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AN ABSTRACT OF THE THESIS OF 

 

 
Souraya Talal Sayegh    for      Master of Science 

           Major: Microbiology and Immunology 

 

 

 

Title: The Effect of Vitamin D on the Differentiation of Th17 Cells 

 

 

 

Background: Th17 cells play an important role in the pathogenesis of Multiple Sclerosis, a 

demyelinating neurodegenerative disease of the central nervous system, by the secretion of 

several pro-inflammatory cytokines. The active form of Vitamin D, 1α,25-

dihydroxyvitamin D3, has several anti-inflammatory properties. Studies have shown its 

negative effect on Th1 and Th17 responses and its positive effect on regulatory T-cells and 

Th2 cellular responses. The aim of this study was to investigate the effect of 1α,25-

dihydroxyvitamin D3 on the differentiation of naïve CD4
+
 T cells into Th17 cells ex-vivo in 

healthy controls, and to characterize the phenotype of Th17 cells and its modulation by 

vitamin D. 

 

Methods: Peripheral blood mononuclear cells (PBMCs) were isolated using Ficoll-Isopaque 

density gradient centrifugation from collected blood samples or Leukopacks obtained from 

healthy donors. Naïve CD4+ T helper cells were isolated by microbead negative selection. 

The cells were then cultured in Th17 polarizing conditions in the presence of the cytokines: 

rIL-6, rTGF-b, rIL-1 and rIL-23, in the presence or absence of 1α,25-Dihydroxyvitamin D3 

at a 10 nM concentration. On the 6
th

 day of culture, cells were stained with antibodies 

conjugated to different fluorochromes against IL-17, IFNγ, TNFα, IL-10, CCR6, CD161, 

CCR4, CD25, RORγt and Foxp3. The acquisition of stained cells was done on a 

fluorescence-activated cell sorter (FACSAria III SORP) analyzer. The secretion of IL17, 

IFNγ, TNFα, IL-6, IL-2, IL-4, and IL-10 by the cells was quantitatively measured by 

ELISA and cytometric bead array (CBA). 

 

Results: Results obtained from healthy controls showed an effect for 1α,25-

dihydroxyvitamin D3 on Th17 polarization as measured by the frequency of IL-17
+
 CD4

+
 T 

cells by flow cytometry. Vitamin D also decreased the frequency of RORγt
+
, IFNγ

+
, 

TNFα
+
, CCR6

+
, CD161

+
 and CCR4

+
 cells, all associated with the pro-inflammatory 

phenotype of Th17 cells. Conversely, vitamin D increased the frequency of Foxp3
+
, CD25

+
 

and IL-10
+
 cells. There was a shift in the frequency of IL-17

+
RORγt

+
 towards IL-

17
+
Foxp3

+
 double positive cells as well. ELISA and CBA results were consistent with flow 

cytometry findings; a decrease in IL-17, IFNγ and TNFα in culture supernatants was 

observed in the presence of vitamin D in constrast to an increase in levels of IL-4. No 

statistical changes were reported in the levels of IL-6, IL-2 and IL-10. 
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Conclusion: 1α,25-dihydroxyvitamin D3 has a direct negative effect on the differentiation 

of Th17 cells and its addition to CD4+ naïve T cells in culture, in Th17-polarizing 

conditions, decreases their pro-inflammatory phenotype and shifts it to a more regulatory 

one. Vitamin D supplementation trials would help us evaluate whether vitamin D should be 

implemented within treatment strategies for MS. 

 

  



viii 
 

CONTENT 
 

 

ACKNOWLEDGEMENTS …………………………………………….……v 
 

ABSTRACT……………………………………………………………………….vi 

 

LIST OF ILLUSTRATIONS…………………………………….………….xi 

  
LIST OF TABLES……………………………………………………...……..xiv 

 
 

 

    Chapter 

 
 

  I. INTRODUCTION……………………………………..………….…………1 

  II. LITTERATURE REVIEW………………………...…...………...….…..3 

A. Th17 cells…………………………..…………….……………….……3 

1. Different subsets of CD4
+ 

T cells………………………….……..3 

2. Th17 cells overview……………………………………….…......4 

a. Role in the immune system……………..………….....…..5 

b. Th17 cell differentiation…………………………....….….7 

c. Pathogenic and non-pathogenic Th17 cells…………...…..9 

d. The special relationship between Th17 cells and Tregs.....11 

B. Multiple sclerosis…………………………………………..…….…....12 

1. Clinical forms and symptoms of MS…………………………....13 



ix 
 

2. Risk factors………………………………………………….......14 

a. Genetic risk factors…………………………………….....14 

b. Environmental risk factors…………………………….....15 

3. Th17 cells and MS………………………………………....…....17 

a. Evidence of Th17 cell implication in MS……….….....…18 

b. Th17 cells’ pathogenicity in MS…………….……….…..20 

c. Targeting Th17 cells in MS...............................................22 

 

 

 

 

C. Vitamin D……………………..………….…….……..……………....22 

1. Sources and mechanism of action of vitamin D…..…..………...23 

2. Vitamin D and the immune system………………..…..………..24 

a. Vitamin D and autoimmune diseases……….…….………24 

b. Vitamin D’s effect on immune cells………….….……….25 

III. MATERIALS AND METHODS…………………………………..…28 

A. Control subjects and blood collection………….……………..………28 

B. Th17 cell polarization ex-vivo…………………………...…….….…..29 

1. Isolation of Peripheral blood mononuclear cells……..………..29 

2. Naïve CD4
+
 T cells isolation……………….………….…..…..30 

3. Evaluation of naïve CD4
+
 T cells purity……….……….......…32 

4. Culture and activation of naïve CD4
+
 T cells…….….…….…..32 

C. Flow cytometric staining………………………………..……..……..33 

1. Staining of live cells…………………………….…….……….34 

2. Extracellular staining of surface markers…………..…….……34 

3. Intracytoplasmic staining of cytokines and transcription 

factors…………………………………………………...……..35 



x 
 

4. Negative controls………………..…………………..…………36 

5. Compensation beads…………..………………....…..……..….37 

D. Enzyme-Linked Immunosorbant Assay (ELISA)…………...….……38 

E. Cytometric Bead Array (CBA)……………..…………….......………41 

F. Flow cytometric analysis…………………………….……...…..….....43 

G. Cytometric bead array analysis………………….…...……………….44 

H. Statistical analysis………………………………………...….…….....44 

IV. RESULTS………………………………………………………...………..…45 

A. Flow cytometry………….…….………………………...………....…45 

1. Gating strategy……………………….…….……...……….…....45 

2. Effect of vitamin D on the viability of cells………...…….……..45 

3. Effect of different doses of vitamin D on the frequency of IL-17 

producing cells…………………………………………….……..46 

4. Effect of vitamin D on the phenotype of Th17 cells………....….46 

a. Pro-inflammatory phenotype……………………………….47 

b. Non-pathogenic phenotype…………………………...…....48 

B. Enzyme-Linked Immusorbant Assay (ELISA)….…………...………48 

C. Cytometric bead array (CBA)…………………………........…....…..49 

 V. DISCUSSION…………………………………………………………….…81 

BIBLIOGRAPHY…………………………………………..………………….88 



xi 
 

ILLUSTRATIONS 
 
 
 
 

     Figure                       Page 

 

1. Gating strategy for flow cytometry analysis of Interleukin-17
+
 (IL-17

+
) cells..54 

2. Percentages of live CD4
+
 T cells in the absence or presence of Vitamin D......55 

3. Negative controls to confirm the specificity of the fluorochromes used…...…56 

4. Percentages of IL-17A
+
 CD4

+
 T cells in the absence or presence of different 

Vitamin D concentrations………………………………………………...…....57 

5. Mean fluorescence intensity (MFI) of IL-17A in the absence or presence of 

Vitamin D...........................................................................................................58 

6. Percentages of IFNγ
+
 CD4

+
 T cells in the absence or presence of Vitamin D...59 

7. Percentages of IL-17A
+
IFNγ

+
 CD4

+
 T cells in the absence or presence of 

Vitamin D…………………………………………………………………..….60 

8. Percentages of TNFα
+
CD4

+
 T cells in the absence or presence of Vitamin D..61 

9. Percentages of IL-17A
+
TNFα

+
 CD4

+
 T cells in the absence or presence of 

Vitamin D……………………………………………………………………...62 

10. Percentages of CD25
hi

 Th17 cells in the absence or presence of Vitamin D.....63 

11. Percentages of CCR6
+
CD4

+
 T cells in the absence or presence of Vitamin D..64 

12. Percentages of CCR6
+
 Th17 cells in the absence or presence of Vitamin D….65 

13. Percentages of CD161
+ 

CD4
+
 T cells in the absence or presence of Vitamin 

D………………………………………………………………….……………66 

14. Mean fluorescence intensity (MFI) of CCR4 in the absence or presence of 

Vitamin D………………………..…………………………………………….67 



xii 
 

15. Mean fluorescence intensity (MFI) of RORγt in the absence or presence of 

Vitamin D………………………………………………..…………………….68 

16. Percentages of IL-17A
+
 RORγt

+
 CD4

+
 T cells in the absence or presence of 

Vitamin D……………………………………………..…………………….....69 

17. Percentages of Foxp3
+ 

CD4
+
 T cells in the absence or presence of Vitamin 

D…………………………………………………………………………….....70 

18. Mean fluorescence intensity (MFI) of Foxp3 in the absence or presence of 

Vitamin D………………………………………………………………….......71 

19. Percentages of CD25
hi 

CD4
+
 T cells in the absence or presence of Vitamin 

D.........................................................................................................................72 

20. Percentages of Foxp3
+
CD25

hi
 CD4

+
 T cells in the absence or presence of 

Vitamin D……………..……………………………………………………….73 

21. Percentages of Foxp3
+
CD25

hi
 Th17 cells in the absence or presence of Vitamin 

D……………………………………………………………………………….74 

22. Percentages of IL-10
+
 CD4

+
 T cells in the absence or presence of Vitamin 

D…………………………………………………………………..…………...75 

23.  Concentrations of IL-17A (pg/mL) in culture supernatants in the absence or 

presence of Vitamin D…………………………………………………………76 

24. Normalized data of cumulative IL-17A production in culture supernatants in the 

absence or presence of Vitamin D……………………………………………..77 

25. Normalized data of cumulative IFNγ production in culture supernatants in the 

absence or presence of Vitamin D……………………………………………..78 

26. Normalized data of cumulative TNFα production in culture supernatants in the 

absence or presence of Vitamin D……………………………………………..78 

27. Normalized data of cumulative IL-6 production in culture supernatants in the 

absence or presence of Vitamin D……………………………………………..79 

28. Normalized data of cumulative IL-2 production in culture supernatants in the 

absence or presence of Vitamin D……………………………………………..79 



xiii 
 

29. Normalized data of cumulative IL-4 production in culture supernatants in the 

absence or presence of Vitamin D……………………………………………..80 

30. Normalized data of cumulative IL-10 production in culture supernatants in the 

absence or presence of Vitamin D……………………………………………..80 

 

 



xiv 
 

TABLES 
 

 

 

 

      Table          Page  

 
 

1. Protocol followed to study the effect of Vitamin D on the differentiation of 

Th17 cells……………………………...…………………….………….…..…50 

2. Concentrations of IL-17A (pg/mL) in culture supernatants obtained by ELISA, 

in the absence or presence of Vitamin D……………………………….……...51 

3. Normalized data of IL-17A concentrations in culture supernatants obtained by 

ELISA, in the absence or presence of Vitamin D……………………………...51 

4. Concentrations of IL-17A, IFNγ, TNFα, IL-6, IL-2, IL-4, IL-10 (pg/mL) in 

culture supernatants obtained by CBA, in the absence or presence of Vitamin 

D.........................................................................................................................52 

5. Normalized data of IL-17A, IFNγ, TNFα, IL-6, IL-2, IL-4, IL-10 concentrations 

in culture supernatants obtained by CBA, in the absence or presence of Vitamin 

D…………………………………………………….........................................53 



1 
 

CHAPTER I 

 

INTRODUCTION 

 

T helper cells play an important role in the adaptive immune response. Among the different 

T helper cell subsets already characterized, a new subset has recently emerged: T helper 17 

cells (Th17 cells). Th17 cells normally play a protective role in the immune system by 

mediating an immune response against fungi and extracellular bacteria mainly through the 

recruitment of neutrophils to sites of inflammation. However, they are also considered to be 

pathogenic in a number of autoimmune diseases, such as Multiple Sclerosis (MS), through 

the secretion of several pro-inflammatory cytokines. 

Multiple Sclerosis is a demyelinating neurodegenerative disease of the central 

nervous system (CNS). Risk factors for MS include genetic pre-disposition accounting for 

30% of the risk and environmental factors. One of the environmental risk factors is vitamin 

D deficiency. 

Vitamin D is a secosteroid hormone that is known to maintain mineral homeostasis 

and to regulate bone metabolism, but it also has immune-modulating activity and anti-

inflammatory properties. Several reports have demonstrated a suppressive effect on Th1 

immune responses and enhancing effects on regulatory T cells and Th2 responses. 

However, the role of Vitamin D on Th17 cells ex-vivo hasn’t been fully investigated, 

although some reports suggest a suppressive effect on Th17 cell differentiation. 

The aim of this study is to investigate the effects of the active form of vitamin D, 

1α,25-dihydroxyvitamin D3, on the ex-vivo differentiation of CD4+ naïve human T cells 
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into Th17 cells and to characterize the phenotype of the differentiated T cells exposed to 

vitamin D. 
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CHAPTER II 

LITERATURE REVIEW 

 

A. Th17 cells 

 

1. Different subsets of CD4
+
 T cells 

The adaptive immune response is a fascinating phenomenon. It constitutes the body’s third 

line of defense against pathogens and microorganisms and all its components work in a 

synchronized manner to fight infection and disease (1). In addition to B cells and cytotoxic 

T cells, another distinct subset exists: CD4
+
 T helper cells. Upon activation, naïve CD4

+
 T 

cells differentiate into different subsets depending on the local cytokine environment, each 

subset having its own particular phenotype, effector function and mechanism of action (2, 

3). 

