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Abstract

Constitutively activated STAT1 and elevated IFN-γ are both characteristic of T cell large granular 

lymphocytic leukemia (T-LGLL), a rare incurable leukemia with clonal expansion of cytotoxic T 

cells due to defective apoptosis. Interferon gamma (IFN-γ) is an inflammatory cytokine that 

correlates with worse progression and symptomology in multiple autoimmune diseases and 

cancers. In canonical IFN-γ-STAT1 signaling, IFN-γ activates STAT1, a transcription factor, via 

phosphorylation of tyrosine residue 701 (p-STAT1). p-STAT1 then promotes transcription of IFN-

γ, creating a positive feedback loop. We previously found that calcitriol treatment of the TL-1 cell 

line, a model of T-LGLL, significantly decreased IFN-γ secretion and p-STAT1 while increasing 

the vitamin D receptor (VDR) protein. Here we further explore these observations. Using TL-1 

cells, IFN-γ decreased starting at 4 h following calcitriol treatment, with a reduction in the 

intracellular and secreted protein levels as well as the mRNA content. A similar reduction in IFN-

γ transcript levels was observed in primary T-LGLL patient peripheral blood mononuclear cells 

(PBMCs). p-STAT1 inhibition followed a similar temporal pattern and VDR upregulation 

inversely correlated with IFN-γ levels. Using EB1089 and 25(OH)D3, which have high or low 

affinity for VDR, respectively, we found that the decrease in IFN-γ correlated with the ability of 

EB1089, but not 25(OH)D3, to upregulate VDR. However, both compounds inhibited p-STAT1; 

thus the reduction of p-STAT1 is not solely responsible for IFN-γ inhibition. Conversely, cells 

treated with VDR siRNA exhibited decreased basal IFN-γ production upon VDR knockdown in a 

dose-dependent manner. Calcitriol treatment upregulated VDR and decreased IFN-γ regardless of 
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initial VDR knockdown efficiency, strengthening the connection between VDR upregulation and 

IFN-γ reduction. Our findings suggest multiple opportunities to further explore the clinical 

relevance of the vitamin D pathway and the potential role for vitamin D supplementation in T-

LGLL.

Keywords

vitamin D; STAT1; IFN-gamma; cytokines; transcription factors; large granular lymphocytic 
leukemia; vitamin D receptor; type II interferon

1. Introduction

T cell large granular lymphocytic leukemia (T-LGLL) is a rare incurable leukemia 

characterized by clonal expansion of CD8+ cytotoxic T cells resembling CD45RA+ terminal 

effector memory cells [1–4]. T-LGLL often co-occurs with inflammatory autoimmune 

diseases including rheumatoid arthritis [1]. T-LGLL is hypothesized to result from chronic 

antigen stimulation, leading to a constitutively activated subset of T cells with defective 

apoptosis [1]. Current treatment options utilize single agent immunosuppressants, such as 

methotrexate, cyclophosphamide, and cyclosporine A for management of symptoms [1]. 

Despite good clinical responses, T-LGLL is not cured by such an approach.

Current research efforts aim to develop treatments that target highly activated pathways in T-

LGLL. One such pathway is the Janus kinase-signal transducers and activators of 

transcription (JAK-STAT) pathway [5]. T-LGLL cells have constitutively activated STAT1 

and STAT3 [6] and T-LGLL patients have significantly elevated serum interferon gamma 

(IFN-γ) levels [7]. In canonical IFN-γ-STAT1 signaling, IFN-γ binds to the IFN-γ receptor 

[8–10]. The receptor then interacts with JAK1 and JAK2, causing phosphorylation of the 

receptor by the JAKs [8–10]. This allows recruitment and activation of STAT1 through 

phosphorylation at tyrosine residue 701 (Y701) [9, 11, 12]. Phosphorylated STAT1 

monomers then dimerize and move into the nucleus to transcribe STAT1 gene targets, 

including IFN-γ [8, 13]. Thus, IFN-γ activates STAT1 [10, 12, 14], which in turn promotes 

further production of IFN-γ [15–17] and creates a positive feedback loop.

