase ong:chain family
member 1), PFKFB3 3), and SLC2A3 (solute carrier

family 2 member 3) (Fig, 4B). Interestingly, based on EnrichR? analysis of the 232 common target genes between
VitDPAS and VitDHiD (Fig. 3A), TNF signaling is the top ranking pathway in the database KEGG (Kyoto
Encyclopedia of Genes and Genomes)”. Furthermore, according to STRING analysis (Supplementary Figure S8
online), NFKBIA, HIF1A, TNFAIP3, GADD45B, CXCR4, NFKBIZ, CDKNIA, and CSRNP1 represent the most
well-characterized core within this protein set. NFKBIA, NFKBIZ, and TNFAIP3 function downstream of stress
sensors, including GADD45D (responsive to DNA damage), CDKN1A (cell cycle regulation), HIFIA (hypoxia
response), and CXCR4 (immune activation) (Fig. 4B). Interestingly, in the majority of healthy individuals
across both studies (84.3%), the genes encoding these proteins are downregulated in response to vitamin D,
supplementation, a trend that also holds for the average expression of the full set of 26 genes (Supplementary
Figure S5 online). However, in a subset of 7 individuals, this gene set is upregulated, indicating an opposite effect
of vitamin D, for these persons. In summary, the functional classification of 26 common highly significant target
genes emphasizes a range of biological roles influenced by vitamin D, supplementation. A central outcome of
this regulation is the downregulation of vitamin D target genes involved in inflammatory responses, primarily
through TNF and NFxB signaling pathways.

Discussion

‘The primary aim of this study was to validate and expand the concept of the vitamin D response index in a
European cohort distinct from the one where it was originally developed®. Unlike other studies that examined
gene expression changes following vitamin D, supplementation over an §-week period™, the VitDPAS study
employed a different approach: administering a single vitamin D, bolus and taking a second measurement just
one day later. This methodology facilitates direct comparison with in vitro studies, which traditionally use 24-
hour stimulations with 1,25(0H),D,*. By bridging these experimental paradigms, the VitDPAS findings offer
valuable insights into vitamin D's gene-regulatory effects on immune function in healthy individuals, potentially
advancing our understanding in this area.

‘The VitDPAS study described here, conducted with a Polish cohort, represents an advanced extension of our
previous VitDHID study™® performed in Kuopio, Finland. Both studics included healthy participants; however,
the 45 VItDPAS participants were,on average, 12.1 years older and had.a L1 kg/m’ higher BMI compared (0 the
25 VitDHiD Despite th ibution of high, mid, and low vitamin D responders
was similar across both studies, with rates of 37.8%, 42.2%, and 20% in VitDPAS, closely aligning with 36%,
48%, and 16% in VitDHID, respectively. Interestingly, when combining data from the 70 participants of both
studies, the overall response rates were 40% high responders, 38.6% mid responders, and 21.4% low responders.
For comparison, a similarly designed study conducted with 50 male and 50 female participants in Jeddah,
Saudi Arabia (21°N)**!, identified 22% high responders, 39% mid responders, and 39% low responders™. This
indicates that the proportion of low responders in a population living closer to the equator is nearly double that
observed in Northern or Central European populations.

‘The regions of the two vitamin D intervention studies, Olsztyn (53°N) and Kuopio (63°N), experience
extended “vitamin D winters”*** lasting approximately 4 and 5 months, respectively. These are periods during
which endogenous vitamin D, production is not possible. This is particularly critical for individuals classified
as low vitamin D responders, who require adequate vitamin D, supplementation during the winter months to
prevent health issues associated with vitamin D deficiency. Although, daily vitamin D, supplementation of
up to 4000 IU is considered safe*, we recommend VitDPAS participants to adjust their daily intake during the
winter months according to their body weight, ensuring it does not exceed 40 IU of vitamin D, /kg. The VitDPAS
study is currently ongoing, with participants being supplemented and monitored over a total duration of two
years,

Previous reports have highlighted significant interindividual variability in the sets of in vivo vitamin D target
genes™. The transcriptome analysis of the 45 participants in the VitDPAS study supports this finding. Out of
the 8,397 protein-coding genes expressed at a reasonable level (CPM > 10) in the PBMCs of all participants, 758
(9.0%) exhibited a significant (p <0.05) response to vitamin D. However, only 232 of these vitamin D target genes
(30.6%) overlapped with those identified in the VitDHiD study. While the overlap increases to 37.1% when using
more stringent statistical criteria (FDR <0.05), this still suggests that only a small subset of in vivo vitamin D
targets (26 genes) is consistently identified across both studies with high confidence.

An intriguing observation from the VitDPAS study is that, although the initial list of 758 vitamin D target
genes included an approximately equal number of upregulated and downregulated genes, only 4 of the 26
genes in the final shortlst were upregulated. This finding suggests that the most critical targets of vitamin D in
healthy individuals are more likely to be downregulated than elevated. This aligns with previous findings from
the VitDHD study”, which indicated that vitamin D-triggered pathways are predominantly downregulated or
maintained in equilibrium, rather than being actively upregulated.

n a previous study utilizing VitDHID data, the genes NFKBIA, NFKBIZ, and TNFAIP3 were identified as
top-ranking players in eight signaling pathways related to innate immunity ™. Interestingly, the downregulation
of NFKBIA and NFKBIZ, both inhibitors of NFxB, promotes the translocation of the transcription factor
NEB from the cytoplasm to the nucleus, thereby activating multiple proinflammatory target genes. Morcover,
downregulation of TNFAIP3, an upstream inhibitor of TNF-mediated inflammatory pathways, may further
amplify respons thatvitamin D:
signaling pathuways to external triggers, thereby facilitating a more cfficient response when necessary.

in conclusion, the VitDPAS study validated and expanded upon the principles of the vitamin D response
index. It underscored the need for special attention to low vitamin D responders within this Polish cohort,
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ensuring adequate vitamin D, supplementation during the winter months. The combined analysis of the
VitDPAS and VitDHiD studies identified 26 high-confidence vitamin D target genes, whose core function is the
regulation of inflammatory responses in response to external stress sensors.

Data availabil
Fastq files of the raw data can be found at Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo)
with accession number GSE278885
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ABSTRACT

Endocrine signals orchestrate transcriptional programs across diverse physiological
contexts, yet the system-level regulatory architecture governing these responses in
humans remains poorly characterized. Here, we integrate longitudinal transcriptome
profiling from controlled vitamin D3 intervention studies with pharmacokinetic modeling
and dynamic regulatory network inference to quantitatively investigate endocrine-
responsive gene regulation in vivo. Applying ordinary differential equation—based
system identification to dense temporal gene expression trajectories, we infer a
compact transcription factor control architecture comprising 11 regulators and 117
interactions, centered on TP53, MYC, AP1 components, STAT3, and HIF1A, that
reproduces observed transcriptional dynamics across supplementation cycles and
interindividual response phenotypes. The inferred regulatory framework demonstrates
predictive performance when evaluated in an independent intervention cohort,
indicating robustness and transferability of the identified control structure. Rather than
establishing direct causality for individual regulatory interactions, this study provides a
quantitatively interpretable and experimentally testable model of transcription factor—
mediated endocrine gene regulation. Conceptually, our work establishes the feasibility
of integrating physiological perturbation, longitudinal molecular profiling, and dynamic
systems modeling to infer regulatory network organization in humans. This framework
offers a generalizable strategy for mechanistic investigation of gene regulatory

systems beyond static or correlative omics analyses.

Keywords: Vitamin D; vitamin D3 supplementation; transcriptomics; gene regulatory
network; ordinary differential equations; systems biology; precision nutrition;

interindividual variability.
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Abbreviations
1,25(0OH)2D3 10a,25-dihydroxyvitamin D3

25(0OH)D3 (VitD) 25-hydroxyvitamin D3

BMI body mass index

CPM counts per million

CSRNP1 cysteine and serine rich nuclear protein 1

EGR1 early growth response 1

ETS ETS proto-oncogene, transcription factor

FC fold change

FDR false discovery rate

FOS Fos proto-oncogene, AP1 transcription factor subunit
HGNC human genome nomenclature committee

HIF1A hypoxia inducible factor 1 subunit alpha

JUNB JunB proto-oncogene, AP1 transcription factor subunit
KLF10 Krippel like factor 10

MDS multidimensionality scaling

MOR mode of regulation

MYC MY C proto-oncogene, bHLH transcription factor
NFKB1 nuclear factor kappa B subunit 1

NR4A2 nuclear receptor subfamily 4 group A member 2
ODE ordinary differential equation

PBMC peripheral blood mononuclear cell

RNA-seq RNA sequencing
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Introduction

Vitamin D signaling represents one of the most extensively characterized endocrine
transcriptional regulatory systems (1), and provides a paradigmatic model system for
endocrine control of transcription factor network dynamics in human physiology (2).
However, its quantitative system-level regulatory architectures in healthy humans
remain largely unresolved. The biologically active metabolite of vitamin D3, 1a,25-
dihydroxyvitamin D3, mediates genomic actions through the vitamin D receptor (VDR)
(3,4), a ligand-activated transcription factor expressed in most human tissues (5).
While the classical role of vitamin D in calcium homeostasis and skeletal health is well
established (6), accumulating evidence indicates that vitamin D signaling also
contributes to the regulation of immune function, cellular metabolism, and stress
responses (7-9). However, despite extensive epidemiological and experimental
research, the molecular mechanisms underlying vitamin D-dependent physiological
effects in healthy individuals remain incompletely understood. In particular, it remains
unclear whether endocrine transcriptional responses in vivo can be described by

dynamically identifiable regulatory network structures capable of predictive modeling.