Initially, two main different CD4
+
 T cell subsets were described: the T helper 1 

cells (Th1) and T helper 2 cells (Th2) (4). However, several other T helper cell subsets have 

since been described as well: T helper 9 cells (Th9), T helper 22 cells (Th22) and T helper 

17 cells (Th17) (5). 

Th1 cells play a role in the cell-mediated immune response. They are known to 

produce significant amounts of pro-inflammatory cytokines such as Interferon-gamma 

(IFN-γ), interleukin 2 (IL-2), interleukin 3 (IL-3) and are responsible of activating 

macrophages in order to kill intracellular pathogens (2, 6). They have been associated for 
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many years with autoimmune diseases. Th2 cells, on the other hand, produce anti-

inflammatory cytokines including interleukin 4 (IL-4), interleukin 5 (IL-5) and interleukin 

13 (IL-13) thus protecting against extracellular pathogens. This subset plays a role in the 

humoral immune response and is a mediator of antibody class switching in B cells as well 

(2, 7). 

The less described T helper cell subsets, Th9 cells are known as interleukin-9 

producing cells. Their physiological role is yet to be clearly determined despite reports 

suggesting a role in generating an immune response against helminthes and associating 

them with allergic reactions (8). Th22 cells, which mainly secrete interleukin-22, are 

thought to be implicated in both skin homeostasis, more specifically tissue repair and 

wound healing, and pathology (9). Furthermore, recent studies have demonstrated an 

inflammatory role of Th22 cells in autoimmune diseases (6).  

Regulatory T cells (Tregs) are also a distinct CD4
+
 T cells subset that is unique in 

terms of regulating the body’s immune response in addition to suppressing immune 

responses against self antigens thus preventing autoimmunity and inducing self tolerance 

(10). Regulatory T cells are characterized by expression of the transcription factor forkhead 

box p3 (Foxp3) and the high expression of the extracellular marker CD25 (11). 

 

2. Th17 cells overview 

In 2005, a new door was opened in immunological research when a new CD4
+
 T helper cell 

subset was identified as Interleukin-17 (IL-17) producing T cells, later named Th17 cells 

(12). 
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Th17 cells play an important role in the adaptive immune response by inducing the 

production of several pro-inflammatory cytokines, chemokines and metalloproteinases that 

coordinately mediate tissue inflammation (13, 14). They function in recruiting neutrophils 

to sites of infection as well as mediating immune responses against fungi and extracellular 

bacteria (15). Moreover, the interesting aspect of Th17 cells lies in the fact that this subset 

is able to fight pathogenic infections that Th1 or Th2 cells are usually unable to handle 

(14). 

 

a. Role in the immune system 

Th17 cells produce several effector molecules including IL-17A, IL-17F, Interleukin 21 

(IL-21), Interleukin 22 (IL-22), Tumor necrosis factor-α (TNF-α), Interleukin 6 (IL-6), 

Interleukin 8 (IL-8) and CCL20 (14, 16). 

No surface marker has been specifically identified for Th17 cells however, a 

combination of surface markers and chemokine receptors have been associated with Th17 

cell phenotype. In fact, Th17 cells are characterized by the expression of the cluster of 

differentiation marker CD161 whose biological function is still not very clear (17). Th17 

cells also co-express the chemokine receptor CCR6 (also named CD196) that binds the 

chemokine CCl20 and the chemokine receptor CCR4 (CD194) that binds several 

chemokines such as CCL4 and CCL22. Both receptors play a role in recruiting Th17 cells 

to target tissues (18). Furthermore, there has been several conflicting reports about the 

expression of the chemokine receptor CXCR3 (CD183) that binds CXCL9 and CXCL10 

and plays an essential role in the migration of Th17 cells to sites of inflammation (16, 19). 
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IL-17A and IL-17F are the most studied cytokines of the IL-17 family that 

includes IL-17A, IL-17B, IL17-C, IL-17D, IL-17E and IL-17F (14, 20). Both cytokines are 

genetically linked and have similar functions. IL-17 is a pro-inflammatory cytokine that 

coordinates and mediates tissue inflammation through several mechanisms (13). First of all, 

it acts on several non-immune cells including fibroblasts, epithelial cells and endothelial 

cells by inducing the secretion of pro-inflammatory mediators: Interleukin 6 (IL-6), IL-8, 

Granulocyte-macrophage colony-stimulating factor (GM-CSF) (16). It also increases the 

production of a number of chemokines (CXCL1, CXCL8, CCL20) and certain matrix 

metallo-proteinases, namely MMP3 and MMP13 (21). 

Physiologically, IL-17 induces tissue infiltration and destruction by the action of 

the previously stated molecules (13). Th17 cells are involved as well in the activation, 

expansion and recruitment of neutrophils by regulating the GM-CSF and secreting IL-8, a 

potent chemoattractant of neutrophils (22). In fact, several studies have shown that mice 

over-expressing the IL-17 cytokine exhibited a strong neutrophil expression and tissue 

inflammation, in contrast to mice that were deficient in the IL-17 receptor and were found 

to be susceptible to bacterial infection due to a reduced neutrophil recruitment (13,22). 

Another important effector molecule of Th17 cells, IL-22, acts on non-immune 

cells and promotes antimicrobial defenses by inducing the secretion of antibacterial 

proteins (23).  

These different mechanisms of action as well as the different molecules secreted 

by Th17 cells make these cells important in generating an immune response against mostly 

Gram negative extracellular bacteria such as Klebsiella pneumonia and Borrelia spp. and 

more importantly, against systemic fungal infections such as Candida albicans, by 
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neutrophil recruitment to sites of infections and by inducing the secretion of antibacterial 

peptides (20, 24). 

However, despite the protective role of Th17 cells in the immune system, Th17 

cells are pathogenic in a number of autoimmune diseases such as multiple sclerosis, and 

this will be further expanded in the following chapters (15). This shift between the 

protective and pathogenic function of Th17 cells depends on successive differentiation 

stages (25). 

 

b. Th17 cell differentiation 

The differentiation of Th17 cells is regulated by a unique transcription factor named 

RORγT, a retinoid orphan nuclear receptor (26). The induction of this transcription factor is 

dependent on the signal transducer and activator of transcription 3 (STAT-3) that 

transduces signals from IL-6 and IL-21 activating cytokines. (25)    

Another transcription factor that contributes to a lesser extent to the differentiation 

of Th17 cells is also a member of the retinoid nuclear receptor family, RORα. In fact, 

RORγT and RORα, in addition to other transcription factors still unidentified, all act in 

synergy to transduce extracellular signals and induce the differentiation of Th17 cells. (21) 

The differentiation of T cells in general involves an interaction between antigen 

presenting cells (APCs), more specifically dendritic cells, and T cells: In fact, T cell 

differentiation is driven by immune signals provided by APCs. These signals are grouped 

into antigenic, co-stimulatory and cytokine signals. (25) 
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The first antigenic signal is the engagement of the T cell receptor (TCR) on T cells 

by the antigen/MHC complex on the APC. The differentiation of Th17 cells is affected by 

the concentration of the antigen in question. If the concentration of the antigen is high, IL-

17 production is favored (25).  

The second signal in the differentiation process involves the expression of several 

co-stimulatory molecules. A high antigen concentration will lead to a strong up-regulation 

of the co-stimulatory molecule CD40L by T cells and thus to a strong CD40-CD40L 

interaction between T cells and dendritic cells that enhances the production of IL-6. In turn, 

IL-6 further drives the differentiation process. (25, 27) Other co-stimulatory signals include 

the expression of CD80 (B7.1) and CD86 (B7.2) molecules by dendritic cells and their 

interaction with their receptor on T cells, CD28. This interaction transmits signals for T cell 

expansion and survival. In contrast, CTLA-4 also expressed by T cells can interact with the 

B7 molecules as well causing inhibition of Th17 cell differentiation (1, 2). 

The third signal of differentiation is the most important step in defining the 

phenotype of the differentiated cell, depending on the specific cytokine milieu that is 

present (28) The differentiation of naïve CD4
+
 T cells into Th17 cells is initiated in the 

presence of immunoregulatory cytokine transforming growth factor beta (TGF-β) and pro-

inflammatory cytokine IL-6 (29). 

IL-1β, a cytokine produced by dendritic cells, also plays a role in the early 

differentiation process (25). While IL-21 is produced by differentiating Th17 cells in an 

autocrine manner and propagates the differentiation in a positive feedback loop (26). 

As for IL-23, it plays a role at a later stage when its receptor becomes expressed 

after stimulation with IL-6 and IL-21. It maintains and stabilizes the Th17 phenotype rather 
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than playing a direct role in its differentiation by driving the proliferation, expansion and 

survival of Th17 cells. As a result, IL-23 is indispensable for the pathogenicity of Th17 

cells (21). In fact, several studies have shown that IL-23p19-deficient mice were 

completely resistant to the development of experimental autoimmune encephalomyeltisis 

(EAE), the animal model of MS. Conversely, T cells expanded by IL-23 were able to 

induce EAE when adoptively transferred into mice (14). These data underline the key role 

of IL-23 in controlling autoimmune diseases (30). 

In contrast to positive polarizing cytokines, Th17 cell differentiation is negatively 

modulated by a number of cytokines as well. IL-27 is the most potent cytokine that limits 

the cells’ differentiation and decreases their pathogenic auto-inflammatory roles. Its 

mechanism of action is defined by the induction of Interleukin-10 (IL-10) (25). IL-10 is an 

anti-inflammatory cytokine that plays an essential role in suppressing Th-17 induced auto-

inflammation as well. Another mechanism of action of IL-27 is inhibiting RORγT and 

RORα expression (21). 

Other cytokines such as IL-4, IL-2 and IFN-γ that are secreted by T cells also 

contribute to the inhibition of Th17 cell differentiation (26). 

 

c. Pathogenic and non-pathogenic Th17 cells 

As previously discussed, Th17 cells are regarded as key player in the adaptive immune 

response. However, not all Th17 cells are pathogenic. Some Th17 cells are pro-

inflammatory and significantly contribute to autoimmune inflammation, while other Th17 

cells co-express IL-10 with IL-17 and are non-pathogenic. These two different Th17 cell 
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phenotypes are particularly distinguished from one another by the different secretion of a 

number of cytokines (28, 31). 

 The shift between pathogenic and protective Th17 cells depends on the cytokine 

milieu during naïve T cell differentiation. The major influencing factor is the amount of IL-

23 versus TGF-β present: High doses of TGF-β decrease the expression of the IL-23 

receptor thus resulting in a “classical” non-pathogenic Th17 phenotype. Alternatively, 

Th17 cells could be generated in-vitro in low amounts of TGF-β-signaling and presence of 

IL-23, but show more severe pathogenicity and were dubbed “alternative” Th17 cells (14).  

This has been confirmed by the fact that Th17 cells polarized in the presence of IL-6 and 

TGF-β without IL-23 were unable to induce disease when transferred into mice. However, 

cells that were polarized in the presence of IL-23 were able to induce EAE in mice (30). 

The alternative Th17 cells have an interesting cytokine profile: In addition to IL-

17A and IL-17F, they have been described as producers of IFN-γ as well. The IL-17
+ 

IFN-

γ+ double positive cells have been found in the target tissues of various autoimmune 

diseases specifically in the central nervous system (CNS) of mice during the development 

of EAE (25, 32). The cytokine profile of pathogenic Th17 cells includes the pro-

inflammatory cytokine TNF-α and IL-22 as well (22). Furthermore, GM-CSF production 

(induced by IL-23) has been associated with alternative Th17 cells and is also thought to be 

crucial to the pathogenicity of Th17 cells during EAE, especially that it stimulates antigen 

presenting cells to produce IL-23 in a positive feedback loop (33).  

The classical more regulated Th17 cells produce IL-17A and IL-17F as well but 

are specifically characterized by their high production of IL-10, IL9 and IL-21. In fact, 

since IL-10 is an anti-inflammatory cytokine, the increased pathogenicity of alternative 
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Th17 cells has been associated with the decreased production of IL-10 by these subtypes. 

IL-10 is believed to reduce Th17-induced inflammation in the absence of IL-23 (28, 30 and 

34). 

All of these findings underline the importance of TGF-β and IL-23 in 

understanding the diversity of Th17 responses and their effect on shifting Th17 phenotypes 

towards classical and alternative phenotypes respectively (28). 

 

d. The special relationship between Th17 cells and Tregs 

As previously mentioned, Th17 cells differentiation is initiated by TGF-β and IL-6. 

Interestingly, TGF-β alone induces the transcription factor Foxp3 in naïve T cells 

in the periphery, thus generating the immune suppressing regulatory T cells (Treg). 

However, when IL-6 is present along with TGF-β, it inhibits the induction of Foxp3+ cells 

and generates instead Th17 cells. IL-6 is therefore considered crucial in determining 

whether naïve T cells differentiate into Tregs or Th17 cells. That is why several studies 

have elaborated on a very tight and reciprocal relationship existing between inhibitory Treg 

cells and pro-inflammatory Th17 cells, in addition to a certain plasticity present between 

these two cell types (14, 21 and 25). 

This relationship was further supported by results observed in IL-6 knockout mice 

which showed to have a defect in the generation of Th17 cells in contrast to an increased 

proportion of Foxp3
+
 T regs (14). Additional evidence of a balance between Th17 cells and 

regulatory T cells came from the findings that RORγt and Foxp3, the transcription factors 
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for Th17 cells and Tregs respectively, are able to physically bind to each other and 

neutralize each other’s functions (21, 24).  

In fact, it is believed that during the “steady state” in the absence of infection or 

inflammation, TGF-β is produced and induces the differentiation of Tregs by Foxp3 in 

order to maintain self-tolerance. However in case of infection, IL-6 (an acute phase 

reactant) is produced, and together with TGF-β, it inhibits the generation of Tregs by 

overcoming the suppressive effect of Foxp3 and shifts the balance towards Th17 cells in 

order to mount an immune response against the infecting organism. Conversely, cytokines 

produced by Tregs have been shown to have a regulatory effect on Th17 mediated 

inflammation (14, 34). 

The plasticity of Th17 and Treg subsets has raised a major question regarding the 

dedifferentiation or reprogramming of committed Tregs or Th17 cells. Were this to be 

possible, it would present a major therapeutic avenue for autoimmune diseases, such as 

multiple sclerosis, by manipulating pathogenic Th17 cells and switch them to a more 

regulatory Foxp3
+
 phenotype (14). 

 

B. Multiple Sclerosis 

Multiple sclerosis (MS) is a demyelinating neurodegenerative autoimmune disease of the 

central nervous system (CNS) (35). It affects mainly young adults from the ages of 20 to 40 

years of age and is considered to be T cell mediated since myelin-specific autoreactive 

CD4
+
 T cells are thought to play an essential role in orchestrating CNS inflammation (36). 

Multiple sclerosis is characterized by significant neurological disability mediated by 



13 
 

damage to myelin, the protective coating around nerve fibers in the CNS, oligodendrocyte 

destruction, and axonal loss (37). 

 

1. Clinical forms and symptoms of MS 

Multiple sclerosis is a multi-faced heterogeneous disease, both clinically and 

pathologically. In fact, it can be divided into four different clinical forms: relapsing-

remitting (RRMS), secondary progressive (SPMS), primary progressive (PPMS) and 

progressive relapsing (PRMS) (38). 

RRMS is the most common subtype of multiple sclerosis. Most patients (80 to 

85%) start with RRMS that is characterized by defined clinical attacks followed by 

complete or incomplete remission phases where symptoms improve or even disappear. 

Most patients usually progress from RRMS to SPMS which can be described as a clinical 

worsening of neurological disability without remission periods and is refractory to 

treatment. On the other hand, PPMS accounts for 10% of patients and is characterized by a 

progressive disease course from onset without any remissions. It is considered to be 

resistant to current therapeutic strategies as well. As for PRMS, it is the rarest subtype of 

the disease, occurring in less than 5% of patients, and is characterized by clinical 

neurological worsening from the onset of the disease with some occasional relapses (38, 

39). 

Symptoms of multiple sclerosis could include any neurological disability. MS 

patients could suffer from mental changes such as decreased concentration, attention deficit 

or even memory loss, in addition to loss of sensation and swallowing, speech and 
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coordination difficulties. Other symptoms comprise of visual disturbances including 

blurred or double vision and color distortions, muscle spasms, fatigue, numbness 

sensations, limb weaknesses and loss of balance along with bladder and bowel dysfunction. 

Patients could suffer from uncontrolled mood swings as well such as severe depression and 

paranoia (36, 40). 

 

2. Risk factors 

Multiple sclerosis is thought to be caused by a complex interaction between genetic pre-

disposition and a number of environmental factors (35). 

 

a. Genetic risk factors 

Although multiple sclerosis is not a hereditary disease, it occurs in people who are 

considered as genetically susceptible. In fact, family studies based on assessing the risk of 

MS amid relatives have shown an increased risk of developing MS among first-degree 

relatives (41). 

Genetic epidemiological studies have revealed a number of risk alleles that are 

associated with MS. The HLA class II haplotype HLA-DRB1*1501 has shown a strong 

association with multiple sclerosis especially in northern Europe, in addition to HLA-

DRB5*0101, HLA-DQA1*0102 and HLA-DQB1*0602 (39, 42). However, their 

association with MS could differ from one region to the other (35). Other genes in the non-

HLA regions have also been implicated with MS risks and these include the genes 

encoding the interleukin-7 receptor α and interleukin-2 receptor α (42). 
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Ethnic origins have been thought to play a role in acquiring MS as well. As a 

matter of fact, people of African-American descent in addition to Chinese and Filipinos are 

considered to be less susceptible to disease development than other ethnicities (41). 

Moreover, in addition to the previously stated risk factors, the fact that women are 

more susceptible to multiple sclerosis than men has also supported the association of 

genetic factors with MS, although studies have failed to find an actual risk allele on the X 

chromosome (41). 

 

b. Environmental risk factors 

It is true that genetic pre-disposition is needed to develop multiple sclerosis; however 

environmental triggers have been shown to contribute to the disease as well. The most 

common environmental factors known to play a role include viral and microbial infections, 

smoking and vitamin D deficiency (40, 42). 

Potential infectious agents associated with MS comprise of bacterial agents such 

as Chlamydia pneumoniae (43) and viral agents such as Human herpesvirus 6 (HHV-6) and 

Epstein-Barr virus (EBV) (44, 45). Research is currently focusing on EBV as an MS risk 

factor due to the fact that approximately all MS patients (more than 99%) have been found 

to be seropositive for this particular virus. Additionally, people that present increased titers 

of anti-EBV antibodies such as antibodies against the EBV nuclear antigen 1 (EBNA1) 

have been shown to be more prone to disease development (41, 47). 
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Another non-infectious environmental MS risk factor is smoking. Several studies 

have demonstrated its dose-dependent relationship with MS risk. In fact, substances present 

in smoked tobacco have been shown to increase the risk of multiple sclerosis (48). 

Even so, for the last 30 years the main focus has been on vitamin D deficiency as 

an important risk factor for multiple sclerosis (49). This was first supported by observations 

made about an increased MS prevalence in certain geographical areas of the world, notably 

in areas far from the equator (41). Researchers subsequently attributed this association of 

MS incidence with increasing latitudes to a decreased sunlight exposure and thus a 

decreased vitamin D status (50). 

In fact, studies have shown that serum levels of 25-hydroxyvitamin D3 (25(OH)D) 

and 1,25-dihydroxyvitaminD3 (1,25(OH)2D) were lower in MS patients compared to 

controls (51). Conversely, a study done on active-duty US military personnel demonstrated 

that increased levels of 25(OH)D lowered the risk of developing multiple sclerosis among 

white subjects alone, but not black or hispanic populations (52). Furthermore, a large 

epidemiological study done on women taking vitamin D supplementation revealed a 40% 

decrease in the risk of multiple sclerosis (53). Correlations have also been made between 

increased outdoor activities and sunlight exposure during adolescence, associated with high 

levels of 25(OH)D and 1,25(OH)2D, and a decreased risk of disease development (50). 

In addition to its role in preventing the occurrence of the disease, Vitamin D has an 

interesting effect on disease progression as well. In fact, vitamin D plays a prominent role 

in decreasing the rate of relapses in patients suffering from relapsing-remitting multiple 

sclerosis. This observation was supported by vitamin D supplementation trials which 

showed a decrease in the relapse rates in RRMS patients compared to the expected disease 
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course (54). Additionally, 25(OH)D concentrations were found to be lower during MS 

relapses than in remission phases which further confirmed the potential role of vitamin D in 

regulating disease progression and MS severity (55). 

Since vitamin D appears to have such positive effects on several aspects of the 

disease simultaneously, researchers are currently attempting to use it as a potential 

therapeutic agent (56, 57). 

 

3. Th17 cells and MS 

Multiple sclerosis’ pathogenesis has been extensively studied by its analogy with the 

animal model of the disease, experimental autoimmune encephalomyelitis (EAE) (58). In 

fact, the autoimmune hypothesis of MS states that the disease is the side effect of immune 

responses against non-self antigens such as viral and microbial agents. This side effect can 

be the result of either molecular mimicry or bystander activation (59).  

Molecular mimicry involves antigens derived from infectious agents that share a 

structural homology with self antigens such as myelin and more famously myelin basic 

protein (MBP). This will cause initiation of an immune response against myelin proteins in 

the CNS and thus, CNS-mediated autoimmunity. On the other hand, bystander activation 

happens when an immune response against infectious agents leads to the activation of self 

reactive T cells that will in turn mount an immune response against myelin proteins. This 

will also contribute to the initiation of the disease (35, 59). 
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Another hypothesis implies that defects in immunoregulatory mechanisms and self 

tolerance, rather than the activation of self reactive T cells themselves, are behind disease 

development (39, 50). 

 

a. Evidence of Th17 cell implication in MS 

Autoreactive T cells specific for myelin antigen have been found in the peripheral blood 

and central nervous system (CNS) of MS patients (60). As a result, MS has been long 

thought to be a Th1-mediated autoimmune disease (61). However, after the discovery of 

Th17 cells in 2005, this theory was put into perspective (31, 37). 

In fact, studies done on IL-12 knockout mice (the cytokine involved in the 

differentiation of Th1 cells) initially showed that these mice were protected from the 

induction of EAE. Nevertheless when the two subunits of IL-12, IL-12p35 and IL-12p40, 

were targeted separately only IL-12p40 knockout mice were protected from disease 

development while mice deficient in IL-12p35 were unprotected from the disease and even 

suffered from exacerbated symptoms. Later on it was shown that the IL-12p40 subunit can 

also bind the IL-23p19 subunit and together, they form the IL-23 cytokine which is 

involved in the differentiation of Th17 cells. When blocking separately IL-23, IL-12p40 

and IL-23p19, all of the knockout mice were resistant to EAE which further confirmed that 

mice deficient in IL-23 were not susceptible to EAE whereas mice deficient in IL-12 were 

either susceptible or had an increased susceptibility to EAE (31, 62). 
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These findings refuted the initial theory of a Th-1 mediated disease and shifted the 

focus instead to the crucial role of IL-23 and Th17 cells’ pathogenicity in autoimmune 

diseases (31, 37 and 62).  

The current emphasis on Th17 cells in MS pathogenesis has emerged from the 

following observations: first of all, high levels of Interleukin-17 have been found in the 

peripheral blood, cerebrospinal fluid (CSF) and brain lesions of multiple sclerosis patients 

(63). High expression of IL-17 correlates with disease severity and with the number of 

active plaques on magnetic resonance imaging (MRI) (64). Pathogenic Th17 cells that co-

produce IL-17A and IFN-γ together have also been reported in brain lesions of MS patients 

(65). Moreover, the percentage of Th17 cells in the CSF of RRMS patients was found to be 

higher during relapses compared to remission phases and to patients that have non-

inflammatory neurological diseases (66). 

Other cytokines related to Th17 cells, including IL-6 and IL-23, are also more 

abundant in the blood and brain lesions of MS patients compared to healthy controls (35). 

In addition to evidence from patients, studies done on animal models have 

described a link between Th17 cells and the disease. In fact, IL-17-producing T cells 

generated in-vitro in the presence of IL-23 are able to induce severe EAE when adoptively 

transferred into mice (67). Conversely, mice deficient in IL-17 develop EAE with 

decreased severity and incidence (68). 
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b. Th17 cells’ pathogenicity in MS 

The main characteristic of multiple sclerosis is auto-inflammation and neurodegeneration of 

the central nervous system. Consistently, Th17 cells present a high inflammatory potency 

due to the fact that they express higher activation markers and adhesion molecules than any 

other CD4
+ 

T cell subtype including Th1 cells. That is why the IL-23/IL-17/Th17 axis has 

been regarded as the most crucial aspect in the pathogenesis of MS (36, 39). 

First of all, Th17 cells and Th17-associated cytokines such as IL-17A, IL-17F and 

IL-22 can target several cell types including myeloid cells, fibroblasts, epithelial cells and 

endothelial cells (14, 16). Because the IL-17 receptor (IL-17R) is ubiquitously expressed on 

various tissues, IL-17 is considered a pleiotropic cytokine that exerts potent pro-

inflammatory activities (14, 21). Its main function is to breach the blood-brain-barrier 

(BBB) and transmigrate across it by simultaneously attracting other effector T cells and 

immune cells. In fact, the breakdown of the BBB is a successive process that requires the 

involvement of adhesion molecules, chemokines and matrix metallo-proteinases (36, 39). 

The first step involves an interaction between adhesion molecules on endothelial 

cells such as the vascular-cell adhesion molecule 1 (VCAM-1) and adhesion molecules on 

lymphocytes such as the very late activation antigen-4 (VLA-4) (36). Next, IL-17 

production induces the production of a number of matrix metalloproteinases (MMPs), most 

importantly MMP3, MMP13 and MMP9. The MMPs are proteolytic enzymes that are 

involved in attracting neutrophils to sites of inflammation by degrading the extracellular 

matrix and basement membrane. Consequently, they are implicated in the axonal and 

sustained myelin damage as well (13, 36). IL-17 also contributes to the pathogenesis of MS 
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by inducing the secretion of a wide range of chemokines. It induces the production of IL-8, 

CCL3 (major inflammatory protein (MIP)-1α), CCL2 (monocyte chemoattractant protein 

(MCP)-1) and CCL20 (macrophage inflammatory protein (MIP)-3α) (31, 65).  All of these 

chemokines will bind chemokine receptors expressed on monocytes, macrophages and 

circulating lymphocytes and will recruit them from peripheral blood into the CNS (37). 

Furthermore, IL-17 itself is considered as a chemokine that can bind the IL-17R expressed 

on monocytes to enhance its migration (69). 

IL-22, also produced by Th17 cells, has the ability to disrupt the BBB in 

combination with IL-17 by breaking tight junctions between endothelial cells (14, 16). 

This process will ultimately lead to a neutrophil-mediated activation of MMPs, 

proteases and gelatinases that coordinately participate in the disruption of the BBB. 

Following the large infiltration of various inflammatory cells into the CNS, sustained 

myelin damage and axonal loss become inevitable under these circumstances (35, 36). 

The cytokine profile of Th17 cells found in the brain lesions of MS patients 

includes the production of several pro-inflammatory cytokines along with IL-17A such as 

TNF-α, IL-6 and more importantly IFN-γ (14). This specific Th17 cell subtype of IL-17
+ 

IFN-γ
+
 double positive has been the main focus of researchers since it is thought to be a 

transient phenotype between Th17 and Th1 cells. No clear explanation has been elaborated 

so far for its existence. However, this phenotype of Th17 cells found in MS patients is in 

accordance with the “pathogenic” Th17 cells described in earlier paragraphs (14, 35). 
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c. Targeting Th17 cells in MS 

After confirming the pathogenic role of Th17 cells in MS by several studies, multiple trials 

attempted to target this cell type for MS treatment. 