Large randomized intervention trials have yielded heterogeneous and often
inconclusive clinical outcomes of vitamin D3 supplementation, particularly in
populations without severe deficiency (10,11). A central limitation of large-scale
vitamin D intervention trials is the implicit assumption of homogeneous molecular
responsiveness across individuals (12). Emerging molecular data suggest instead that
vitamin D signaling exhibits substantial interindividual variability, affecting both
transcriptional regulation and downstream cellular functions (13). This variability has
led to the proposal of the “vitamin D response index”, a concept describing the capacity
of an individual to translate systemic vitamin D status into measurable molecular

responses (14).

Human intervention studies provide a powerful experimental framework for

investigating nutrient-dependent gene regulation under physiologically relevant



Ghosh Dastidar et al.: Regulatory network dynamics of endocrine signaling 6

conditions (15). Previous transcriptome-based studies of vitamin D3 supplementation
have demonstrated that immune cells are particularly sensitive to vitamin D-mediated
regulatory effects (16-18). These studies identified both common and individual-
specific vitamin D target genes, many of which are associated with inflammatory
signaling pathways (19). Quantitative inference of gene regulatory network dynamics
from human intervention data remains challenging due to limited temporal resolution
and high-dimensional regulatory complexity. While computational approaches have
successfully reconstructed static transcriptional networks from population-scale
datasets (20), dynamically identifiable regulatory architectures underlying
physiological perturbation responses are rarely resolved in vivo. Establishing such
mechanistic regulatory frameworks is essential for linking endocrine signaling to

predictive transcriptional system behavior.

Unlike previous intervention studies that primarily described transcriptional responses
(21,22), the present work integrates longitudinal perturbation data with dynamic
regulatory modeling to identify mechanistic determinants of interindividual vitamin D
responsiveness. Here we move beyond descriptive transcriptomics to intervention-
driven dynamic system identification of endocrine transcriptional control. We aim to
define the dynamic regulatory architecture underlying human molecular
responsiveness to repeated vitamin D3 supplementation. By integrating longitudinal
immune transcriptomics with pharmacokinetic modeling and data-driven
reconstruction of transcription factor networks, we sought to quantitatively connect
systemic vitamin D exposure with regulatory system dynamics. We investigated (i)
whether repeated bolus interventions induce temporal transcriptional reprogramming,
(i) whether response phenotypes reflect stable individual system properties, and (iii)
which regulatory nodes control divergence in response trajectories. Using ordinary
differential equation (ODE)-based modeling of a reduced regulatory kernel, defined as
the minimal dynamically controllable core governing system behavior, we sought to

translate intervention-derived transcriptomic observations into a predictive mechanistic
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framework for nutrient-dependent gene regulation in vivo. In this way, we establish
intervention-driven dynamic system identification as a generalizable strategy for
quantitatively linking endocrine nutrient exposure to transcriptional regulatory control

in humans.
Material and Methods
Sample collection

The VitDPAS intervention study (ClinicalTrials.gov identifier: NCT06104111) (23)
started in November 2023 in Olsztyn, Poland. Eligible participants were 20-65 years of
age with a body mass index (BMI) between 18.5 and 29.9 kg/m?. Exclusion criteria
included any self-reported disease or infection within two weeks prior to the planned
blood draw; severe visual or hearing impairment; gastrointestinal disorders (e.g., celiac
disease or irritable bowel syndrome); chronic kidney disease or kidney stones; chronic
liver disease; pathological bone fractures or osteoporotic fractures within the previous
five years; current cancer diagnosis; treatment affecting calcium metabolism;
neurological disorders associated with recurrent symptoms (e.g., Parkinson’s disease,
post-stroke hemiplegia, epilepsy, recurrent dizziness, or syncope); diseases that may
elevate serum calcium levels (e.g., sarcoidosis, lymphoma, or hyperparathyroidism);
use of medications known to affect 25-hydroxyvitamin D3 (25(OH)D3) levels (e.g.,
phenobarbital, carbamazepine, or phenytoin); Paget’'s disease of bone; inflammatory
joint diseases including rheumatoid arthritis, Reiter's syndrome, or psoriatic arthritis;
participation in other clinical studies within the previous four months (except
observational studies); known infection with HIV, hepatitis viruses, or other infectious
diseases; substance abuse (drug dependence, alcoholism, or tobacco smoking);
mental illness; homeostatic disorders that could complicate blood collection; and
pregnancy, breastfeeding, or planned pregnancy. The study protocol was approved by
the Ethics Committee of the Olsztyn Chamber of Doctors (approval number
31/2023/V1Il). All participants provided written informed consent, and all procedures

were conducted in accordance with relevant guidelines and regulations.
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The VitDPAS study recruited 45 participants (23), but four individuals did not provide
blood samples at all seven scheduled time points. Consequently, the final cohort
comprised 41 participants (20 females and 21 males; age range 24-64 years; BMI
19.3-29.5 kg/m?; Table S1). Participants received a vitamin D3 bolus of 1,000 IU/kg
body weight with breakfast on study days 0, 28, and 56, corresponding to a monthly
supplementation regimen over three months. Depending on body weight, this
corresponded to a dose range of 52,000-110,000 IU vitamin D3 per bolus, consistent
with established safety profiles of intermittent high-dose vitamin D3 supplementation.
For comparison, other intervention studies, such as ViDA (24), administered monthly

doses of 100,000 IU vitamin D3 for periods exceeding two years.

Peripheral blood samples were collected immediately before supplementation and
24 hours after each vitamin D3 administration (days 1, 29, and 57), as well as at day
84 as a reference time point. Samples were used for serum preparation and isolation
of peripheral blood mononuclear cells (PBMCs). Based on previous vitamin D
intervention studies, including VitDbol (NCT02063334) (25,26) and VitDHID
(NCT03537027) (18), the 24-hour post-supplementation time point represents an
optimal window for detecting transcriptional responses to vitamin D. Serum 25(0OH)D3
concentrations were measured using an electrochemiluminescence binding assay on
a Cobas Pure Immunoassay Analyzer (Roche) in the analytical laboratory of the

Municipal Polyclinical Hospital in Olsztyn, Poland.
PBMC isolation

PBMCs from the 41 participants of the VitDPAS study were processed ex vivo without
prior in vitro stimulation. Following the collection of 8 ml of peripheral blood on days 0,
1, 28, 29, 56, 57, and 84 PBMCs were isolated within one hour using Vacutainer CPT
Cell Preparation Tubes with sodium citrate (Becton Dickinson) according to the
manufacturer's protocol. After isolation, cells were washed with phosphate-buffered
saline, aliquoted at a concentration of 4 x 108 cells per ml, and stored at —80 °C for

subsequent RNA isolation.
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Transcriptome analysis

Total RNA was extracted from PBMCs using the High Pure RNA Isolation Kit (Roche)
according to the manufacturer’s instructions. RNA quality was assessed with an Agilent
TapeStation. RNA-seq libraries were prepared after rRNA depletion using kits and
protocols from New England Biolabs and sequenced as 75-bp reads on a NextSeq
2000 system (lllumina) at the EMBL GeneCore facility (Heidelberg, Germany) following
standard protocols. Sequencing quality was assessed with FastQC (v0.11.9;

www.bioinformatics.babraham.ac.uk/projects/fastqc) (Table S2). Reads were aligned

to the human reference genome GRCh38 (Ensembl v111.38) using the STAR aligner
(27) (v2.7.2a), and gene-level counts were generated with FeatureCounts (28) (v2.0.1)
using default parameters. To standardize gene nomenclature, Human Gene
Nomenclature Committee (HGNC) symbols were updated using the R package
HGNChelper (v0.8.1). Gene annotation, including identifiers, descriptions, genomic
coordinates, and biotypes, was obtained from the Ensembl database (release 100)
using the R package BiomaRt (29) (v2.42.1). Entrez Gene identifiers were added using
the R package org.Hs.eg.db (v3.10.0), and incomplete mappings were manually
verified using the NCBI Gene database. Genes lacking genomic position information
or encoded by the mitochondrial genome were excluded from further analysis.

Downstream analyses were restricted to protein-coding genes.
Differential gene expression analysis

Differential gene expression analysis was performed in R (v4.3.1) on macOS 13
(Ventura) using the edgeR package (30) (v4.0.16). To ensure robust variance
estimation in longitudinal generalized linear modeling, analyses were restricted to
protein-coding genes with reliable expression levels. Low-abundance transcripts were
excluded using an average expression threshold of CPM > 10 implemented via the
filterByExpr() function in edgeR. Genes with zero expression in any participant at any
time point were excluded to ensure stable variance estimation. This filtering strategy

reduces statistical noise arising from sparse count distributions while preserving genes
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with sufficient information content for repeated-measures inference. Library sizes were
subsequently normalized using the trimmed mean of M-values (TMM) method. Six
pairwise comparisons were performed: three short-term comparisons (d1 versus dO,
d29 versus d28, d57 versus d56) and three long-term comparisons relative to baseline
(d28 versus d0, d56 versus d0, d84 versus d0). Differential expression was assessed
using a paired generalized linear model quasi-likelihood (GLM-QL) design (31). Genes
were considered significantly regulated at p < 0.05, with false discovery rate (FDR)
control applied using the Benjamini-Hochberg method (FDR < 0.05) (Table S3). The
glmTreat approach was applied using a minimum absolute logz fold change (log2FC)
threshold of logz(1.1). Gene overlaps across comparisons were visualized using Venn

and Euler diagrams implemented in the ggvenn and eulerr R packages.
Classification of study participants