A study done on mice to evaluate the therapeutic efficacy of IL-17 neutralization 

showed that the addition of an IL-17 neutralizing antibody to mice immunized with myelin 

antigen resulted in a decrease of the severity of EAE (70). Another study attempted to use 

microRNAs in order to block Th17 cells’ differentiation. This also led to promising results 

where the knockdown of miR-326 (a microRNA involved in the differentiation of Th17 

cells) alleviated EAE (71). Furthermore, a number of drugs currently used as therapeutic 

agents in MS were found to target Th17 cells (35, 39). That is why modulating the 

differentiation of Th17 cells by immune regulation has become a priority in managing 

multiple sclerosis. 

 

C. Vitamin D 

1,25-dihydroxyvitamin D3, the biologically active form of vitamin D3, is a secosteroid 

hormone that plays a role in regulating calcium homeostasis and bone metabolism. 

However, it is extremely associated with other biological functions as well including the 

modulation of immune responses (50, 56). 
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1. Sources and mechanism of action of vitamin D 

Vitamin D3 is derived from two different sources: photosynthesis in the skin and, to a more 

limited extent, dietary intake. In fact, when the skin is exposed to ultraviolet (UV) light, it 

converts 7-dehydrocholesterol in the skin into pre-vitamin D3 which in turn spontaneously 

isomerizes into vitamin D3. Dietary sources are dairy products and fatty fish that are rich in 

vitamin D3 (57, 72).  

Vitamin D3 from both sources is then hydroxylated in the liver by the enzyme 25-

hydroxylase to become 25-hydroxyvitamin D3 (25(OH)D). 25(OH)D is the major 

circulating form of vitamin D and is the metabolite measured in order to assess the vitamin 

D status of patients. Next, 25(OH)D is further hydroxylated in the kidney by the enzyme 

1α-hydroxylase to become the active form of vitamin D 1α,25-dihydroxyvitamin D3 

(1,25(OH)D). This is the metabolite responsible of the biological properties of vitamin D3 

(56, 73). 

1,25(OH)D mediates its functions through the vitamin D receptor (VDR) which is 

a  member of the superfamily of nuclear hormone receptors (74). Upon cytoplasmic 

binding of 1,25(OH)D to VDR, the receptor undergoes conformational changes and 

heterodimerizes with the retinoid X receptor (RXR). The 1,25-dihydroxyvitamin D-VDR-

RXR complex binds then to vitamin D response elements (VDRE) found in the promoter 

region of vitamin D responsive genes and recruits nuclear receptor co-regulators. Co-

activators and co-repressors will then either enhance or inhibit the transcription of the target 

gene, respectively (50, 75). This process was found to affect the function and phenotype of 

numerous immune cells, and this will be further elaborated in the following pages (76). 
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2. Vitamin D and the immune system 

It wasn’t until the 1980s that vitamin D was discovered to have immune modulating 

abilities. In fact, this observation was made when VDR expression was first discovered in 

monocytes and then later on in activated T lymphocytes and antigen presenting cells such 

as dendritic cells. The fact that VDR expression was also found to be present in the central 

nervous system in certain cell types along with the enzyme 1α-hydroxylase further 

supported this hypothesis. Contrary to the liver and kidney, this enzyme is not regulated by 

a negative feedback mechanism and is thus activated extensively in the metabolism of 

vitamin D (57, 77). 

In fact, vitamin D can be catabolized in the central nervous system as well as 

throughout the body in order to mediate its immune potential (57). 

 

a. Vitamin D and autoimmune diseases 

As reported in the previous chapters, vitamin D deficiency is strongly associated with an 

increased risk of autoimmune diseases, notably multiple sclerosis (50, 76). 

The normal plasma level of 25-hydroxyvitamin D can reach the value of 90-100 

nmol/L for optimal bone metabolism; however it is thought that this metabolite is needed at 

much higher levels in order to exert its other functions. In all cases, the reported plasma 

level of 25(OH)D in patients suffering from autoimmune diseases is lower than in healthy 

controls (50, 76). 

The active form of vitamin D3, 1α,25-dihydroxyvitamin D, is found in the plasma 

at a physiological level of 100-150 pmol/L in healthy individuals. This metabolite has not 
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been extensively measured in MS patients since the vitamin D status is normally assessed 

using the 25(OH)D form and not 1,25(OH)D (54). 

Nevertheless, 1,25(OH)D is needed at higher levels locally for it to affect the 

phenotype and effector functions of immune cells. This supraphysiological level can be 

obtained by the conversion of vitamin D3 precursors into its active form at a cellular level, 

due to the presence of the 1α-hydroxylase enzyme locally and in the CNS (56, 57). 

Several studies have been done on animal models in order to support the 

hypothesis of 1,25(OH)D’s implication in MS. In fact, mice that were exposed to 

ultraviolet light, and thus have high levels of 1,25(OH)D, were found to be protected from 

EAE when immunized with myelin antigen. Other studies have shown that giving vitamin 

D supplementation to mice during immunization with myelin components alleviated the 

symptoms of EAE. Conversely, in VDR knockout mice, none of the previously stated 

effects took place and vitamin D was unable to have protective effects against EAE. This 

was also the case in mice that were given a vitamin D-free diet during induction of EAE 

and were shown to have more severe symptoms (76, 78). 

 

b. Vitamin D’s effect on immune cells 

Vitamin D’s direct effect on several specific immune cells has been described in previous 

studies. In fact, the targets of vitamin D include antigen presenting cells, like dendritic cells 

and macrophages, and T lymphocytes (40, 56). 

Vitamin D was found to inhibit the proliferation of dendritic cells and decrease 

their expression of major histocompatibility complex II (MHC II) and of co-stimulatory 
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molecules, thus decreasing their ability to provide secondary signals for T cells activation 

and differentiation. Moreover, it decreases the expression of both pro-inflammatory 

cytokines IL-12 and IL-23 by APCs which are involved in the differentiation of Th1 cells 

and Th17 cells respectively whereas the expression of the anti-inflammatory cytokines IL-4 

and IL-10 are increased. This highlights the indirect effect of vitamin D in shifting the 

immune phenotype from pro-inflammatory Th1 and Th17 cells to anti-inflammatory Th2 

cells and regulatory T cells (56, 57 and 79). 

Resting T lymphocytes express low levels of vitamin D, but when activated their 

expression of the receptor is significantly increased which allows vitamin D to exert strong 

effects on this particular subtype. This hypothesis has been extensively studied in in-vitro 

models where naïve or memory CD4
+
 T cells were put in culture in Th1, Th2 or regulatory 

T cell polarizing conditions. These different studies have emphasized the fact that vitamin 

D inhibits the effector function of Th1 cells by decreasing their expression of several 

cytokines such as IL-2 and IFNγ. Conversely, vitamin D was found to enhance regulatory 

T-cells’ activity by increasing the secretion of the anti-inflammatory cytokine IL-10 and to 

improve Th2 cell responses by increasing the secretion of IL-4, IL-5 and IL-10 through the 

VDR signaling pathway (56, 76 and 80). 

The effect of vitamin D on Th1 cells, Th2 cells and Tregs has been the focus of 

many studies. However, the effect of vitamin D on Th17 cells hasn’t been fully described 

yet. There has been a limited number of studies that showed a decrease of the expression of 

IL-17 in naïve CD4
+
 T cells put in Th17 polarizing conditions together with a decrease in 

other pro-inflammatory cytokines related to Th17 cells such as IL-22 and in matrix-

metalloproteinases including MMP-1 and MMP-3. A decrease in surface markers such as 
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CCR6 has also been described. But the effect of vitamin D on Th17 cells still lacks a 

broader and much more detailed description (81- 83 and 92). 
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CHAPTER III 

MATERIALS AND METHODS 

 

A. Control subjects and blood collection 

Three healthy participants, 2 males and 1 female, were recruited for blood sample 

collection after obtaining the approval of the Institutional Review Board (IRB). The 

participants’ ages ranged from 19 to 28 years old. All participants signed a consent form 

prior to their enrollment to the study. The consent form clearly stated that blood up to 8 

tablespoons will be drawn from the volunteer and will be used as a normal control. The 

subjects were notified that the participation is voluntary and could be discontinued freely at 

any time they decide to end it.  

Three different leukopack male donors were obtained from the American 

University of Beirut Medical Center’s Blood Bank as well. Blood was tested prior to 

collection to confirm that the participants are healthy controls. The participants’ ages 

ranged from 22 to 34 years old. 

Blood from both healthy donors and leukopacks were collected in Vacutainer 

lithium heparin tubes (BD Biosciences, Franklin Lakes, NJ, USA). The steps following 

blood collection, including blood processing and cell culture, were all performed in sterile 

conditions under a biosafety cabinet (BSC). 
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B. Th17 cell polarization ex-vivo 

1. Isolation of Peripheral blood mononuclear cells (PBMCs) 

The isolation of PBMCs was done by the Ficoll-Isopaque density gradient centrifugation 

technique. Collected Blood was transferred to a 50 mL falcon tube (Corning, NY, USA) 

and was diluted with Dulbecco’s Phosphate Buffer Saline (PBS) modified, without calcium 

chloride and magnesium chloride, suitable for cell culture (Sigma-Aldrich, St. Louis, MO, 

USA). Ficoll-Paque Plus (GE Healthcare, SE-751 84 Uppsala, Sweden) was added to a 50 

mL falcon tube at a Ficoll to blood 1:2 ratio and blood was layered gently on the ficoll. The 

tube was then centrifuged at 800g for 30 minutes with the brake off (Acceleration=1; 

Deceleration=1). The buffy coat was collected and transferred to a 50 mL falcon tube and 

washed with PBS. The tube was centrifuged at 300g for 15 minutes. The supernatant was 

discarded and the pellet was resuspended in PBS. 

Alive peripheral blood mononuclear cells (PBMCs) were counted by the trypan 

blue 0.4% (Sigma-Aldrich, St. Louis, MO, USA) exclusion method using the Neubauer 

Chamber. The centrifugation step was then repeated at 300g for 15 minutes and depending 

on the cell count, the pellet was resupended in Fetal Bovine Serum (FBS) heat inactivated, 

sterile-filtered, suitable for cell culture (Sigma-Aldrich, St. Louis, MO, USA) and flash 

freezing media constituted of 80% FBS and 20% dimethyl sulfoxide (DMSO) sterile-

filtered (Sigma-Aldrich, St. Louis, MO, USA) at a concentration of 10×10
6 cells/ mL. The 

cell suspension was then distributed on 2 mL cryogenic vials (Corning, NY, USA) in order 

to have 10 million cells per cryovial. The vials were put in a -80 ºC freezer overnight and 

then transferred the next day to a liquid nitrogen tank at -196 ºC to be stored for later usage. 
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2. Naïve CD4+ T cells isolation 

Naïve CD4+ T cells isolation was performed by microbead negative selection on a 

magnetic column using the Naïve CD4
+
 T cell isolation kit II (Miltenyi Biotec, Bergisch 

Gladbach, Germany). The principle of this separation consists of magnetically depleting 

non-T helper cells and memory CD4
+
 T cells by indirectly labeling them with a cocktail of 

biotin-conjugated monoclonal antibodies, as primary labeling reagent, and Anti-biotin 

Microbeads, as secondary labeling reagent. The magnetically labeled non–T helper cells 

and memory CD4+ T cells are depleted by retaining them on a column in the magnetic 

field, while the unlabeled naive CD4+ T cells pass through the column. 

In order to isolate the naïve CD4+ T cells from the PBMCs, depending on the 

number of cells needed to put in culture, a number of cryovials was taken from the liquid 

nitrogen tank. The frozen PBMCs were semi-melted by shaking the cryovials in a water 

bath set at 37°C. The cells were washed with PBS+5% FBS and centrifuged at 1200 rpm, 

22°C, for 15 minutes. The supernatant was discarded without disturbing the pellet and the 

pellet was resuspended in PBS+5% FBS. This step was repeated 3 times in order to remove 

all traces of freezing media from the cells. Cells were then resuspend in EDTA 2 mM 

(Sigma-Aldrich, St. Louis, MO, USA) for 10 minutes to remove any cell clumps and obtain 

a single cell suspension prior to the magnetic separation. The cells were then counted by 

the trypan blue exclusion method using the Neubaeur chamber. 

According to the manufacturer’s instructions, cells were centrifuged at 300g for 10 

mins and resuspended in a buffer especially prepared for the magnetic separation 

containing PBS+0.5% FBS+2 mM EDTA. Depending on the cell count, 40 µL of buffer 
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was added for each 10
7
 cells with 10 µL of Biotin-Antibody Cocktail (Cocktail of 

biotinylated CD45RO, CD8, CD14, CD15, CD16, CD19, CD25, CD34, CD36, CD56, 

CD123, anti-TCRγ/δ, anti-HLA-DR, and CD235a (glycophorin A) antibodies) per 10
7
 cells 

as well, directed against memory CD4
+
 T helper cells and non-T helper cells. The 

suspension was mixed thoroughly and incubated for 10 minutes at 4°C. Cells were washed 

with 5 mL buffer and centrifuged at 300g for 10 minutes. The `pellet was resuspended in 80 

µL of buffer for each 10
7 

cells with 20 µL of Anti-Biotin microbeads (microbeads 

conjugated to a monoclonal anti-biotin antibody) per 10
7
 cells as well. The suspension was 

mixed thoroughly and incubated for 15 minutes at 4°C. The cells were then washed with 5 

mL buffer and centrifuged at 300 g for 10 minutes and resuspended in 0.5 mL buffer, 

regardless of the cell count.  

In order to prepare the column prior to the separation, an LS column (Miltenyi 

Biotec, Bergisch Gladbach, Germany) was placed in the magnetic field of a MidiMACS 

separator (Miltenyi Biotec, Bergisch Gladbach, Germany) and was rinsed with 3 mL buffer. 

The cells suspension was then applied onto the column and the effluent was collected as 

fraction with unlabeled cells. This constituted the enriched naïve CD4+ T cells fraction. 

The column was further washed with 9 mL buffer and the effluent was collected in the 

same tube. This represents the unlabeled naïve CD4+ T cells as well. 