Participants were classified as high, mid, or low vitamin D responders based on three
independent supplementation cycles: R1 (d0-d1), R2 (d28-d29), and R3 (d56-d57).
For each supplementation cycle, participants were embedded in a two-dimensional
response space where the x-coordinate represented the post/pre-supplementation
ratio of serum 25(0OH)D3 level (d1/d0, d29/d28, or d57/d56) and the y-coordinate
represented the average absolute log2FC of the 23 genes that were significantly
regulated (p < 0.05) across all three short-term supplementation cycle comparisons. A
trendline was constrained to pass through the epicenter (x = 1, y = 0), and the signed
perpendicular distance of each participant from this line was calculated. These one-
dimensional distances were then used for k-means clustering (k = 3, n_init = 20; scikit-
learn, Python 3.9.13) to assign participants to a response group for each
supplementation cycles. To assess the stability of these classifications, each
participant's assigned group was compared against their previously reported
classification from our earlier cohort study (23). Participants whose classification was
in agreement across both analyses were designated as stable responders, while those

whose classification differed were designated as unstable.
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Pharmacokinetic modeling of 25(OH)D3 kinetics

In a previous intervention study (32), serum 25(OH)D3 concentrations were measured
at 0, 24, and 48 hours following monthly vitamin D3 bolus administration. These data
were used to parameterize kinetic models for the three supplementation cycles. Inter-
bolus decay kinetics was modeled as exponential decay, C(t) = C, - exp(—d - t), where
d represents the decay rate derived analytically. The supplementation phase was
described by the differential equation dC/dt =k — d - C, where k denotes the absorption
rate constant. Parameter k was estimated by minimizing the residual sum of squares
across the observed time points. Serum 25(0OH)D3s measurements from the VitDPAS
cohort were overlaid onto the fitted curves to verify that the observed values fell within
the modeled range. Kinetic modeling and visualization were performed in R (v4.4.2)

and independently verified in Julia (v1.11.4) using the DifferentialEquations.jl package.
Gene regulatory network construction and -reduction

A gene regulatory network (33) was constructed using the human regulon database
DoRothEA (34) via the dorothea R package. To ensure biological interpretability and
dynamic identifiability, regulatory interactions were restricted to high-confidence
curated transcription factor-target relationships. Structural identifiability of the dynamic
regulatory system was enforced through iterative kernel reduction (35). Seven
common primary genes, CSRNP1 (cysteine and serine rich nuclear protein 1), ETS2
(ETS proto-oncogene 2, transcription factor), FOS (Fos proto-oncogene, AP1
transcription factor subunit), HIF1A (hypoxia inducible factor 1 subunit alpha), JUNB
(JunB proto-oncogene, AP1 transcription factor subunit), KLF10 (Kruppel like factor
10), and NR4A2 (nuclear receptor subfamily 4 group A member 2) were selected as
transcriptional regulators that were significantly regulated (FDR < 0.05) in all of the
comparisons d1 versus d0, d28 versus d0, d56 versus dO, and d84 versus dO. Direct
interactions involving these genes, together with the top 50 secondary interactions
ranked by absolute mode of regulation (MOR) score, were compiled into a directed

igraph network with activating (MOR > 0) and inhibitory (MOR < 0) edges.
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Structural identifiability was enhanced by kernel reduction (Figure S1) and by fitting
across repeated perturbation cycles, thereby constraining parameter degeneracy. In
each iteration, nodes with in- or out-degree < 2 were substituted by their regulatory
influence, by introducing direct connections between upstream and downstream
nodes. For each indirect path (A — B — C), a new edge (A — C) was created with
sign and magnitude determined by the product of the corresponding MOR values,
preserving the regulatory logic of the original interactions. Vitamin D-mediated effects
were propagated analogously. After each removal step, node degrees were
recalculated, and the procedure was repeated until all remaining nodes exceeded the
degree threshold. The resulting network kernel represents the minimal set of densely
interconnected regulatory elements that cannot be further reduced under these criteria.
This reduction approach preserves network structure while minimizing dimensionality

for dynamic parameter estimation.
ODE-based modeling and parametric analysis

Kernel reduction yielded a minimal regulatory kernel composed of 11 genes connected
by 117 regulatory interactions (71 activations, 46 repressions). For each gene, Hill-
type ODEs were generated automatically: d[Gene]/dt = (a + X activation terms) x (1
repression terms) — &-[Gene], where activation and repression term followed y-Xn/(Kn
+ Xm) and y/(1 + (X/Ki)™), respectively (Figure S2). This network comprised 373 free
parameters per supplementation cycle, including basal production (a), degradation (d),
activation and repression coefficients (y, yr), half-saturation constants (K, Kr), and Hill
exponents (n, nr) (Table S4). Parameter values were obtained by simultaneous fitting
across multiple time points and supplementation cycles. Serum 25(0OH)Ds (VitD) was
modeled as a dynamical forcing term (dVitD/dt = k — d-VitD), with synthesis (k) and

decay (d) rates fixed to pharmacokinetic estimates and excluded from optimization.

Four independent models were trained for distinct participant groups: the full cohort
(n=41), stable high responders (n =8), stable mid responders (n=8), and low

responders (n = 6) (Table S1). Mean normalized CPM values of the 11 genes across
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six time points (d0, d1, d28, d29, d56 and d57) served as fitting targets. Parameters
were optimized by differential evolution (BlackBoxOptim.jl), minimizing the sum of
squared residuals between simulated ODE trajectories and observed mean expression
profiles. Each model was fitted across three supplementation cycles using cycle-
specific vitamin D pharmacokinetics. Optimized parameters were validated by
simulating the inter-bolus decay periods, using d1 concentrations as initial conditions
to predict d28 values for each supplementation cycle. Results were visualized with

Plots.jl and StatsPlots.jl.

To identify determinants of differential response, optimized parameter sets were
analyzed in R (v4.4.2). Gene importance was quantified using a composite score
integrating (i) degree centrality, (ii) the sum of absolute outgoing regulatory
coefficients, and (iii) vitamin D-weighted contributions for directly regulated genes.
Genes were ranked and classified as hub, key, moderate, or peripheral regulators.
Additionally, pairwise parameter ratios between high- and low-responder models were
computed for each interaction to identify edges with the strongest divergence

(Table S4).
Parameter sensitivity analysis and out-of-sample validation

To evaluate the robustness and effective dimensionality of the ODE framework, local
sensitivity analysis was conducted by computing the relative change in model output
following +5% perturbations of each of the 373 optimizable parameters. Sensitivity
measures were averaged across genes and supplementation cycles to obtain a global
estimate of parameter influence on system dynamics. For out-of-sample validation, the
VitDPAS-trained model was used to predict mean gene expression in PBMCs 24 hours
after bolus administration in an independent cohort of 25 participants from the VitDHID
study (NCT03537027) (18), who received once a fixed vitamin D3 dose of 80,000 IU.
Cohort-level baseline gene expression and serum 25(OH)D3 concentrations were used

as initial conditions, while vitamin D pharmacokinetics were specified using the 48-
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hour absorption model fitted in the VitDPAS dataset (32). Predictions were generated

independently using the parameter sets of cycles R1, R2, and R3.
Software and code availability

All analyses were performed using R (v4.4.2, Pile of Leaves; macOS, aarch64-apple-
darwin20), Python (v3.9.13), and Julia (v1.11.4). Key R packages included edgeR
(v4.0.16), ggplot2, limma, dorothea, igraph, openxisx, eulerr, and ggvenn. Python
analyses used scikit-learn, pandas, numpy, matplotlib, and scipy. Julia-based
modeling employed DifferentialEquations.jl, BlackBoxOptim.jl, Plots.jl, and
StatsPlots.jl. Complete analysis scripts and reproducible pipelines are publicly
available in three GitHub repositories. Scripts for differential gene expression analysis
and data integration are available at https://github.com/ranjinighoshdastidar/VitDPAS-
DGE_RNAseq (https://doi.org/10.5281/zeno0do.18929051). Participant classification

scripts are available at https://github.com/ranjinighoshdastidar/VitDPAS-Classification
(https://doi.org/10.5281/zen0do0.18929070). Scripts for pharmacokinetic modeling,

gene regulatory network construction, ODE-based modeling, and parametric analysis
are available at https://github.com/ranjinighoshdastidar/VitDPAS-Modeling
(https://doi.org/10.5281/zen0do.18929074).

Results

Interindividual dynamics of serum 25(OH)Ds responses to repeated weight-

adjusted vitamin D3 bolus supplementation

To establish a longitudinal physiological perturbation framework suitable for
quantitative system identification of endocrine transcriptional regulation, the VitDPAS
intervention study was conducted in 41 healthy participants receiving three cycles of
weight-adjusted vitamin D3 bolus supplementation (1,000 IU per kg body weight). The
cohort comprised 20 females and 21 males with a mean age of 39.7 years and a mean
body mass index (BMI) of 23.8 kg/m? (Table S1). Supplementation was administered

on study days 0, 28, and 56, and peripheral blood samples were collected immediately
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before and 24 hours after each intervention, as well as at day 84 to capture cumulative

long-term effects (Figure 1A).

Baseline serum concentrations of 25(OH)Ds exhibited pronounced interindividual
variability, ranging from 9.0 to 54.8 ng/mL, with a cohort mean of 26.1 ng/mL. Following
the first bolus administration, circulating levels increased to a range of 15.2-62.6 ng/mL
(mean 32.9 ng/mL), indicating efficient systemic absorption of the administered dose.
However, subsequent supplementation cycles revealed heterogeneous temporal
response trajectories (Figure 1B). While the majority of participants exhibited
cumulative increases in circulating 25(OH)D3 concentrations, individuals with relatively
high baseline levels frequently showed paradoxical reductions in vitamin D status over
the 12-week intervention period. At the final time point (day 84), serum concentrations
ranged from 18.3 to 51.0 ng/mL (mean 29.6 ng/mL), reflecting the interplay between
exogenous supplementation and endogenous homeostatic regulation of vitamin D
metabolism. Across the cohort, 26 participants exhibited a net increase in vitamin D
status over the study period, eight showed minimal changes (<2 ng/mL), and seven
displayed overall decreases in circulating concentrations. Each bolus administration
resulted in an average increase of 5.9 ng/mL, whereas the mean cumulative increase
after three supplementation cycles was only 3.5 ng/mL (Table S1), indicating that the
systemic response to repeated perturbation is non-linear and subject to regulatory

feedback.