Cells were then centrifuged at 300 g for 10 minutes and counted. Depending on 

the cell count, the pellet was resuspended with RPMI (Gibco Life technologies, Carlsbad, 

CA, USA )  in the presence of 10% FBS+1% Penicillin Streptomycin in order to have a 

2×10
6
 cells/mL concentration. The cells were left to rest in the incubator for one hour. 
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3. Evaluation of naïve CD4+ T cells purity 

The evaluation of the purity of naïve CD4+ T cells obtained by the magnetic microbead 

selection was evaluated by flow cytometry. Prior to incubation, 50×10
3
 cells were taken 

from the fraction of naïve CD4+ T cells obtained by negative selection. The cells were 

centrifuged at 1400 rpm, 4°C for 8 minutes and resuspended in 100 µL staining buffer 

(PBS+1% FBS) in the presence of fluorochrome conjugated-antibody against CD4, PerCP-

antiCD4 (BD Biosciences, Franklin Lakes, NJ, USA). The suspension was incubated for 30 

minutes at 4°C and then washed twice with staining buffer in the same centrifugation 

conditions. After the second wash, the pellet was resuspended in 200 µL staining buffer 

prior to flow cytometry acquisition. 

The cells were then acquired on a fluorescence activated cells sorter, BD 

FACSAria™ III (BD Biosciences, Franklin Lakes, NJ, USA) to determine the percentage 

and purity of CD4+ T cells present. 

 

4. Culture and activation of naïve CD4+ T cells 

After the incubation time was over, the naïve CD4+ T cells were centrifuged at 1200 rpm 

for 15 minutes and resuspended in serum free media X-Vivo 15 (Lonza, Basel, 

Switzerland). The cells were cultured in a 96-well plate (Corning, NY, USA) by adding 

5×10
4
 cells per well and activated using the T cell activation/expansion kit, human 

(Miltenyi Biotec, Bergisch Gladbach, Germany) which consists of beads coated with anti-

CD2, anti-CD3 and anti-CD28 at a 1:4 beads to cell ratio in each well. 
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The following recombinant human cytokines were added to each well under Th17 

polarizing conditions: IL-6 (50ng/mL), TGF-β (2ng/mL), IL-1β (10 ng/mL) and IL-23 

(20ng/mL) (R&D Systems, Minneapolis, MN). 

The active form of Vitamin D, 1,25-dihydroxvitamin D3 (Enzo Life Sciences Inc., 

Farmingdale, New York), was added at a 10 nM concentration in the indicated wells. The 

optimal concentration of vitamin D used was chosen after several optimization experiments 

using the same protocol of Th17 polarization ex-vivo in the presence of 1 nM, 10 nM and 

100 nM of vitamin D to determine the best effect of vitamin D with the lowest 

concentration possible. 

On day 3 of culture, recombinant human IL-2 (8ng/mL) (R&D Systems, 

Minneapolis, MN) was added to each well. 

 

C. Flow cytometry staining 

On day 6 of culture, cells to be stained intracellularily were restimulated with phorbol 12-

myristate 13-acetate PMA (Sigma-Aldrich, St. Louis, MO, USA) at a 50 ng/mL 

concentration in the presence of calcium ionophore ionomycin (Invitrogen Life 

technologies, Carlsbad, CA, USA) at a 1 µg/mL concentration and protein transport 

inhibitor, brefeldin A, Golgi plug (BD Biosciences, Franklin Lakes, NJ, USA) at a ratio of 

1 µL of brefeldin A to 1 mL of cell suspension. 

The cells were left in the incubator at 37 °C in restimulating conditions for 5 hours 

prior to the intracytoplasmic staining. 
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1. Staining of live cells 

After incubation time was over, cells were harvested and transferred to a V-bottom 96-well 

plate (Corning, NY, USA) and were centrifuged at 1400 rpm, 4ºC for 8 minutes. All the 

following centrifugation steps were done in the same conditions. The supernatant was 

discarded and the pellet was resuspended in EDTA (2mM) to remove all cells clumps and 

incubated for 10 minutes. Cells were then pelleted and stained with LIVE/DEAD® Fixable 

Dead Cell Stain Kit (Invitrogen Life technologies, Carlsbad, CA, USA) in the presence of 

PBS at 1 µL dye per 1 mL cell suspension concentration and incubated on ice for 30 

minutes, according to the manufacturer’s instructions. This stain is used to evaluate the 

viability of cells by flow cytometry by differentiating live cells from dead ones. It is based 

on the reaction of a fluorescent reactive dye with cellular amines. The reactive dye can 

permeate the compromised membranes of dead cells and react with free amines both in the 

interior and on the cell surface, resulting in intense fluorescent staining. In contrast, only 

the cell-surface amines of viable cells are available to react with the dye, resulting in 

relatively dim staining. The cells were pelleted and washed twice with staining buffer 

(PBS+1% FBS). 

  

2. Extracellular staining of surface markers 

The cells were then resuspended in 100 µL staining buffer per well and stained 

extracellularly in the presence of the following fluorochrome-conjugated antibodies, 

depending on the staining conditions: FITC-anti-CD161, PE-anti-CCR6, Alexa Fluor-700-

anti-CD25, Brilliant Violet 450-anti-CCR4 extracellular markers. Cells were incubated for 
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30 minutes at 4 °C and then pelleted and washed twice with staining buffer in order to 

remove any residual unbound fluorochrome-conjugated antibody. 

 

3. Intracytoplasmic staining of cytokines and transcription factors 

After extracellular staining was completed, the protocol was proceeded in order to stain the 

cells intracellularly. For that, the cells were fixed by resuspending thoroughly the pellet 

with 100 µL per well of the BD Cytofix/Cytoperm™ Fixation/Permeabilization Kit (BD 

Biosciences, Franklin Lakes, NJ, USA) for 20 mins at 4ºC. This solution is used for the 

simultaneous fixation and permeabilization of cells prior to the intracytoplasmic staining. 

They were then pelleted and washed twice with the 1× BD Perm/Wash™ buffer (BD 

Biosciences, Franklin Lakes, NJ, USA). The pellet was resuspended in 50 µL of the 1× BD 

Perm/Wash™ buffer in the presence of the following fluorochrome-conjugated antibodies, 

depending on the staining conditions: Alexa Fluor 647-anti-IL-17A, Brilliant Violet 450-

anti-IFNγ or FITC-anti-IFNγ, PE-anti-TNFα, cytokines and PE-anti-RORγt transcription 

factor for subtyping the Th17 pro-inflammatory phenotype and PE-anti-IL-10 cytokine and 

PE-anti-Foxp3 transcription factor for checking for a more anti-inflammatory phenotype. 

The cells were incubated at 4 °C for 40 minutes, and then pelleted and washed twice with 

the 1× BD Perm/Wash™ buffer in order to remove any residual unbound fluorochrome-

conjugated antibody. After the last centrifugation step, the cells were resuspended in 200 

µL staining buffer per well for their acquisition by flow cytometry. 

The volume of all antibodies used in the intracellular staining was done according 

to the manufacturer’s instructions, except for Alexa Fluor 647-anti-IL-17A. The optimal 
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volume of Alexa Fluor 647-anti-IL-17A used was chosen carefully after several 

optimization experiments using the same protocol of Th17 polarization ex-vivo in the 

presence of a serial 3 fold-dilution of the antibody in order to get the best possible positive 

signal, considering that the concentration of the IL-17 cytokine found in culture is low. 

The cells were then acquired on a fluorescence activated cells sorter, BD 

FACSAria™ III Special Order Research Product (SORP). 

 

4. Negative controls 

Cells that were not activated with beads on the first day of culture, or that were activated 

with beads without Th17 polarizing conditions were used as negative controls for the 

staining of the different fluorochrome conjugated-antibodies. An unstained negative control 

for cells that were activated with beads in Th17 polarizing condition was used as a negative 

control as well. 

 Moreover, in order to discriminate the specific staining of Alexa Fluor 647-anti-

IL-17A from an artifactual staining, a ligand blocking control was performed. This was 

done to confirm the specificity of the low staining signal that was found after acquisition of 

the cells on the flow cytometer. Alexa Fluor 647-anti-IL-17A fluorochrome conjugated 

antibody was pre-incubated with human IL-17A recombinant cytokine (eBioscience Inc, 

San Diego CA 92121, USA) at a 0.1 mg/mL concentration and incubated for 30 minutes at 

4 ºC. After incubation, the fixed/permeabilized cells, prepared as stated previously, were 

resuspended in 50 µl of the pre-blocked labeled anti-cytokine antibody and incubated for 30 
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min at 4°C. The cells were then washed and steps were preceded as mentioned in the 

intracellular staining protocol. 

 

5. Compensation beads 

Because the staining protocol involves several multicolor staining panels, correction of 

spectral overlap between different channels was accomplished by software compensation 

using compensation beads or single stained controls. The compensation beads were 

prepared using the AbC™ Anti-Mouse Bead Kit and the ArC™ Amine Reactive 

Compensation Bead Kit (Invitrogen Life technologies, Carlsbad, CA, USA). The kits 

provided capture beads as a positive stained control and negative beads as a negative 

unstained control. 

According to the manufacturer’s instructions, sample tubes were labeled for each 

fluorochrome-conjugated antibody and one drop of the reactive capture beads was added to 

each labeled tube. A pre-titrated amount of each fluorochrome conjugated antibody was 

then added to the appropriate tube and mixed. The beads were incubated at room 

temperature for 30 minutes. After incubation time was over, 3 mL of PBS was added to 

each tube and the tubes were centrifuged at 300g for 5 minutes to collect the beads. The 

supernatant was discarded and the bead pellet was resuspended in 0.5 mL PBS. One drop of 

negative beads was then added to each tube containing the capture beads. The tubes were 

vortexed thoroughly prior to flow cytometry acquisition. 
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The beads were then acquired as compensation controls prior to the stained cells 

on a fluorescence activated cells sorter, BD FACSAria™ III (BD Biosciences, Franklin 

Lakes, NJ, USA). 

 

D. Enzyme-Linked Immunosorbant Assay (ELISA) 

The Enzyme-linked immunosorbant assay (ELISA) was used in order to quantitatively 

measure Interleukin 17-A (IL-17A) production in culture supernatants of the naïve CD4
+
 T 

cells put in Th17 polarizing conditions in the presence or absence of 1,25-dihydroxyvitamin 

D3. This procedure was done on the cultures supernatants of 6 different donors. 

All culture supernatants were obtained after 6 days of culture prior to flow 

cytometry staining of cells, in order to investigate the cumulative secretion of IL-17A by 

the cells throughout the 6 days. They were initially frozen at -20°C and then thawed on the 

day the ELISA was performed. The kit used is the Human IL-17A (homodimer) ELISA 

Ready-SET-Go!® (eBioscience Inc, San Diego CA 92121, USA). All steps in the 

procedure were performed according to the manufacturer’s instructions. 

The kit provided the following components: capture antibody, standards, biotin-

conjugated detection antibody, ELISA coating buffer, assay diluent, pre-titrated Avidin-

Horseradish peroxidase (Avidin-HRP) detection enzyme, Tetramethylbenzidine (TMP) 

substrate solution and a 96 well plate. The wash buffer was prepared using 1X PBS and 

0.05% Tween-20. The stop solution was prepared by diluting phosphoric acid (H3PO4) 14.8 

M to a 1 M concentration. 
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 The ELISA 96 well plate was coated with 100 µL/well coating buffer. The 

plate was sealed and incubated overnight at 4°C. The coating buffer was 

prepared by diluting 1.25 mL 10X coating buffer to a final volume of 12.5 mL 

double distilled water. 

 On the next day, the plate was washed 3 times with the wash buffer and blotted 

each time on absorbent paper to remove any residual buffer. 

 The wells were blocked with 1X assay diluent and incubated at room 

temperature for 1 hour. 1X assay diluent was prepared by diluting 10 mL of 

5X assay diluent to a final volume of 50 mL double distilled water. 

  Standard dilutions were prepared in 8 different 12 × 75-mm polypropylene 

tubes (500 pg/mL, 250 pg/mL, 125 pg/mL, 62.5 pg/mL, 31.25 pg/mL, 15.625 

pg/mL, 7.8125 pg/mL, 3.90625 pg/mL) to make the standard curve for a total 

of 8 points. The top concentration of the standard dilution was prepared by 

adding 10 µL of standard to a final volume of 20 mL 1X assay diluent (500 

pg/mL). 250 µL of assay diluent was then added to the each of the other 7 

tubes. A 2-fold serial dilution of the top standard was performed by 

transferring 250 µL of the top standard to the second tube and so on until the 

eighth tube. A ninth tube served as a blank zero standard with a concentration 

of 0 pg/mL. 

 100 µL of each standard concentration and 100 µL of each sample were added 

to the appropriate wells. Each sample and standard dilution was run in 
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duplicates. The plate was then sealed and incubated at room temperature for 2 

hours. 

 After incubation, the plate was washed 5 times with the wash buffer and 

blotted each time on absorbent paper to remove any residual antigen. 

 100 µL of diluted detection antibody was added to each well and the plate was 

incubated for 1 hour at room temperature. The detection antibody was diluted 

by adding 48 µL of the antibody to a final volume of 12 mL 1X assay diluent 

 After incubation, the plate was washed 5 times with the wash buffer and 

blotted each time on absorbent paper to remove any residual detection 

antibody. 

 100 µL of diluted Avidin-HRP was added to each well and the plate was 

sealed and incubated for 30 minutes at room temperature. The Avidin-HRP 

was diluted by adding 48 µL of enzyme to a final volume of 12 mL 1X assay 

diluent. 

 After incubation, the plate was washed 7 times with the wash buffer and 

blotted each time on absorbent paper to remove any residual enzyme. 

 100 µL of substrate solution was added to each well and the plate was 

incubated for 15 minutes at room temperature in the dark, 

 After incubation, 50 µL of stop solution was added to each well. 

 The absorbance was read at 450 nm using the Bio-Tek/ELx800 micro-plate 

reader. 
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E. Cytometric Bead Array (CBA) 

The Cytometric bead array (CBA) was used in order to quantitatively and simultaneously 

measure interleukin 17-A (IL-17A), tumor necrosis factor (TNF), interferon-γ (IFN-γ), 

interleukin-6 (IL-6), interleukin-10 (IL-10), interleukin-4 (IL-4) and interleukim-2 (IL-2) 

levels in culture supernatants of the naïve CD4
+
 T cells put in Th17 polarizing conditions in 

the presence or absence of 1,25-dihydroxyvitamin D3. This procedure was done on the 

cultures supernatants of 3 different donors. 