To quantitatively characterize vitamin D kinetics and provide a dynamic input function
for subsequent transcriptional modeling, pharmacokinetic analysis was performed
using independent longitudinal data (32) that included additional sampling 48 hours
after bolus administration (Figure S3A). These data enabled estimation of absorption
rate constants ranging from 0.196 to 0.368 h' (Figure S3B). Incorporation of these
parameters into a simple exponential production-decay model demonstrated that the
heterogeneous serum vitamin D trajectories observed in the VitDPAS cohort can be

quantitatively reproduced using physiologically plausible kinetic assumptions.
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In summary, these findings establish repeated vitamin D3 supplementation as a
controlled endocrine perturbation that generates individualized systemic exposure
profiles, thereby providing a suitable experimental framework for analyzing

transcriptional regulatory system dynamics in humans.

Progressive, temporally integrated transcriptome reorganization during

sustained endocrine stimulation

To investigate the transcriptional consequences of repeated endocrine perturbation,
RNA-seq was performed on PBMC samples collected at all seven study time points.
After quality filtering and expression thresholding, 8,396 protein-coding genes were
identified as consistently expressed across the cohort (Table S3). Multidimensional
scaling (MDS) analysis revealed that acute transcriptional responses measured
24 hours after individual supplementation events were relatively modest, with minimal
global transcriptome displacement compared to baseline samples (Figure S4, upper
panels). In contrast, cumulative endocrine exposure induced progressively larger
transcriptome-wide reorganization, as reflected by increasing separation of time points

along principal axes of variation (Figure S4, lower panels).

Differential expression analysis confirmed this temporal structure. Acute responses
following the first bolus were characterized by 757 regulated genes, whereas
subsequent boluses elicited 153 and 873 regulated genes, respectively (Figure S5).
Importantly, only 23 genes were consistently responsive across all acute comparisons,
indicating limited overlap of immediate transcriptional responses between
supplementation cycles. Application of multiple-testing correction (FDR < 0.05) further
reduced the number of significantly regulated genes, with 70 genes remaining
significant exclusively in the d1 versus dO comparison, and no genes meeting this
threshold after the second or third bolus (Figure 2, upper panel). By contrast,
cumulative supplementation resulted in progressively stronger transcriptional
responses. At weeks 4, 8, and 12, the numbers of significantly regulated genes

increased to 698, 2,137, and 2,619, respectively (Figure 2, lower panel), indicating
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that repeated endocrine stimulation leads to amplification and temporal integration of

transcriptional responses.

Taken together, these observations demonstrate that transcriptional responses to
vitamin D3 supplementation are not dominated by immediate acute effects but instead
emerge through cumulative regulatory processes that progressively reshape the
transcriptional landscape. This temporal pattern is consistent with models in which
endocrine signaling induces stepwise reconfiguration of transcription factor networks
and chromatin states, thereby enabling integrative transcriptional adaptation to

sustained physiological stimulation.
Quantitative classification of interindividual transcriptional responsiveness

The limited overlap of acutely regulated genes across supplementation cycles
(Figure S5) suggested substantial interindividual variability in transcriptional
responsiveness to vitamin D. To quantify this heterogeneity in a systematic and
reproducible manner, we developed an integrated response metric that combined
transcriptional and systemic exposure parameters. Specifically, for each participant
and supplementation cycle, the mean absolute logoFC across the 23 consistently
responsive genes was calculated and combined with the ratio of post- to pre-
supplementation serum 25(OH)D3 concentrations. Projection of individuals into this
two-dimensional response space revealed structured but dynamic response
trajectories across the intervention period (Figure S6). These trajectories reflected
both transcriptional response magnitude and endocrine exposure efficiency and
showed that response phenotypes were not static but evolved across supplementation

cycles.

To derive a consolidated measure of individual responsiveness, response coordinates
were aggregated across all cycles to generate a composite vitamin D response index.
Unsupervised clustering based on this index identified three response phenotypes:
high responders (n = 19), mid responders (n = 16), and low responders (n = 6)

(Figure 3; Table S1). Baseline vitamin D status differed significantly between
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response groups, with low responders generally exhibiting lower initial serum
25(OH)D3 concentrations. In contrast, demographic parameters including age, sex,
and BMI showed no significant association with response classification. These findings
indicate that transcriptional responsiveness to vitamin D represents an intrinsic
dynamical property of the transcriptional regulatory system that cannot be explained

solely by differences in systemic exposure or demographic characteristics.

Furthermore, longitudinal tracking of individual response trajectories demonstrated
that most participants maintained consistent relative positioning within the response
space, supporting the notion that vitamin D responsiveness reflects a stable yet plastic
regulatory phenotype. This classification provided the basis for subsequent
mechanistic modeling aimed at identifying regulatory determinants of response

heterogeneity.

Reconstruction of a vitamin D-responsive transcription factor regulatory

network

To elucidate regulatory mechanisms underlying cumulative transcriptional responses,
we focused on genes that were significantly regulated at all long-term comparison time
points. Intersection analysis across the d1, d28, d56, and d84 comparisons yielded a
set of 32 persistently regulated genes (Figure S7A). Given that secondary
transcriptional effects are typically mediated through transcription factor cascades
(36), subsequent analysis was restricted to transcription factor-encoding genes within
this set. This filtering identified seven candidate regulators: CSRNP1, ETS2, FOS,
HIF1A, JUNB, KLF10, and NR4A2 (Figure S7B).

These transcription factors were used as seed nodes for construction of a regulatory
interaction network based on curated transcription factor-target relationships obtained
from the DoRothEA database (34) (Figure 4A). Initial network expansion incorporating
first-order regulatory interactions resulted in a system comprising the six primary
vitamin D-responsive transcription factors (37,38) and 34 downstream interacting

regulators (Figure S8A; Figure 4B). Network refinement involved removal of nodes
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lacking supported regulatory connections within the reconstructed system. In
particular, CSRNP1 (39) and KLF10 were excluded due to absence of validated
interactions, resulting in a connected transcription factor network structure

(Figure 4C).
Kernel reduction identifies a dynamically controllable regulatory core

To enable mechanistic modeling of transcriptional dynamics while preserving essential
regulatory structure, the expanded transcription factor network was subjected to
iterative kernel reduction. This procedure systematically removed peripheral nodes
with limited connectivity while propagating their regulatory influence to adjacent
interactions to maintain overall network logic. Application of kernel reduction criteria
resulted in a minimal regulatory module comprising 11 transcription factor genes
connected by 117 directed interactions (Figure 4D). Topology analysis revealed a
densely interconnected regulatory architecture characterized by multiple feedback
loops and hub-centered interaction motifs. In addition to direct vitamin D targets such
as ETS2, FOS, and HIF1A, the network included several major signaling regulators,
including EGR1 (early growth response 1), ETS1, JUN, MYC (MYC proto-oncogene,
bHLH transcription factor), NFKB1 (nuclear factor kappa B subunit 1), STAT1 (signal
transducer and activator of transcription 1), STAT3, and TP53 (tumor protein P53)
(Figure S8). The presence of these hubs suggested that endocrine transcriptional
responses are mediated through hierarchical coordination of central regulatory nodes

rather than independent gene-level effects.

The regulatory kernel exhibited a high degree of internal connectivity and included
multiple reciprocal regulatory relationships, consistent with models of transcription
factor network control characterized by feedback-dominated dynamics. This compact
architecture provided a tractable yet biologically interpretable framework for
quantitative modeling of transcriptional system behavior in response to repeated

endocrine perturbation.
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Mechanistic modeling demonstrates dynamic sufficiency of the reduced

regulatory kernel

To quantitatively characterize transcription factor dynamics in response to repeated
endocrine perturbation, the reduced regulatory network was formalized as a system of
ODEs incorporating Hill-type regulatory functions to describe both activating and
inhibitory transcriptional interactions (Figure S2). In this framework, transcription
factor expression levels were modeled as continuous dynamic variables influenced by
upstream regulatory inputs, basal transcriptional activity, and degradation kinetics.
Circulating serum 25(OH)D3 concentrations were incorporated as an external forcing
variable to represent endocrine input into the regulatory system. Time-dependent
vitamin D dynamics were parameterized using pharmacokinetic estimates derived
from the exponential production-decay model described above, thereby linking

systemic exposure to intracellular regulatory responses.

Model calibration involved simultaneous optimization of interaction strengths, Hill
coefficients, and decay parameters across all supplementation cycles. This resulted in
a total of 373 optimizable parameters per cycle (Table S4), reflecting the complexity
of the regulatory system while maintaining the high-dimensional regulatory system
dynamically identifiable through kernel reduction. The fitted model achieved high-
fidelity reconstruction of observed transcription factor expression trajectories across all
study time points (Figure 5). Simulated expression profiles closely matched
experimentally measured RNA-seq data for each regulatory node, capturing both the
magnitude and temporal structure of transcriptional responses. In particular, the model
reproduced progressive amplification of regulatory activity observed during cumulative
supplementation as well as transient fluctuations following individual bolus

administrations.

In summary, the reduced transcription factor kernel is dynamically sufficient to

reproduce longitudinal endocrine transcriptional responses, indicating that the
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essential regulatory logic governing system behavior is captured within this compact

network architecture.
Sensitivity analysis reveals hierarchical regulatory control structure

To assess the effective dimensionality and dynamical controllability of the inferred
regulatory system, local sensitivity analysis was performed by quantifying relative
changes in model output following perturbation of each optimizable parameter.
Sensitivity coefficients were averaged across all transcription factor expression
trajectories and supplementation cycles to obtain a global measure of parameter
influence. This analysis revealed that only 11 of the 373 parameters exhibited
moderate sensitivity, whereas the vast majority exerted negligible effects on system
behavior (Figure S11A). These results indicate substantial functional redundancy and
distributed parameter redundancy characteristic of densely coupled regulatory

systems.

The most influential parameters were associated with STAT3-mediated repression of
FOS, EGR1, TP53 and MYC (Figure S11B), identifying this regulatory axis as a key
determinant of transcriptional dynamics. At the gene level, MYC, FOS, and TP53
displayed the highest dynamical sensitivity, independently confirming their

classification as dominant regulatory hubs based on network topology analysis.

Taken together, the transcriptional system behavior is governed by a limited subset of
strongly connected control motifs, resulting in a reduced effective control dimension

despite the nominal complexity of the model parameter space.
Hub-centered regulatory interactions distinguish response phenotypes

To investigate the regulatory basis of interindividual variability in transcriptional
responsiveness, subgroup-specific parameter sets derived from stable responder
models were compared. Although the underlying network topology remained
conserved across response phenotypes, systematic differences in regulatory

interaction strengths were observed. In particular, TP53- and MY C-centered regulatory
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modules exhibited distinct activation and repression patterns between high- and low-
responder models. These differences affected both response amplitude and temporal
kinetics of transcription factor expression, indicating coordinated reconfiguration of
regulatory control within the same network architecture. Quantitative parameter ratio
analysis identified TP53, JUN, MYC, HIF1A, and FOS as principal determinants of
response stratification (Figure 6A). Mapping of these determinants onto the integrated
regulatory network highlighted their central positioning within hub-centered interaction

motifs (Figure 6B).

In summary, the interindividual variability in endocrine transcriptional responsiveness
arises from quantitative redistribution of control weights within a conserved regulatory

topology.

Generalization of inferred regulatory dynamics across independent

perturbation cohorts

To evaluate the transferability of the inferred regulatory architecture, the optimized
model was applied to predict transcription factor expression responses in an
independent vitamin D intervention cohort (VitDHiID) (18). Using cohort-mean baseline
expression levels and serum 25(OH)D3 concentrations as initial conditions, model
simulations were performed to predict gene expression 24 hours after bolus
supplementation. Predicted expression profiles showed strong agreement with
experimentally measured data across regulatory nodes (Figure S12). All
independently derived parameter sets achieved high predictive accuracy (R? > 0.94),
demonstrating that the regulatory logic inferred from the VitDPAS cohort generalizes
beyond the training dataset and supplementation regimen. Prediction errors were
largest for EGR1, consistent with its high interindividual variability and position as a

dynamically sensitive node within the regulatory network.

Taken together, these results establish that longitudinal physiological perturbation

enables quantitative inference of dynamically identifiable transcriptional regulatory
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systems in humans and demonstrate that endocrine transcriptional responses are

governed by hierarchical hub-centered control motifs.
Discussion

This study establishes an intervention-driven systems biology framework for
quantitatively characterizing endocrine transcriptional regulation in humans through
the integration of longitudinal transcriptomics, pharmacokinetic modeling, and
mechanistic regulatory network inference. By applying repeated weight-adjusted
vitamin D3 bolus interventions, we demonstrate that endocrine signaling induces
temporally integrated transcriptional reprogramming in immune cells, accompanied by
pronounced interindividual variability in molecular responsiveness. Importantly, the
combination of network reduction and dynamic system identification enabled the
derivation of a compact transcription factor regulatory kernel that is both structurally
minimal yet dynamically sufficient to explain longitudinal gene expression trajectories

in vivo.

A central finding of this work is the progressive nature of transcriptome remodeling
during sustained endocrine exposure. While individual vitamin D3 boluses elicited
relatively modest short-term transcriptional perturbations, cumulative supplementation
resulted in a marked increase in both the number and magnitude of regulated genes.
This temporal amplification supports a model in which endocrine signaling does not
primarily act through acute transcriptional activation but instead drives gradual
reconfiguration of regulatory states. Such dynamics are consistent with the concept of
progressive stabilization of regulatory network states, potentially mediated by
chromatin-dependent transcriptional memory (40) and stepwise stabilization of
regulatory network activity. However, the causal epigenetic mechanisms underlying
this integration remain to be directly demonstrated. The present findings therefore
extend previous short-term intervention studies (18,25) by providing systems-level
evidence that endocrine micronutrient signaling can induce progressive transcriptional

adaptation under physiological conditions.



Ghosh Dastidar et al.: Regulatory network dynamics of endocrine signaling 24

The observed heterogeneity in both systemic vitamin D kinetics and transcriptional
responses reinforces the concept of the personal vitamin D response index (14). By
integrating transcriptional sensitivity with endocrine exposure efficiency, the present
classification framework captured reproducible yet dynamic response phenotypes
across repeated perturbation cycles. Importantly, response stratification was only
partially explained by baseline vitamin D status and showed no significant association
with demographic parameters such as age, sex, or BMI. These findings suggest that
interindividual variability in vitamin D responsiveness reflects intrinsic properties of
transcriptional regulatory systems rather than simple differences in hormone
availability (41,42). This systems-level interpretation provides a mechanistic
perspective on the heterogeneous outcomes observed in large-scale vitamin D3
supplementation trials (43), which traditionally assume uniform biological

responsiveness (44).

A major conceptual advance of the present study lies in the identification of a
dynamically identifiable transcription factor control architecture underlying vitamin D-
dependent gene regulation. Although longitudinal transcriptome analysis initially
highlighted primary endocrine-responsive transcriptional regulators such as ETS2,
FOS, and HIF1A, integrative network analysis and dynamic modeling revealed that
endocrine responses are organized within a broader hub-centered regulatory structure
dominated by TP53 and MYC and functionally connected to STAT3, NFKB1, and AP1
components. This hierarchical organization suggests that vitamin D signaling
converges on conserved regulatory modules that integrate stress sensing, immune
activation, and metabolic adaptation (45). The identification of TP53-MY C antagonistic
control motifs is particularly notable, as this axis represents a fundamental organizing

principle of cellular decision-making under stress conditions.

Dynamic modeling further demonstrated that the reduced regulatory kernel is not only
structurally parsimonious but also mechanistically sufficient to reproduce temporal

transcription factor dynamics across supplementation cycles and responder
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phenotypes. Sensitivity analysis revealed that the effective dimensionality of the
regulatory system is substantially lower than the nominal parameter space, indicating
that transcriptional system behavior is governed by a limited subset of strongly
connected control motifs. Out-of-sample prediction in an independent intervention
cohort confirmed that the inferred regulatory logic generalizes beyond the training
dataset, supporting the concept that endocrine transcriptional responses are
constrained by conserved network architectures rather than cohort-specific regulatory

configurations.

Subgroup-specific parameterization revealed that interindividual differences in
vitamin D responsiveness arise primarily from quantitative redistribution of regulatory
influence within a conserved network topology. In particular, differential weighting of
TP53- and MYC-centered regulatory motifs, modulated by AP1 components and
HIF1A, emerged as a principal determinant of response phenotype divergence (46,47).
This observation supports a regulatory model in which endocrine signals shape
transcriptional outputs through state-dependent reconfiguration of pre-existing control
circuits rather than through activation of distinct pathway modules. Such a mechanism
provides a systems-level explanation for the pleiotropic yet context-dependent

physiological effects attributed to vitamin D signaling (48).

Beyond the specific biological insights into vitamin D action, the present work
establishes a generalizable methodological paradigm for mechanistic inference of
human regulatory network dynamics under physiological perturbation conditions.
Intervention-driven system identification represents a conceptual shift from descriptive
transcriptomics toward predictive regulatory modeling, aligning with emerging systems
medicine approaches that aim to define individualized regulatory states. The
convergence of vitamin D signaling with core stress-adaptive transcriptional networks
further suggests that endocrine micronutrients may modulate fundamental control

architectures governing immune resilience and metabolic homeostasis.



Ghosh Dastidar et al.: Regulatory network dynamics of endocrine signaling 26

Several limitations of the present study should be acknowledged. The cohort size,
while sufficient for dynamic modeling, restricts statistical power for detecting subgroup-
specific gene regulation and precludes direct linkage of molecular response
phenotypes to long-term clinical outcomes. Moreover, bulk PBMC transcriptomics
does not resolve cell-type-specific regulatory responses, which may contribute to the
observed variability. The modeling framework assumes deterministic regulatory
interactions and does not explicitly incorporate stochastic gene expression dynamics,
post-transcriptional regulation, or epigenetic state transitions. Additionally, reliance on
curated regulatory interaction databases may limit the detection of context-specific
transcriptional interactions. Future studies integrating single-cell multi-omics,
chromatin accessibility profiling, functional immune phenotyping, and longitudinal
clinical follow-up will be essential to validate and extend the proposed regulatory

model.