All culture supernatants were obtained after 6 days of culture prior to flow 

cytometry staining of cells, in order to investigate the cumulative secretion of these 

cytokines by the cells throughout the 6 days. Culture supernatants were initially frozen at -

20°C and then thawed on the day the CBA was performed. The kit used is the Cytometric 

Bead array Human Th1/Th2/Th17 cytokine kit (BD Biosciences, Franklin Lakes, NJ, 

USA). All steps in the procedure were performed according to the manufacturer’s 

instructions. 

The kit provides a method to capture a set of cytokines with beads of known sizes 

and fluorescence and thus makes it possible to detect the cytokines using flow cytometry. 

Each  capture bead and detection antibody will form a sandwich complex with the cytokine 

and give a fluorescent signal in proportion to the amount of cytokines present in the culture 

supernatants.  

The kit provided the following components: human IL-2 capture beads, human IL-

4 capture beads, human IL-6 capture beads, human IL-10 capture beads, human TNF 

capture beads, human IFN-γ capture beads, human IL-17A capture beads, Human 
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Th1/Th2/Th17 PE detection reagents, Human Th1/Th2/Th17 cytokine standards, cytometer 

setup beads, wash buffer and assay diluent. 

 

 Standard dilutions were prepared in 9 different 12 × 75-mm polypropylene tubes 

(5000 pg/mL, 2500 pg/mL, 1250 pg/mL, 625 pg/mL, 312.5 pg/mL, 156.25 pg/mL, 

78.13 pg/mL, 39.06 pg/mL, 19.53 pg/mL) to make the standard curve for a total of 

9 points. The top concentration of the standard dilution was prepared by 

reconstituting standard spheres from lyophilized Human Th1/Th2/Th17 standards 

with 2 mL of assay diluents (500 pg/mL). The reconstituted standard was left 15 

minutes at room temperature to let it equilibrate. 

 300 µL of assay diluent was then added to the each of the other 8 tubes. A 2-fold 

serial dilution of the top standard was performed by transferring 300 µL of the top 

standard to the second tube and so on until the ninth tube. A tenth tube served as a 

blank zero standard with a concentration of 0 pg/mL. 

 The different capture beads corresponding to each cytokine (IL-2, IL-4, IL-6, IL-10, 

TNF, IFN-γ, IL-17A) were then mixed together. Each capture bead suspension was 

vigorously vortexed and a 10 µL aliquot of each capture bead, for each assay tube, 

was taken and added into a single tube. 

  The mixed capture beads tube was vortexed and 50 µL is added to all assay labeled 

tubes.  

 50 µL of the Human Th1/Th2/Th17 cytokine standard dilutions was added to the 

corresponding control tube. 

 50 µL of each unknown sample was added to the appropriately labeled sample tube.  
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 50 µL of the Human Th1/Th2/Th17 PE detection reagent was added to all assay 

tubes. 

 The assay tubes were then incubated for 3 hours at room temperature protected from 

light. 

 After incubation time was over, 1 mL of wash buffer was added to all assay tubes 

and the tubes were centrifuged for 5 minutes at 200g. 

 The supernatants were aspirated and discarded from each tube. 

 Each bead pellet was resuspended with 300 µL wash buffer. 

 The sample tubes were then acquired on the fluorescence activated cells sorter, BD 

FACSAria™ III. 

 

Prior to flow cytometry acquisition, instrument setup was performed using the 

Cytometer setup beads. This was done by adding 100 µL of cytometer setup beads to a 12 × 

75-mm sample acquisition tube with 400 µL of wash buffer. The tube was then vortexed to 

gently mix the contents. The tube was acquired on the fluorescence activated cells sorter, 

BD FACSAria™ III in order to adjust photomultiplier tube (PMT) settings in preparation 

for running the BD CBA assay using BD FACSDiva software. 

 

F. Flow cytometric analysis 

All samples were acquired on a fluorescence activated cells sorter, BD FACSAria™ III 

after setting the PMT voltages of the Forward and Side Scatter in addition to the voltages of 
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each conjugated fluorochrome. The parameters were collected as logarithmic signals. In 

total 10 000 events were measured from each sample. 

The obtained data was analyzed using FlowJo software (TreeStar Inc., Ashland, OR, USA). 

 

G. Cytomeric bead array analysis 

The obtained CBA data was analyzed using the FCAP Array™ Software.  

 

H. Statistical analysis 

Whenever applicable, data were presented as means ± standard deviations. Data was 

normalized and statistical differences in the results were determined by a two-tailed paired 

Student’s t-test using Graphpad Prism 5.0 statistical software (Graphpad Software Inc, La 

Jolla, CA, USA). P values <0.05 were considered statistically significant.  
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CHAPTER IV 

RESULTS 

 

A. Flow cytometry 

 

1. Gating strategy 

Sequential gating was done in order to analyze the stained cells. In all flow cytometric 

analyses, dead cells were first excluded from the gate on the basis of the Live/Dead stain kit 

by gating on the live cells which are more dimly stained than the dead cells (Figure 1A). 

Then, T cells were gated based on forward scatter (FSC-A) related to size, and side scatter 

(SSC-A) related to granularity in order to exclude any cellular debris from the gating 

(Figure 1B). Finally, cells were analyzed depending on the fluorochromes in question 

(Figure 1C). 

 

2. Effect of Vitamin D on the viability of cells 

Naïve CD4
+
 T helper cells (96% purity after isolation from PBMCs) were cultured in Th17 

polarizing conditions in the absence or presence of 1α,25-Dihydroxyvitamin D3 (10nM) for 

6 days. On the 6
th

 day of culture, the percentages of live cells were assessed by the 

Live/Dead stain kit. Vitamin D increased the viability of the cells by 69%, going from 

46.7% live cells in the absence of vitamin D to 78.9% in the presence of vitamin D (Figure 

2). 
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3. Effect of different doses of Vitamin D on the frequency of IL-17-producing cells 

Naïve CD4
+
 T helper cells were cultured in Th17 polarizing conditions in the absence or 

presence of different concentrations of 1α,25-Dihydroxyvitamin D3 (1 nM, 10 nM, 100 

nM). On the 6
th

 day of culture, cells were restimulated with PMA/ionomycin in the 

presence of Brefeldin A and stained to detect intracellular Interleukin-17.  

The frequency of IL-17-producing CD4
+
 T cells decreased from 8.36% in the absence 

of vitamin D to 6.76%, 2.32% and 2.42% in the presence of 1 nM, 10 nM, 100 nM vitamin 

D respectively. The maximal decrease of 72.3% in IL-17 producing cells was obtained with 

10 nM vitamin D. Therefore, for the subsequent experiments vitamin D was used at a 10 

nM concentration to ensure the best effect of vitamin D with the lowest concentration 

(Figure 4). The mean fluorescence intensity (MFI) of IL-17 was also reduced by 65%, 

decreasing from 409 to 143 (Figure 5). 

The specificity of the stain was confirmed by the use of several negative controls 

(Figure 3). 

 

4. Effect of Vitamin D on the phenotype of Th17 cells 

Naïve CD4
+
 T helper cells were cultured in Th17 polarizing conditions in the absence or 

presence of 1α,25-Dihydroxyvitamin D3 (10nM). On the 6
th

 day of culture, cells were 

restimulated with PMA/ionomycin in the presence of Brefeldin A and stained with different 

fluorochromes. 
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a. Pro-inflammatory phenotype 

The frequency of total IFNγ-producing CD4
+ 

T cells was decreased by 47% in the presence 

of vitamin D (Figure 6). Similarly, the frequency of total TNFα-producing CD4
+ 

T cells 

was reduced by 64% when vitamin D was added to culture (Figure 8). When IL-17
+
IFNγ

+
 

T cells and IL-17
+
TNFα

+
 T cells were analyzed, the frequency of both subsets were found 

to be decreased by 85% and 92%, respectively, in the presence of vitamin D (Figure 7 and 

Figure 9). Moreover, when looking into high expression of the surface marker CD25 

(CD4+CD25
hi

 associated with regulatory functions) within the gated IL-17
+
TNFα

+
 Th17 

cells, vitamin D showed a 4-fold increase in the percentages of CD25
hi

 Th17 (Figure 10). 

Vitamin D also reduced the expression of extracellular markers usually found on 

the surface of Th17 cells. It decreased the frequency of total CCR6
+
 CD4

+
 T cells by 59% 

in addition to decreasing the percentage of CCR6
+
 cells within the Th17 cell subsets which 

was reduced by 46% in the presence of vitamin D (Figure 11 and Figure 12). The frequency 

of total CD161
+
 CD4

+
 T cells was also decreased by 42% in the presence of vitamin D 

(Figure 13). As for the frequency of total CCR4
+
 CD4

+
 T cells, it remained unchanged 

when cells were exposed to vitamin D. However, its mean fluorescence intensity was 

reduced by 24% (Figure 14). 

The mean fluorescence intensity of the transcription factor RORγt was decreased 

by 41% in the presence of vitamin D (Figure 15). Accordingly, the frequency of RORγt
+ 

IL-17
+ 

double positive cells was inhibited by 79% (Figure 16). 
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b. Non-pathogenic phenotype 

Vitamin D increased both the percentage of total Foxp3
+ 

cells by 2.2 folds and the mean 

fluorescence intensity of Foxp3 by 1.7 folds (Figure 17 and Figure 18). The frequency of 

cells expressing high levels of CD25 (CD25
hi

) was increased by 2 folds in the presence of 

vitamin D (Figure 19). Consistently, vitamin D increased the frequency of total 

Foxp3
+
CD25

hi
 cells by 1.8 folds (Figure 20). 

 Foxp3
+
CD25

hi 
cells were also analyzed after gating on Th17 cells. A 4.4-fold 

increase was found in the frequency of Foxp3
+
CD25

hi 
Th17 cells in the presence of vitamin 

D (Figure 21).  

Finally, vitamin D slightly increased the total percentage of IL-10 producing CD4
+
 

T cells by 1.3 folds (Figure 22). 

 

B. Enzyme-Linked Immunosorbant Assay (ELISA)  

Naïve CD4+ T helper cells were cultured in Th17 polarizing conditions in the absence or 

presence of 1α,25-Dihydroxyvitamin D3 (10nM). On the 6
th

 day, culture supernatants were 

obtained from 5 donors to measure the cumulative production of IL-17A in both conditions. 

The data was normalized in order to calculate statistical significance because the 

initial production of IL-17A by cultured cells differed from one donor to the other (Table 2, 

Figure 23A). Levels of IL-17A secreted in culture supernatants significantly decreased 

(p<0.0001) in the presence of vitamin D compared to cells put in Th17 polarizing 

conditions alone (Table 3, Figure 23B).  
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C. Cytometric Bead Array (CBA) 

Naïve CD4+ T helper cells were cultured in Th17 polarizing conditions in the absence or 

presence of 1α,25-Dihydroxyvitamin D3 (10nM). On the 6
th

 day, culture supernatants were 

obtained from 3 donors to measure the cumulative production of IL-17, IFN-γ, TNFα, IL-6, 

IL-2, IL-4 and IL-10 in both conditions.  

The data was normalized in order to calculate statistical significance because the 

initial production of all cytokines by cultured cells differed from one donor to the other 

(Tables 4 and 5). Levels of IL-17A significantly decreased (p<0.05) in the presence of 

vitamin D compared to cells put in Th17 polarizing conditions alone (Figure 25). Similarly, 

Vitamin D significantly decreased the levels of IFN-γ and TNFα (p<0.01) (Figures 24 and 

25). The levels of IL-6 remained unchanged in the presence of vitamin D (Figure 27). 

However, levels of IL-2 slightly increased even though this was not statistically significant 

(Figure 28). Levels of IL-4 significantly increased (p<0.05) in the presence of vitamin D 

(Figure 29) whereas levels of IL-10 slightly decreased with a very high standard deviation 

and thus, no statistical relevance (Figure 30). 
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Table 1: Protocol followed to study the effect of Vitamin D on the differentiation of Th17 

cells. 

 

  
Donor 

samples 

PBMC isolation by Ficoll-

Isopaque density gradient 

centrifugation 

Naïve CD4+ T cells isolation 

by magnetic microbead 

negative selection 

Cells put in culture in Th17 

polarizing conditions in the 

presence or absence of 

Vitamin D 

rIL-23, rIL-6, rIL-1β, rTGFβ, 

rIL-2 

rIL-23, rIL-6, rIL-1β, rTGFβ, 

rIL-2 + Vitamin D (10 nM) 

 

Day 6: 

Restimulation of 

cells with PMA, 

Ionomycin and 

Brefeldin A 

Staining of cells by different 

fluorochromes and flow 

cytometry 

Cytometric Bead array on 

culture supernatants (IL-17A, 

IFNγ, TNFα, IL-6, IL-2, IL-4, IL-

10) 

ELISA on culture 

supernatants (IL-17A) 
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Table 2: Concentrations of IL-17A (pg/mL) in culture supernatants obtained by ELISA, in 

the absence or presence of Vitamin D. 

 

 

  

 

Table 3: Normalized data of IL-17A concentrations in culture supernatants obtained by 

ELISA, in the absence or presence of Vitamin D. Data is representative of 5 different 

donors and is presented as means ± SD. 

 

 Th17 polarizing conditions Th17 polarizing conditions 

+VitD (10 nM) 

Donor 1 279.05 

± 19.19 

 

35.86 

± 6.82 

 

Donor 2 261.02 

± 15.90 

16.33 

± 3.45 

 

Donor 3 60.75 

± 6.69 

16.63 

± 3.54 

Donor 4 59.05 

± 1.26 

7.40 

± 0.084 

 

Donor 5 18.25 

± 0.13 

6.15 

± 0.17 

 

 Th17 polarizing conditions Th17 polarizing conditions 

+VitD (10 nM) 

IL-17A 100 

 

18.54 

± 11.48 
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Table 4: Concentrations of IL-17A, IFNγ, TNFα, IL-6, IL-2, IL-4, IL-10 (pg/mL) in 

culture supernatants obtained by CBA, in the absence or presence of Vitamin D.  