In conclusion, this study defines a dynamic systems framework linking endocrine
vitamin D exposure to transcription factor network activity and downstream gene
expression responses in humans. By integrating longitudinal intervention data with
mechanistic modeling, we demonstrate that interindividual nutrient responsiveness
can be quantitatively described in terms of regulatory system dynamics rather than
static biomarker levels. More broadly, the findings highlight controlled nutritional
perturbation as a powerful experimental strategy for identifying human regulatory
network behavior under physiological conditions (49). Intervention-driven dynamic
system identification therefore represents a promising approach for mechanistic
prediction of individualized nutrient responses and for advancing predictive regulatory

systems biology of human endocrine signaling (50-53).
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Figure legends

Figure 1. Study design and serum 25(OH)D; response to repeated vitamin Ds;
supplementation. Overview of the longitudinal study design (A). A cohort of 41
participants received vitamin D3 supplementation in three cycles: cycle 1 (days 0-28),
cycle 2 (days 28-56), and cycle 3 (days 56-84). Blood samples were collected at days
0, 1, 28, 29, 56, 57, and 84 for measurement of serum 25(OH)Ds levels and
transcriptome profiling by RNA-seq. Serum 25(OH)D3 concentrations over the study
period (B). Boxplots show the distribution of 25(OH)Ds levels (ng/mL) at each sampling
time point, with individual measurements indicated by dots and median values
connected by a line. Shaded areas denote post-supplementation measurements (days
0-1, 28-29, and 56-57). Vitamin D3 supplementation significantly increased 25(OH)Ds
levels after each cycle (p < 0.0001).

Figure 2. Temporal differential gene expression analysis during the VitDPAS
study. Volcano plots showing differential gene expression between consecutive
sampling time points and cumulative comparisons across the study period. Each point
represents a gene. The x-axis shows the log2FC in expression between the indicated
time points, and the y-axis shows the logiop-value. Vertical dashed lines indicate
log2FC thresholds, and the horizontal dashed line indicates the statistical significance
threshold. Colors denote significance categories: light grey, not significant; black,
nominally significant (p < 0.05); green, nominally significant with small FC; orange,
significant after multiple-testing correction (FDR < 0.05); red, significant after FDR
correction with substantial FC. Selected genes having a central role in later parts of

the study are highlighted.

Figure 3. Classification of VitDPAS study participants according to
transcriptional responsiveness to vitamin D3. The 41 participants of the VitDPAS
study were classified into high (green), mid (yellow), and low (red) responders based
on the expression profiles of 23 in vivo vitamin D target genes that were consistently

regulated across the three independent cycles of the vitamin D3 bolus supplementation
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experiment (Figure S5). Each numbered point represents an individual participant.
Participant classification was derived from k-means clustering. The epicenter of the
classification, reflecting the centroid of the response distribution across

supplementation cycles, is indicated in the plot.

Figure 4. Construction of the vitamin D-responsive gene regulatory network. The
initial network (Stage 1) was generated from seven transcription factor genes identified
among persistently regulated vitamin D target genes (A). An expanded network
(Stage 2) was subsequently constructed by integrating curated transcriptional
regulatory interactions from the DoRothEA resource (B), thereby increasing network
complexity through the inclusion of interacting transcription factors and downstream
target genes connected to the initial input nodes. Further refinement involved
sequential filtering steps: removal of the upstream genes CSRNP71 and KLF10
(Stage 3, C), and application of kernel reduction to identify the core set of interacting
genes (Stage 4, D). Asterisks denote genes classified as vitamin D target genes, and
node shapes distinguish transcription factor genes from non-transcription factor genes.
Green edges indicate activating interactions, whereas red edges indicate repressive
interactions. Network statistics (number of nodes, edges, transcription factors, and

vitamin D target genes) are provided within each panel.

Figure 5. Model-based reconstruction of temporal transcription factor
expression dynamics during repeated vitamin D3 supplementation. Time-
resolved expression profiles of 11 key transcription factor genes predicted by the
regulatory network model. Panels display RNA-seq expression levels across all seven
study time points. Red squares represent experimentally measured mean expression
values (£ SD) across the cohort, whereas black lines with circles denote model-
predicted trajectories obtained from the Hill-function-based ODE framework derived
from the regulatory network shown in Figure 4. Shaded background regions indicate
the three vitamin D3 supplementation cycles, each comprising a baseline and a 24-

hour post-supplementation measurement (d0-d1, d28-d29, and d56-d57). The close
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agreement between predicted and observed trajectories demonstrates that the inferred
regulatory system quantitatively captures the temporal transcriptional responses

induced by vitamin D3 intervention.

Figure 6. Regulatory interactions distinguishing high and low vitamin D
responders and integrative network representation. Ranked regulatory
interactions contributing to differential transcriptional responses between high and low
vitamin D responders (A). Horizontal bars indicate the normalized difference in
interaction strength derived from optimized model parameters, with positive values
(green) denoting interactions stronger in high responders and negative values (red)
indicating interactions stronger in low responders. Regulatory edges are annotated
using activation (—) or repression (4) symbols. The analysis identifies TP53-, MYC-,
STAT3-, AP1 (JUN/FOS)-, and HIF1A-centered interactions as principal determinants
of divergence in response phenotypes. Integrated transcription factor regulatory
network summarizing differential control architecture linking circulating 25(OH)D3
levels to downstream transcriptional responses (B). Nodes represent transcription
factors and vitamin D status, while directed edges denote activating (green) or
inhibitory (red) regulatory relationships. Solid and dashed edges reflect differential
interaction strengths between responder classes, illustrating hub-centered control

motifs underlying interindividual variability in vitamin D responsiveness.



Dynamic system identification of endocrine gene regulation in humans

Longitudinal Temporal Dynamic system Predictive Quantitative
endocrine perturbation  transcriptome profiling identification transcriptional dynamics  framework for human
== - endocrine gene regulation

Minimal TF control
architecture

Discovery Validation

LN
DT>

Longitudinal in vivo perturbation —» quantitative regulatory inference



Cycle 1 (d0-d28) Cycle 2 (d28-d56) Cycle 3 (d56-d84)
| 1 1

|
N N N
| — — >
1 28 29 56 57 84
25(0OH)Ds3 levels, transcriptiome via RNA-seq
B ' p =0.0019 '
' p < 0.0001 '
" p=00099
60 1
-
£
o
c
£
[z
E 40 1
=
T
©)
0
N
201
| I— | | I— | I— |
p <0.0001 p <0.0001 p <0.0001
0 0 1 28 29 56 57 84

Days



Log1op-value

d1 versus d0 d29 versus d28
i | I I |
.“LF-"'-I l, | |
-6 c?ym -6 1 6
st'dlrpm l . l I
NR4AZ
; :Jm | D | |
4 EO.?' ! | 4 | | -4
e 3. ML '
: o 2]
i R ' i R R | 2
___I l_. ___cme_|_'
,El"sz
l | |JUNB
0 0 HIF1d 2 0
| - | |
-05 0 05 -0.5 0 0.5

LogzFC

d57 versus d56

Not significant @ p<0.05 @ p<0.05 & Log2FC<0.05 FDR<0.05 ®© FDR<0.05 & Log2FC<0.05



1.6

,

@
2
1.4

@
/
1.2

. . . . . )
© 0 < ™ N - R
o o o o o o o

942z60] ajnjosqe abeiany

Ratio 25(OH)D3



Stage 1: 7 starting genes
Nodes: 7 | Edges: 1| TFs: 6 | Vitamin D targets: 4

ETS2 NR4A2 CSRNP1 .
A A KA A A (6} A  250H)D
JUNB FOS KLF10 HIF1A
— =

Stage 2: 41 genes
Nodes: 41 | Edges: 216 | TFs: 25 | Vitamin D targets: 16

CREB1 CSRNP1

AAo Input

\KLF10

CSF2" MMP3 (@Lﬂ CDKN1A /IL1B PLA2G4A’ NR4A2

coo0o0oco0obocobBoooodAA Output
ANGPT2 IL12B  MMP9 BCL2L1 CCND1 FGF2 NOS2 PLAUR JUNB

Stage 3: 39 genes
Nodes: 39 | Edges: 216 | TFs: 24 | Vitamin D targets: 16

CREB1
A Input

CD}V JU 3 cs wﬂ@?ﬁ TERT IL1B ANGPT2 FGF2 NR4A2 Output
A6 000000000000A
PLAUR BCL2L1 IL12B MMP9 CCND1 NOS2 CCL2 PLA2G4A

Stage 4: 11 genes

Nodes: 11 | Edges: 99 | TFs: 11 | Vitamin D targets: 7

25(0H)Ds

© Output gene — Activation edge A Seed gene
O Intermediate gene — Repression edge /\ Transcription factor gene

— Vitamin D regulation % Primary vitamin D target



Expression (CPM)

140

120

100

80

1400

1200

1000

700
600
500
400
300

ETS2 Fos HIF1A EGR1
1,500
180
1,200 120
900 \ 150 \ 60
x L | 600 - i 0 »
—a L ] 120 Lo
300 60
- - - - - - 0 4 - - - - -
do d1  d28 d29 ds6 ds7 d0 d1  d28 d20 ds6 ds7 d0 d1  d28 d29 ds6 d57 d0 d1 d28 d29 ds6 d57
ETS1 JUN myc NFKB1
140 200
240
120
160 1Ny - 180
i u IV w0 =, 100 | M - . - i
L 160
o 80
d0 d1 d28 d20 ds6 d57 d0 d1 d28 d29 d56 d57 do d1  d28 d20 d56 d57 do d1  d28 d20 ds6 ds7
STAT1 STAT3 TP53
B Experimental (mean+SD)
360 140
340 & Predicted
—s 130
- | = - — |
- 320 120 - [ =
300 110
do d1  d28 d29 ds6 d57 do d1  d28 d29 d56 d57 do d1  d28 d29 d56 d57