 

 

  

  Th17 polarizing conditions Th17 polarizing conditions 

+VitD (10 nM) 

IL-17A Donor 1 16.63 4.27 

Donor 2 60.15 19.39 

Donor 3 445.87 10.11 

IFNγ Donor 1 28.13 8.79 

Donor 2 431.49 68.86 

Donor 3 59.5 4.19 

TNFα Donor 1 410.91 113.26 

Donor 2 1219.65 119.34 

Donor 3 46.49 13.48 

IL-6 Donor 1 17508.04 17120.89 

Donor 2 12968.54 13258.41 

Donor 3 13258 12685.25 

IL-2 Donor 1 1654.18 1588.92 

Donor 2 3036.44 4300.25 

Donor 3 1063.64 2194.23 

IL-4 Donor 1 0.28 0.6 

Donor 2 0.64 1.82 

Donor 3 0.31 0.83 

IL-10 Donor 1 92.47 79.79 

Donor 2 107.03 121.22 

Donor 3 182.69 21.77 
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Table 5: Normalized data of IL-17A, IFNγ, TNFα, IL-6, IL-2, IL-4, IL-10 concentrations 

in culture supernatants obtained by CBA, in the absence or presence of Vitamin D. Data  is 

representative of 3 different donors and is presented as means ± SD. 

 

 

 

 

 

 

 

 Th17 polarizing conditions Th17 polarizing conditions 

+VitD (10 nM) 

IL-17A 100 

 
20.06 

±15.75 
 

IFNγ 100 18.08 

±12.24 
 

TNFα 100 22.11 

±10.70 
 

IL-6 100 98.57 

±3.35 
 

IL-2 100 147.99 

±55.40 
 

IL-4 100 255.47 

±36.62 
 

IL-10 100 70.49 

±52.49 
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(A)    Live cells  (B)    T Cells 

 

 (C)    IL-17
+
 Cells 

 

Figure 1: Gating strategy for flow cytometry analysis of Interleukin-17
+
 (IL-17

+
) cells. 

Sequential gating is shown from A to C. (A) Dead cells were excluded from the analysis on 

the basis of the Live/Dead stain kit. Gating was done on the live cells which are dimly 

stained. (B) Gating of cells based on forward scatter (FSC-A) related to size, and side 

scatter (SSC-A) related to granularity. (C) Gating on IL-17
+
 cells. 
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(A)    Th17 cells                                      (B)    Th17 cells + VitD (10 nM) 

 

Figure 2: Percentages of live CD4
+
 T cells in the absence or presence of Vitamin D. Naïve 

CD4+ T helper cells were put in culture in Th17 polarizing conditions in the absence (A) or 

presence of 1α,25-Dihydroxyvitamin D3 (10nM) (B) for 6 days. The percentages of live 

cells were assessed by gating on the dimly stained cells. The dot plots of live cells are 

shown above. Data is representative of 10 independent experiments. 

 

 

 

  



56 
 

 

    (A)    Unstained negative control                   (B)    Ligand blocking control 

 

Figure 3: Negative controls to confirm the specificity of the fluorochromes used. The 

controls include an unstained negative control for cells cultured in Th17 polarizing 

conditions (A) or a ligand blocking control performed on polarized cells (B). 

Representative data for the specificity of the anti-IL17A-Alexa Fluor 647 stain is shown. 
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(A)    Th17 cells                                              (B)    Th17 cells + VitD3 (1 nM) 

 

   

(C)    Th17 cells + VitD3 (10 nM)                  (D)    Th17 cells + VitD3 (100 nM) 

 

  

Figure 4: Percentages of IL-17A
+
 CD4

+
 T cells in the absence or presence of different 

Vitamin D concentrations. Naïve CD4+ T helper cells were cultured in Th17 polarizing 

conditions in the absence (A) or presence of different 1α,25-Dihydroxyvitamin D3 

concentrations of 1 nM (B), 10 nM (C), 100 nM (D). The percentages of IL-17-producing 

CD4
+
 T were assessed by flow cytometry. The dot plots of IL-17

+
 cells are shown. 

IL-17A 

IL-17A 
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Figure 5: Mean fluorescence intensity (MFI) of IL-17A in the absence or presence of 

Vitamin D. Naïve CD4+ T helper cells were put in culture in Th17 polarizing conditions in 

the absence (red) or presence of 1α,25-Dihydroxyvitamin D3 (10 nM) (blue) for 6 days. IL-

17 MFI is shown for both conditions. The unstained negative control is shown as well 

(orange). Data is representative of 15 independent experiments. 

  

IL-17A 

MFI: 143 

MFI: 409 



59 
 

    

  (A)    Th17 cells                                             (B)    Th17 cells + VitD3 (10 nM) 

 

     IFNγ 

 

Figure 6: Percentages of IFNγ
+
 CD4

+
 T cells in the absence or presence of Vitamin D. 

Naïve CD4+ T helper cells were put in culture in Th17 polarizing conditions in the absence 

(A) or presence of 1α,25-Dihydroxyvitamin D3 (10 nM) (B) for 6 days. The percentages of 

IFNγ-producing CD4
+
 T cells on were assessed by flow cytometry. The dot plots of IFNγ

+
 

cells are shown. Data is representative of 4 independent experiments. 
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 (A)    Th17 cells                                             (B)    Th17 cells + VitD3 (10 nM) 

 

      

 

Figure 7: Percentages of IL-17A
+
IFNγ

+
 CD4

+
 T cells in the absence or presence of 

Vitamin D. Naïve CD4+ T helper cells were put in culture in Th17 polarizing conditions in 

the absence (A) or presence of 1α,25-Dihydroxyvitamin D3 (10 nM) (B) for 6 days. The 

percentages of IFNγ and IL-17A double-producing CD4
+
 T cells were assessed by flow 

cytometry. The dot plots of IL-17A
+
IFNγ

+
 cells are shown. Data is representative of 4 

independent experiments. 
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 (A)    Th17 cells                                             (B)    Th17 cells + VitD3 (10 nM) 

 

 

 

Figure 8: Percentages of TNFα
+
 CD4

+
 T cells in the absence or presence of Vitamin D. 

Naïve CD4+ T helper cells were put in culture in Th17 polarizing conditions in the absence 

(A) or presence of 1α,25-Dihydroxyvitamin D3 (10 nM) (B) for 6 days. The percentages of 

TNFα-producing CD4
+
 T cells were assessed by flow cytometry. The dot plots of TNFα

+
 

cells are shown. Data is representative of 3 independent experiments. 

 

  

TNFα 
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 (A)    Th17 cells                                             (B)    Th17 cells + VitD3 (10 nM) 

 

 

Figure 9: Percentages of IL-17A
+
TNFα

+
 CD4

+
 T cells in the absence or presence of 

Vitamin D. Naïve CD4+ T helper cells were put in culture in Th17 polarizing conditions in 

the absence (A) or presence of 1α,25-Dihydroxyvitamin D3 (10 nM) (B) for 6 days. The 

percentages of TNFα and IL-17A double-producing CD4
+
 T cells were assessed by flow 

cytometry. The dot plots of IL-17A
+
 TNFα

+
 cells are shown. Data is representative of 3 

independent experiments. 

 

  

TNFα 
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 (A)    Th17 cells                                             (B)    Th17 cells + VitD3 (10 nM) 

 

 

 

Figure 10: Percentages of CD25
hi

 Th17 cells in the absence or presence of Vitamin D. 

Naïve CD4+ T helper cells were put in culture in Th17 polarizing conditions in the absence 

(A) or presence of 1α,25-Dihydroxyvitamin D3 (10 nM) (B) for 6 days. The percentages of 

highly positive CD25 cells (CD25
hi

) within IL-17A
+
 TNFα

+
 gated cells were assessed by 

flow cytometry. The zebra plots of CD25
hi

 cells in the IL-17A
+
 TNFα

+
 Th17 cells are 

shown. Data is representative of 2 independent experiments. 

  

CD25 
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 (A)    Th17 cells                                             (B)    Th17 cells + VitD3 (10 nM) 

 

 

 

Figure 11: Percentages of CCR6
+
 CD4

+
 T cells in the absence or presence of Vitamin D. 

Naïve CD4+ T helper cells were put in culture in Th17 polarizing conditions in the absence 

(A) or presence of 1α,25-Dihydroxyvitamin D3 (10 nM) (B) for 6 days. The percentages of 

the chemokine receptor CCR6
+
 T cells were assessed by flow cytometry. The dot plots of 

CCR6
+
 cells are shown.  

 

  

CCR6 
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 (A)    Th17 cells                                             (B)    Th17 cells + VitD3 (10 nM) 

 

 

 

Figure 12: Percentages of CCR6
+
 Th17 cells in the absence or presence of Vitamin D. 

Naïve CD4+ T helper cells were put in culture in Th17 polarizing conditions in the absence 

(A) or presence of 1α,25-Dihydroxyvitamin D3 (10 nM) (B) for 6 days. The percentages of 

CCR6
+
 cells within IL-17A

+
 gated cells were assessed by flow cytometry. The zebra plots 

of CCR6
+
 Th17 cells are shown. 

  

CCR6 
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 (A)    Th17 cells                                             (B)    Th17 cells + VitD3 (10 nM) 

 

 

 

Figure 13: Percentages of CD161
+
 CD4

+
 T cells in the absence or presence of Vitamin D. 

Naïve CD4+ T helper cells were put in culture in Th17 polarizing conditions in the absence 

(A) or presence of 1α,25-Dihydroxyvitamin D3 (10 nM) (B) for 6 days. The percentages of 

the surface marker CD161
+
 T cells were assessed by flow cytometry. The dot plots of 

CD161
+
 cells are shown.  

 

CD161 
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Figure 14: Mean fluorescence intensity (MFI) of CCR4 in the absence or presence of 

Vitamin D. Naïve CD4+ T helper cells were put in culture in Th17 polarizing conditions in 

the absence (red) or presence of 1α,25-Dihydroxyvitamin D3 (10 nM) (blue) for 6 days. 

The chemokine receptor CCR4 MFI is shown for both conditions. The unstained negative 

control is shown as well (orange). 

  

CCR4 
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Figure 15: Mean fluorescence intensity (MFI) of RORγt in the absence or presence of 

Vitamin D. Naïve CD4+ T helper cells were put in culture in Th17 polarizing conditions in 

the absence (red) or presence of 1α,25-Dihydroxyvitamin D3 (10 nM) (blue) for 6 days. 

The transcription factor RORγt MFI is shown for both conditions. The unstained negative 

control is shown as well (orange). 
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 (A)    Th17 cells                                             (B)    Th17 cells + VitD3 (10 nM) 

  

 

 

Figure 16: Percentages of IL-17A
+
 RORγt

+
 CD4

+
 T cells in the absence or presence of 

Vitamin D. Naïve CD4+ T helper cells were put in culture in Th17 polarizing conditions in 

the absence (A) or presence of 1α,25-Dihydroxyvitamin D3 (10 nM) (B) for 6 days. The 

percentages of RORγt
+
 and IL-17-producing cells were assessed by flow cytometry. The 

zebra plots of IL-17A
+
 RORγt

+
 double positive cells are shown. 
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 (A)    Th17 cells                                             (B)    Th17 cells + VitD3 (10 nM) 

 

 

 

Figure 17: Percentages of Foxp3
+
 CD4

+
 T cells in the absence or presence of Vitamin D. 

Naïve CD4+ T helper cells were put in culture in Th17 polarizing conditions in the absence 

(A) or presence of 1α,25-Dihydroxyvitamin D3 (10 nM) (B) for 6 days. The percentages of 

the transcription factor Foxp3
+
 T cells were assessed by flow cytometry. The dot plots of 

Foxp3
+
 cells are shown. Data is representative of 3 independent experiments. 

 

  

Foxp3 
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Figure 18: Mean fluorescence intensity (MFI) of Foxp3 in the absence or presence of 

Vitamin D. Naïve CD4+ T helper cells were put in culture in Th17 polarizing conditions in 

the absence (red) or presence of 1α,25-Dihydroxyvitamin D3 (10 nM) (blue) for 6 days. 

The transcription factor Foxp3 MFI is shown for both conditions. The unstained negative 

control is shown as well (orange). Data is representative of 3 independent experiments. 
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 (A)    Th17 cells                                             (B)    Th17 cells + VitD3 (10 nM) 

 

 

 

Figure 19: Percentages of CD25
hi

 CD4
+
 T cells in the absence or presence of Vitamin D. 

Naïve CD4+ T helper cells were put in culture in Th17 polarizing conditions in the absence 

(A) or presence of 1α,25-Dihydroxyvitamin D3 (10 nM) (B) for 6 days. The percentages of 

highly positive CD25 cells (CD25
hi

) were assessed by flow cytometry. The zebra plots of 

CD25
hi

 cells are shown. Data is representative of 2 independent experiments. 

 

  

CD25 
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 (A)    Th17 cells                                             (B)    Th17 cells + VitD3 (10 nM) 

 

 

 

Figure 20: Percentages of Foxp3
+
CD25

hi
 CD4

+
 T cells in the absence or presence of 

Vitamin D. Naïve CD4+ T helper cells were put in culture in Th17 polarizing conditions in 

the absence (A) or presence of 1α,25-Dihydroxyvitamin D3 (10 nM) (B) for 6 days. The 

percentages of Foxp3
+
CD25

hi
 were assessed by flow cytometry. The dot plots of 

Foxp3
+
CD25

hi
 cells are shown. Data is representative of 2 independent experiments. 
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 (A)    Th17 cells                                             (B)    Th17 cells + VitD3 (10 nM) 

 

 

 

Figure 21: Percentages of Foxp3
+
CD25

hi
 Th17 cells in the absence or presence of Vitamin 

D. Naïve CD4+ T helper cells were put in culture in Th17 polarizing conditions in the 

absence (A) or presence of 1α,25-Dihydroxyvitamin D3 (10 nM) (B) for 6 days. The 

percentages of Foxp3
+
CD25

hi
 within IL-17A

+
 gated cells were assessed by flow cytometry. 