MYC -| TP53
STAT3 -| FOS
STAT3 -| MYC |
EGR1 -> JUN
VitD -| ETS2 |
HIF1A -| ETS2 |
VitD -> HIF1A -
EGR1 -> NFKB1
STAT1 -| FOS
TP53 -> JUN |
ETS1-> ETS2 |
NFKB1 -> TP53 -
VitD -> TP53 1
STAT3 -| ETS2 |
TP53 -| STAT3 |
STAT1 -> JUN ]
STAT3 -| JUN
NFKB1 -> HIF1A 1
STAT1 -| JUN 1
STAT3 -| NFKB1 |
VitD -| ETS1 ]
HIF1A -> JUN
STAT3 -| TP53 |
HIF1A -| FOS |
TP53 -| JUN

l Stronger in high responders
W Stronger in low responders

6 -4 2 0 2 4 6
Normalized difference (high versus low responders)

B Hub gene M Keyregulator B Moderate M Peripheral

=== Activation (stronger in high responders)
- Repression (stronger in high responders)
= Activation (stronger in high responders)
- Repression (stronger in high responders)



Ghosh Dastidar et al.: Regulatory network dynamics of endocrine signaling 1

Supplementary Material
Supplementary Tables

Table S1. Participant characteristics and individual serum 25(OH)D3 responses
in the VitDPAS study. Age, sex, BMI, and serum 25(OH)D; concentrations of the 41
participants measured before (d0, d28, d56) and 24 hours after each vitamin D3 bolus
(d1, d29, d57), as well as at the final follow-up (d84). The table also shows the overall
change in vitamin D status during the 12-week intervention (d84-d0), the average
increase after each weight-adjusted vitamin D3 bolus (1,000 IU/kg), and the
classification of participants according to their vitamin D response index (Figure 3).
Rows are colored according to response index classification in low (red), mid (yellow)
and high (green). Participants selected for modeling of high, mid, and low responders

are highlighted in bold.

Table S2. Sequencing depth of RNA-seq samples from the VitDPAS study.
Summary of RNA sequencing coverage for all samples analyzed in the VitDPAS
intervention study. The table lists the sample name, the sampling day, the participant
identifier, and the number of assigned sequencing reads (in millions) obtained after

read mapping and quality filtering.

Table S3. Differentially expressed genes in response to vitamin D3
supplementation. List of genes significantly differentially expressed between the
indicated sampling time points of the VitDPAS study. The table reports gene identifiers
together with statistical metrics derived from the differential expression analysis,
including log2FC, p-value, and FDR. Comparisons correspond to the different
supplementation cycles (d1 versus d0, d29 versus d28, d57 versus d56) and longer-
term comparisons across the intervention period (d28 versus d0, d56 versus d0, d84
versus d0). Positive log2FC values indicate upregulated genes, whereas negative
values indicate downregulated genes following vitamin D3 supplementation. All 19,295

protein-coding genes are listed, but statistical analysis focused on 8,378 genes with
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average CPM > 10 and are expressed in all individuals (allowing all six time point

comparisons; highlighted in green).

Table S4. Network-based prioritization and parametric characterization of
vitamin D-responsive regulatory interactions. This multi-sheet table summarizes
the quantitative analysis of the vitamin D-responsive gene regulatory network.
Sheet 1: Ranking of network genes based on composite importance scores integrating
normalized connectivity and normalized interaction strength. Additional annotations
indicate whether genes are classified as vitamin D-regulated targets. Sheet 2:
Identification of regulatory interactions that most strongly distinguish high from low
vitamin D responders. Interactions are ranked based on normalized differential
contributions across response groups, with annotation of vitamin D-related regulatory
links. Sheets 3-5: Parameter values for all modeled regulatory interactions across
three independent model runs (R1-R3). Values are provided for combined data as well
as for high, mid, and low responder submodels. Interactions directly involving vitamin D
signaling are indicated. Sheet 6: Methodological description of the parametric analysis
workflow, including definitions of network metrics, normalization procedures,

interaction filtering criteria, and model interpretation guidelines.
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Supplementary Figures

Figure S1. Principle of kernel reduction for refinement of the vitamin D-
responsive gene regulatory network. Schematic illustration of the kernel reduction
procedure applied to simplify the transcriptional regulatory network. Starting from the
expanded interaction network, genes and regulatory connections are iteratively filtered
based on predefined criteria, such as interaction support and connectivity, to identify a
core regulatory module (kernel). Nodes represent genes, and edges indicate predicted
regulatory interactions. The reduction process retains genes that form strongly
interconnected regulatory relationships while removing peripheral or weakly supported

interactions.

Figure S2. Mathematical model of the core regulatory network. ODEs used for
modeling of the 11 key transcription factor genes and 25(OH)Ds levels. Values of the

respective parameters can be found in Table S4.

Figure S3. Pharmacokinetic modeling of serum 25(OH)Ds responses to repeated
vitamin D3 bolus supplementation. Comparison of observed changes in serum
25(0OH)Ds concentrations following weight-adjusted vitamin D3 bolus administration in
the VitDPAS cohort (n = 41) and in a previously reported single-participant study using
the same triple-bolus regimen (32) (A). Individual measurements at baseline and
24 hours after supplementation are shown. Pharmacokinetic model-based estimation
of 25(0OH)Ds production derived from the single-participant dataset, including the
additional 48-hour post-bolus sampling point (B). Model fitting enabled calculation of
absorption rate constants and predicted steady-state serum 25(OH)D3s concentrations,
providing quantitative parameters for describing interindividual variability in vitamin D

status responses.

Figure S4. Principal component analysis of individual transcriptional responses
across vitamin D3 supplementation cycles. MDS plots derived from genome-wide
log2FC values illustrate similarities and differences in transcriptional responses among

study participants. Each point represents an individual participant (Ind01-Ind45),
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positioned according to the first two MDS dimensions, which capture the major sources
of variation in gene expression responses. Panels correspond to the six pairwise
comparisons between study time points. Points are colored according to the respective
comparison, and ellipses indicate the distribution of individuals within each condition,
highlighting the overall structure of transcriptional variation across the cohort. Symbols

denote participant sex.

Figure S5. Overlap of vitamin D-responsive genes across supplementation
cycles. Venn diagram illustrating the overlap of genes significantly regulated (p < 0.05)
in the three 24-hour transcriptional response comparisons following each vitamin D3
bolus supplementation. The 23 genes consistently responsive across all three cycles
are listed. Genes that additionally met the multiple-testing-adjusted significance
threshold (FDR < 0.05) after the first bolus are highlighted in bold, indicating the most

robust primary vitamin D targets.

Figure S6. Classification of VitDPAS study participants based on repeated
vitamin D3 bolus experiments. The 41 participants of the VitDPAS study were
classified as high (green), mid (yellow), or low (red) responders according to the
expression profiles of 23 in vivo vitamin D target genes that were consistently regulated
across three independent cycles of the vitamin D3 bolus supplementation experiment
(Figure S5). Each individual is represented by three nodes corresponding to
supplementation cycles 1, 2, and 3, which are connected by two edges. The average
response patterns of high, mid, and low responder groups are shown as solid nodes
and edges in the respective colors. The overall average behavior of all participants is

summarized by grey solid nodes and edges.

Figure S7. Overlap of vitamin Ds-regulated genes across supplementation time
points. Venn diagrams showing the overlap of significantly regulated vitamin D target
genes (FDR < 0.05) identified at four time points following vitamin D3 supplementation
(d1, d28, d56, and d84 versus baseline d0). Panel A includes all regulated target

genes, whereas panel B is restricted to the subset encoding transcription factors. The
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total number of regulated genes at each time point is indicated in parentheses. The
intersection across all four comparisons represents a core set of genes that are

persistently regulated during both short- and long-term supplementation.

Figure S8. Functional characterization of the vitamin D-responsive regulatory
gene module. Interaction matrix of the 40 genes included in the gene regulatory
network, indicating the predicted regulatory effects of each gene on the others (A).
Green squares denote activating interactions, red squares indicate repressive
interactions, and white cells represent the absence of a regulatory effect. Interaction
matrix of the 11 remaining genes after kernel reduction (B). The number of activating

(green) and repressing (red) interactions are given.

Figure S9. ODE-based regulatory network model accurately reproduces
transcription factor expression dynamics for all VitDPAS participants. Boxplots
show experimentally measured gene expression levels of all 41 VitDPAS study
participants at baseline (0 hours) and 24 hours after vitamin D3 bolus administration
across three experimental cycles. Colored boxes represent cycle-specific
measurements before (light shades) and after (dark shades) supplementation, while
diamonds indicate simulated expression values generated by the ODE-based Hill-

function model.

Figure S10. Subgroup-specific ODE models reproduce transcription factor
expression dynamics in high, mid, and low vitamin D responders. Boxplots show
experimentally measured expression levels of the 11 transcription factor genes at
baseline (0 hours) and 24 hours after vitamin Ds bolus administration across three
experimental cycles. Panels represent responder subgroups: high responders (A), mid
responders (B), and low responders (C). Colored boxes indicate supplementation
cycle-specific measurements before (lighter shades) and after (darker shades)
supplementation, while diamonds denote simulated expression values generated by

subgroup-specific ODE models based on optimized parameters.
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Figure S11. Parameter sensitivity analysis. Ranked sensitivity scores for all 373
parameters; dashed line indicates moderate threshold (S = 0.01). The blue vertical line
marks the top 50 parameters shown in panel B (A). Heatmap of top 50 parameters
across 11 genes, annotated with regulatory interactions. STAT3-, MYC-, and TP53-

centered repressive interactions dominate (B).

Figure S12. Out-of-sample validation against the independent VitDHiD cohort.
Boxplots show the distribution of expression levels across 25 VitDHID participants at
baseline (0 h, light boxes) and 24 hours after vitamin D3 bolus administration (24 h,
dark boxes) for each of the 11 transcription factor genes. Cohort-mean baseline
expression served as the initial condition for the ODE model (black circles). Colored
diamonds connected by lines indicate predicted 24-hour expression using R1 (red), R2
(blue), and R3 (green) parameter sets from the VitDPAS-trained model with VitDPAS-
derived 48-hour pharmacokinetics. The model quantitatively predicts post-bolus

expression levels across an independent cohort (R? = 0.978 with R2 parameters).
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Supplementary Material
Supplementary Tables

Table S1. Participant characteristics and individual serum 25(OH)D3; responses
in the VitDPAS study. Age, sex, BMI, and serum 25(OH)D; concentrations of the 41
participants measured before (d0, d28, d56) and 24 hours after each vitamin D3 bolus
(d1, d29, d57), as well as at the final follow-up (d84). The table also shows the overall
change in vitamin D status during the 12-week intervention (d84-d0), the average
increase after each weight-adjusted vitamin D3 bolus (1,000 IU/kg), and the
classification of participants according to their vitamin D response index (Figure 3).
Rows are colored according to response index classification in low (red), mid (yellow)
and high (green). Participants selected for modeling of high, mid, and low responders

are highlighted in bold.

Table S2. Sequencing depth of RNA-seq samples from the VitDPAS study.
Summary of RNA sequencing coverage for all samples analyzed in the VitDPAS
intervention study. The table lists the sample name, the sampling day, the participant
identifier, and the number of assigned sequencing reads (in millions) obtained after

read mapping and quality filtering.

Table S3. Differentially expressed genes in response to vitaminDs3
supplementation. List of genes significantly differentially expressed between the
indicated sampling time points of the VitDPAS study. The table reports gene identifiers
together with statistical metrics derived from the differential expression analysis,
including log2FC, p-value, and FDR. Comparisons correspond to the different
supplementation cycles (d1 versus d0, d29 versus d28, d57 versus d56) and longer-
term comparisons across the intervention period (d28 versus dO, d56 versus d0, d84
versus dO0). Positive logoFC values indicate upregulated genes, whereas negative
values indicate downregulated genes following vitamin D3 supplementation. All 19,295

protein-coding genes are listed, but statistical analysis focused on 8,378 genes with
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average CPM > 10 and are expressed in all individuals (allowing all six time point

comparisons; highlighted in green).

Table S4. Network-based prioritization and parametric characterization of
vitamin D-responsive regulatory interactions. This multi-sheet table summarizes
the quantitative analysis of the vitamin D-responsive gene regulatory network.
Sheet 1: Ranking of network genes based on composite importance scores integrating
normalized connectivity and normalized interaction strength. Additional annotations
indicate whether genes are classified as vitamin D-regulated targets. Sheet 2:
Identification of regulatory interactions that most strongly distinguish high from low
vitamin D responders. Interactions are ranked based on normalized differential
contributions across response groups, with annotation of vitamin D-related regulatory
links. Sheets 3-5: Parameter values for all modeled regulatory interactions across
three independent model runs (R1-R3). Values are provided for combined data as well
as for high, mid, and low responder submodels. Interactions directly involving vitamin D
signaling are indicated. Sheet 6: Methodological description of the parametric analysis
workflow, including definitions of network metrics, normalization procedures,

interaction filtering criteria, and model interpretation guidelines.
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Supplementary Figures

Figure S1. Principle of kernel reduction for refinement of the vitamin D-
responsive gene regulatory network. Schematic illustration of the kernel reduction
procedure applied to simplify the transcriptional regulatory network. Starting from the
expanded interaction network, genes and regulatory connections are iteratively filtered
based on predefined criteria, such as interaction support and connectivity, to identify a
core regulatory module (kernel). Nodes represent genes, and edges indicate predicted
regulatory interactions. The reduction process retains genes that form strongly
interconnected regulatory relationships while removing peripheral or weakly supported

interactions.

Figure S2. Mathematical model of the core regulatory network. ODEs used for
modeling of the 11 key transcription factor genes and 25(0OH)Ds levels. Values of the

respective parameters can be found in Table S4.

Figure S3. Pharmacokinetic modeling of serum 25(OH)D; responses to repeated
vitamin D3 bolus supplementation. Comparison of observed changes in serum
25(0OH)D3 concentrations following weight-adjusted vitamin D3 bolus administration in
the VitDPAS cohort (n = 41) and in a previously reported single-participant study using
the same triple-bolus regimen (32) (A). Individual measurements at baseline and
24 hours after supplementation are shown. Pharmacokinetic model-based estimation
of 25(0OH)Ds production derived from the single-participant dataset, including the
additional 48-hour post-bolus sampling point (B). Model fitting enabled calculation of
absorption rate constants and predicted steady-state serum 25(OH)D3 concentrations,
providing quantitative parameters for describing interindividual variability in vitamin D

status responses.

Figure S4. Principal component analysis of individual transcriptional responses
across vitamin D3 supplementation cycles. MDS plots derived from genome-wide
log2FC values illustrate similarities and differences in transcriptional responses among

study participants. Each point represents an individual participant (Ind01-Ind45),
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positioned according to the first two MDS dimensions, which capture the major sources
of variation in gene expression responses. Panels correspond to the six pairwise
comparisons between study time points. Points are colored according to the respective
comparison, and ellipses indicate the distribution of individuals within each condition,
highlighting the overall structure of transcriptional variation across the cohort. Symbols

denote participant sex.

Figure S5. Overlap of vitamin D-responsive genes across supplementation
cycles. Venn diagram illustrating the overlap of genes significantly regulated (p < 0.05)
in the three 24-hour transcriptional response comparisons following each vitamin D3
bolus supplementation. The 23 genes consistently responsive across all three cycles
are listed. Genes that additionally met the multiple-testing-adjusted significance
threshold (FDR < 0.05) after the first bolus are highlighted in bold, indicating the most

robust primary vitamin D targets.

Figure S6. Classification of VitDPAS study participants based on repeated
vitamin D3 bolus experiments. The 41 participants of the VitDPAS study were
classified as high (green), mid (yellow), or low (red) responders according to the
expression profiles of 23 in vivo vitamin D target genes that were consistently regulated
across three independent cycles of the vitamin D3 bolus supplementation experiment
(Figure S5). Each individual is represented by three nodes corresponding to
supplementation cycles 1, 2, and 3, which are connected by two edges. The average
response patterns of high, mid, and low responder groups are shown as solid nodes
and edges in the respective colors. The overall average behavior of all participants is

summarized by grey solid nodes and edges.

Figure S7. Overlap of vitamin Ds-regulated genes across supplementation time
points. Venn diagrams showing the overlap of significantly regulated vitamin D target
genes (FDR < 0.05) identified at four time points following vitamin D3 supplementation
(d1, d28, d56, and d84 versus baseline d0). Panel A includes all regulated target

genes, whereas panel B is restricted to the subset encoding transcription factors. The
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total number of regulated genes at each time point is indicated in parentheses. The
intersection across all four comparisons represents a core set of genes that are

persistently regulated during both short- and long-term supplementation.

Figure S8. Functional characterization of the vitamin D-responsive regulatory
gene module. Interaction matrix of the 40 genes included in the gene regulatory
network, indicating the predicted regulatory effects of each gene on the others (A).
Green squares denote activating interactions, red squares indicate repressive
interactions, and white cells represent the absence of a regulatory effect. Interaction
matrix of the 11 remaining genes after kernel reduction (B). The number of activating

(green) and repressing (red) interactions are given.

Figure S9. ODE-based regulatory network model accurately reproduces
transcription factor expression dynamics for all VitDPAS participants. Boxplots
show experimentally measured gene expression levels of all 41 VitDPAS study
participants at baseline (0 hours) and 24 hours after vitamin D3 bolus administration
across three experimental cycles. Colored boxes represent cycle-specific
measurements before (light shades) and after (dark shades) supplementation, while
diamonds indicate simulated expression values generated by the ODE-based Hill-

function model.

Figure S10. Subgroup-specific ODE models reproduce transcription factor
expression dynamics in high, mid, and low vitamin D responders. Boxplots show
experimentally measured expression levels of the 11 transcription factor genes at
baseline (0 hours) and 24 hours after vitamin D3 bolus administration across three
experimental cycles. Panels represent responder subgroups: high responders (A), mid
responders (B), and low responders (C). Colored boxes indicate supplementation
cycle-specific measurements before (lighter shades) and after (darker shades)
supplementation, while diamonds denote simulated expression values generated by

subgroup-specific ODE models based on optimized parameters.
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Figure S11. Parameter sensitivity analysis. Ranked sensitivity scores for all 373
parameters; dashed line indicates moderate threshold (S = 0.01). The blue vertical line
marks the top 50 parameters shown in panel B (A). Heatmap of top 50 parameters
across 11 genes, annotated with regulatory interactions. STAT3-, MYC-, and TP53-

centered repressive interactions dominate (B).

Figure $S12. Out-of-sample validation against the independent VitDHiD cohort.
Boxplots show the distribution of expression levels across 25 VitDHID participants at
baseline (0 h, light boxes) and 24 hours after vitamin D3 bolus administration (24 h,
dark boxes) for each of the 11 transcription factor genes. Cohort-mean baseline
expression served as the initial condition for the ODE model (black circles). Colored
diamonds connected by lines indicate predicted 24-hour expression using R1 (red), R2
(blue), and R3 (green) parameter sets from the VitDPAS-trained model with VitDPAS-
derived 48-hour pharmacokinetics. The model quantitatively predicts post-bolus

expression levels across an independent cohort (R? = 0.978 with R2 parameters).