The dot plots of Foxp3
+
CD25

hi
 Th17 cells are shown. Data is representative of 2 

independent experiments. 
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 (A)    Th17 cells                                             (B)    Th17 cells + VitD3 (10 nM) 

 

 

 

Figure 22: Percentages of IL-10
+
 CD4

+
 T cells in the absence or presence of Vitamin D. 

Naïve CD4+ T helper cells were put in culture in Th17 polarizing conditions in the absence 

(A) or presence of 1α,25-Dihydroxyvitamin D3 (10 nM) (B) for 6 days. The percentages of 

IL-10-producing CD4
+
 T cells on were assessed by flow cytometry. The dot plots of IL-10

+
 

cells are shown. Data is representative of 2 independent experiments. 
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Figure 23: Concentrations of IL-17A (pg/mL) in culture supernatants in the absence or 

presence of Vitamin D. (A) ELISA of IL-17A production in culture supernatants of 5 

different donors. (B) Normalized data of IL-17A production in culture supernatants. Data is 

representative of 5 independent donors and is expressed as means ± SD. ****, P < 0.0001 

by paired Student’s t test. 
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Figure 24: Normalized data of cumulative IL-17A production in culture supernatants in the 

absence or presence of Vitamin D. Naïve CD4+ T helper cells were put in culture in Th17 

polarizing conditions in the absence or presence of 1α,25-Dihydroxyvitamin D3 (10 nM) 

for 6 days. The concentrations of IL-17A in culture supernatants were measured by CBA. 

Data is representative of 3 independent donors and is expressed as means ± SD. *, P < 0.05 

by paired Student’s t test. 
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Figure 25: Normalized data of cumulative IFNγ production in culture supernatants in the 

absence or presence of Vitamin D. The concentrations of IFNγ in culture supernatants were 

measured by CBA. Data is representative of 3 independent donors and is expressed as 

means ± SD. **, P <0.01 by paired Student’s t test. 

 

 

 

 

 

 

 

 

 

 

Figure 26: Normalized data of cumulative TNFα production in culture supernatants in the 

absence or presence of Vitamin D. The concentrations of TNFα in culture supernatants 

were measured by CBA. Data is representative of 3 independent donors and is expressed as 

means ± SD. **, P <0.01 by paired Student’s t test. 
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Figure 27: Normalized data of cumulative IL-6 production in culture supernatants in the 

absence or presence of Vitamin D. The concentrations of IL-6 in culture supernatants were 

measured by CBA. Data is representative of 3 independent donors and is expressed as 

means ± SD. 

 

 

 

 

 

 

 

 

 

 

Figure 28: Normalized data of cumulative IL-2 production in culture supernatants in the 

absence or presence of Vitamin D. The concentrations of IL-2 in culture supernatants were 

measured by CBA. Data is representative of 3 independent donors and is expressed as 

means ± SD. 
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Figure 29: Normalized data of cumulative IL-4 production in culture supernatants in the 

absence or presence of Vitamin D. The concentrations of IL-4 in culture supernatants were 

measured by CBA. Data is representative of 3 independent donors and is expressed as 

means ± SD. *, P < 0.05 by paired Student’s t test. 

 

 

 

 

 

 

 

 

 

 

Figure 30: Normalized data of cumulative IL-10 production in culture supernatants in the 

absence or presence of Vitamin D. The concentrations of IL-4 in culture supernatants were 

measured by CBA. Data is representative of 3 independent donors and is expressed as 

means ± SD. 
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CHAPTER V 

DISCUSSION 

 

Pathogenic Th17 cells play a central role in the development of multiple sclerosis. 

High levels of Th17 cells are found in the peripheral blood and central nervous system of 

multiple sclerosis patients, hence the importance of targeting this particular subtype in 

treatment strategies for MS (63, 65). 

So far, studies conducted by Boonstra et al. (84), Reichel et al. (85) and Gorman et 

al. (86) have shown the negative effect of vitamin D on Th1 responses and its positive 

effect on Th2 cell responses and regulatory T-cells respectively. Furthermore, vitamin D 

has already demonstrated immune-modulating abilities in-vivo on Th17 responses in animal 

models of MS such as EAE (70) in addition to its indirect negative effect on Th17 cells ex-

vivo through antigen presenting cells (APCs) (81). However, its direct effect on human 

Th17 cells and on the differentiation of naïve CD4
+
 T cells into Th17 cells ex-vivo has yet 

to be fully addressed. The aim of this study was to investigate the effect of 1,25-

dihydroxyvitamin D3 on the differentiation of Th17 cells and to further characterize the 

phenotype of this cell type after its exposure to vitamin D. 

When naïve CD4
+
 T cells were put in Th17 polarizing conditions for 6 days, 

vitamin D increased the overall viability of cells that were restimulated with 

PMA/ionomycin prior to flow cytometric staining. This could be explained by the fact that 

vitamin D inhibits activation-induced cell death (AICD) by negatively regulating the 

expression of Fas ligand (FasL) on T cells as reported in a study conducted by Cippitelli et 
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al. (87). FasL is part of the Fas/FasL system that usually mediates AICD that could be 

caused by the PMA restimulation. However, the effect of vitamin D on the viability of 

naïve CD4
+
 T cells needs to be investigated further by studying possible cell death 

pathways, but this was beyond the scope of this thesis. 

When naïve CD4
+
 T cells were cultured in Th17 polarizing conditions for 6 days, 

the combination of cytokines used (IL-6, TGFβ, IL-1β and IL-23) induced their 

differentiation into pathogenic Th17 cells. However, when vitamin D was present in the 

culture media, it decreased the frequency of IL-17 producing CD4
+
 T cells in a dose 

dependent manner with maximal inhibition obtained at 10 nM. This is consistent with 

studies reported by Tian et al. (81) and Ikeda et al. (82). 

After confirming the inhibitory effect of vitamin D on Th17 cells’ differentiation, 

we investigated its effect on the phenotype of Th17 cells. In fact, vitamin D significantly 

reduced both total IFNγ
+ 

and IL-17
+
 IFNγ

+ 
double positive cells, in addition to significantly 

reducing total TNFα
+
 cells and IL-17

+ 
TNFα

+
 double positive cells. IFNγ and TNFα are 

pro-inflammatory cytokines associated with “alternative” Th17 cells and are both essential 

in the pathogenicity of Th17 cells in multiple sclerosis (22, 25). The decrease in the 

frequency of these subsets suggests that vitamin D could modulate the phenotype of Th17 

cells rendering it less pro-inflammatory in autoimmune diseases. This could control 

inflammation in MS. The reduction of IFNγ
+
 cells by vitamin D has been described by Tian 

et al. (81), but the decrease of TNFα
+
 cells put in Th17 polarizing conditions by vitamin D 

was not reported in previous studies making it an interesting characteristic that should be 

further explored. 
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To further explore the effect of vitamin D on Th17 phenotype, surface markers 

associated with Th17 cells were also studied. The chemokine receptor CCR6 and surface 

marker CD161 were both significantly reduced in the presence of vitamin D. As for the 

chemokine receptor CCR4, its frequency remained the same however vitamin D decreased 

its overall expression and fluorescence intensity on Th17 cells. CCR6 and CCR4 are 

responsible of Th17 cell trafficking to the central nervous system (18). Their decrease by 

vitamin D could make the cells less prone to migrate to the CNS and breach the blood brain 

barrier. This finding was supported by a study done by Tian et al. (81) where cells cultured 

in the presence of vitamin D showed a decrease in the relative expression of CCR6 mRNA. 

CD161’s biological function is still not very clear but it has been reported as a reliable 

marker for Th17 cells and its decrease further confirms vitamin D’s suppressive effect on 

Th17 cells (17). No studies examining the effect of vitamin D on CCR4 and CD161’s 

expression by naïve T cells put in Th17 conditions have been reported. These data suggest 

that vitamin D may inhibit Th17 cell chemotaxis, but would need to be confirmed by a 

chemotaxis assay. 

RORγt, the master transcription factor for Th17 cells, was significantly reduced by 

vitamin D. In fact, its fluorescence intensity was decreased, and the frequency of RORγt
+
 

IL-17
+ 

double positive cells was decreased as well. Tian et al. (81) reported a decrease in 

the mRNA expression of RORγt by vitamin D suggesting that vitamin D may have a direct 

effect on Th17 cells’ transcription and differentiation. 

It is important to note that all of these described markers are reportedly highly 

expressed on memory Th17 cells rather than naïve CD4
+
 T cells polarized ex-vivo (88). 

This could explain why their percentages were relatively low by flow cytometric analysis 
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even though vitamin D still exerted a clear negative effect on their frequencies and 

expression. 

Th17 cells have a very tight relationship with regulatory T cells. It was interesting 

to see if vitamin D was able to shift the balance from pro-inflammatory Th17 cells to a 

more regulatory phenotype. In fact, vitamin D not only increased the frequency of total 

Foxp3
+
 cells but it also increased its mean fluorescence intensity. Similarly, vitamin D 

increased the frequency of total CD25
high

 cells. CD25 expression alone is not an indicator 

of regulatory function; it is rather an activation marker since it is expressed on all activated 

CD4
+
 T cells. However, when expressed at high levels it is associated with regulatory 

phenotype (89). This was the case of cells put in Th17 conditions in the presence of vitamin 

D. The total frequency of Foxp3
+
CD25

hi
 T cells was also enhanced by vitamin D. A study 

conducted by Joshi et al. (83) showed that vitamin D supplementation in mice immunized 

with myelin antigen increased the frequency of CD25
+
Foxp3

+
 cells. Another study done by 

Baeke et al. (89) reported that vitamin D analogs were able to promote the expression of 

CD4
+
CD25

high
 in regulatory T cells, but this should be further investigated for cells put in 

Th17 polarizing conditions. 

Foxp3 and RORγt have been reported to physically bind to each other and 

neutralize each other’s functions. This could explain the decrease in RORγt that was 

encountered with an increase of Foxp3 expression (14). 

As previously mentioned, vitamin D reduced the differentiation of Th17 cells but 

it did not inhibit it completely. When looking into the phenotype of the remaining Th17 

cells present, vitamin D showed an increase in the frequency of Foxp3
+
CD25

hi
 Th17 cells 

compared to Foxp3
+
CD25

hi
 Th17 cells without vitamin D exposure. These results, along 
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with the fact that vitamin D enhanced the frequency of IL10-producing CD4
+
 T cells 

(consistent with a study done by Palmer et al. (80)), suggest that vitamin D reduces the 

differentiation of naïve CD4
+
 T cells into Th17 cells, but also shifts the balance towards a 

more regulatory phenotype. 

The results described here are suggestive for increase on regulatory function but 

will need to be supplemented with functional assays (e.g. suppression assay) to demonstrate 

increased regulatory activity. 

In addition to analyzing the frequency and phenotype of Th17 cells, we measured 

the secretion of different cytokines during the 6 days in culture. Flow cytometry is used to 

measure intracytoplasmic cytokines at a certain time point after restimulation with 

PMA/ionomycin but it does not show the cumulative effect of vitamin D on the production 

of cytokines. Therefore, it is considered a more qualitative method than a quantitative one. 

That is why ELISA and CBA were done on culture supernatants. 

Consistent with flow cytometry results, the pro-inflammatory cytokines secreted 

by Th17 cells IL-17, IFNγ and TNFα were all significantly decreased by vitamin D. 

Accordingly, vitamin D has been shown to decrease IL-17 and IFNγ in culture supernatants 

of cells put in Th17 polarizing conditions by Tian et al. (81) without any reports on its 

effect on TNFα. 

IL-6 production remained the same. Vitamin D has been shown to reduce the 

production of IL-6 by APCs but this effect has not been studied in naïve cells put in Th17 

polarizing conditions (90). One explanation could be that recombinant IL-6 is added to the 

media at high concentrations on the first day of culture in order to induce the differentiation 

of naïve CD4
+
 T cells into Th17 cells. That is why a change in its concentration could not 
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be observed. One way to overcome this issue is to analyze the mRNA IL-6 expression in 

the absence or presence of vitamin D rather than looking at culture supernatants. 

The secretion of the anti-inflammatory cytokine IL-4 was increased by vitamin D. 

The result seems promising since the cells in culture might be shifted by vitamin D towards 

a Th2 phenotype. Moreover, this increase has not been previously described for cells put in 

Th17 conditions. However, the concentrations found in the culture supernatants were still 

extremely low, even after exposure to vitamin D. 

Vitamin D had mixed effects on both IL-2 and IL-10 depending on the donor. 

Some donors showed an increase in their production whereas others showed a decrease. IL-

2 is a growth factor and is related to cell survival rates (91). Moreover, just like IL-6, IL-2 

was added to culture media on the 3
rd

 day of culture. This could explain its slight increase, 

though not statistically significant. Studies done on cells put in Th1 polarizing conditions 

showed a decrease in IL-2 secretion but this has not been previously investigated in cells 

put in Th17 polarizing conditions (40). 

Vitamin D has shown positive effects on the production of IL-10 by Th17 cells in 

a study done by Joshi et al. (83). In this study, there was no statistical difference in the 

culture supernatants measured. This could be explained by the kinetics of the production of 

IL-10 by the cells. IL-10 reportedly peaks after 3 days of culture and then gradually 

declines (83). Our culture supernatants were taken after 6 days not 3, therefore the peak of 

IL-10 secretion could have been missed. However, it is important to note that the frequency 

of IL-10
+
 cells was shown to be increased by flow cytometry in the presence of vitamin D, 

indicating that cellular production of IL-10 is increased.  
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In order further investigate vitamin D’s effect on Il-2 and IL-10, these results 

should be repeated in a larger pool of donors.  

In conclusion, vitamin D has repeatedly shown a consistent immunomodulatory 

effect by targeting both T cells and other immune cells including APCs (76, 80). Its 

negative effect on Th17 cells’ differentiation along with shifting their balance to a 

regulatory phenotype, suggests that vitamin D could be implemented in preventive or 

therapeutic strategies for multiple sclerosis. 
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