IFN-γ, a type II interferon, plays an important role in proper immune function yet it also 

contributes to progression and worse symptomology in multiple cancers and autoimmune 

diseases [18–24]. Excessive IFN-γ production also negatively impacts normal peripheral 

blood mononuclear cells (PBMCs) by inhibiting proliferation, reducing antigen presentation, 

and inducing apoptosis [25–29]. In aplastic anemia, a disease that may co-occur with T-

LGLL [30], IFN-γ is directly involved in the disease development through inhibition of 

myeloid progenitors and lineage differentiation [24]. Therefore, the ability to turn off the 

production of IFN-γ and STAT1 activation is a therapeutic focus in several diseases, 

including T-LGLL.

Current JAK-STAT targeting agents exhibit considerable side effects and limited potency in 

clinical development for other diseases [31]. However, vitamin D, a steroid, has also been 

shown to act as a JAK-STAT pathway inhibitor in several cancers and autoimmune diseases 
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with relatively few side effects [32, 33]. Calcitriol, the hormonally active form of vitamin D, 

exerts effects through binding to the vitamin D receptor (VDR). This binding increases VDR 

protein levels and induces a VDR conformational change allowing VDR to modulate 

transcription of genes [34, 35]. Although vitamin D is easily obtained through fatty foods 

and ultraviolet radiation exposure, deficiency is rather common [36] and is linked to the 

development and severity of certain diseases [37]. Vitamin D supplementation often 

alleviates symptoms or inhibits pro-tumorigenic pathways [32, 33, 38–40]

Recently, we found that calcitriol treatment significantly decreased IFN-γ output of TL-1, a 

patient-derived cell line model of T-LGLL [41], as well as p-STAT1 levels in TL-1 cells and 

primary T-LGLL patient samples [42]. VDR was also significantly increased in TL-1 cells 

and primary T-LGLL cells following calcitriol treatment, with T-LGLL patient PBMCs 

exhibiting varying degrees of VDR protein levels [32]. We hypothesized that calcitriol 

decreased p-STAT1 levels, which caused decreased IFN-γ transcription. This, in turn, would 

decrease IFN-γ protein secretion and IFN-γ receptor activation as well as the associated 

STAT1 phosphorylation, essentially breaking the positive feedback loop. To explore this 

proposed mechanism in the current study, we utilized genetic and pharmacological 

manipulation of the vitamin D pathway in the TL-1 cell line. We then confirmed our findings 

in primary PBMCs isolated from patients with T-LGLL. We found that although IFN-γ and 

p-STAT1 were decreased in the same temporal manner, the proteins were regulated 

independently of each other, with IFN-γ reduction requiring VDR upregulation. 

Furthermore, basal VDR levels positively correlated with IFN-γ while calcitriol treatment 

reduced IFN-γ regardless of basal VDR levels. Taken together, these findings suggest that 

vitamin D supplementation or targeting VDR may serve as new therapeutic options for 

reducing IFN-γ production and STAT1 activation in T-LGLL.

2. Material and methods

2. 1. Human subjects

Primary patient PBMCs were isolated from confirmed T-LGLL patients. Criteria for 

inclusion encompassed expanded population of circulating T-LGL cells, 

immunophenotyping of cell surface markers, and T-LGL clonality [4]. Patients were 

excluded from this study on the basis of current immunosuppressant treatment or previous 

autoimmune disease diagnosis. Information regarding gender, age, T-LGLL cell purity at the 

time of diagnosis, and T cell receptor type can be found in Table 1. All specimens analyzed 

in this study were obtained from human subjects consented to the LGL Leukemia Registry at 

the University of Virginia (IRB-HSR#17000 “Large Granular Lymphocyte Leukemia 

Registry”) and studied under the University of Virginia IRB #17070 “Pathogenesis of Large 

Granular Lymphocyte Leukemia.” STAT3 mutational profiling was performed as previously 

described [42].

2.2. Reagents

Calcitriol (1,25-(OH)2 vitamin D3) was purchased from Cayman Chemical (Cat #71820) and 

used at 100 nM unless otherwise noted. Radioimmunoprecipitation assay buffer (RIPA) (Cat 

#R0278), protease and phosphatase inhibitor cocktails (Cat #P8340, Cat #P5726), and 
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cycloheximide (Cat #01810) were purchased from Sigma Aldrich. FBS was purchased from 

Seradigm (Cat# 97068-085). IL-2 was purchased from Miltenyi Biotec (Cat #130-097-743). 

Clarity enhanced chemiluminescence (ECL) reagent (Cat #170-5061) and PVDF membrane 

and filter paper (Cat #170-4274), were purchased from BioRad. RPMI 1640 (Cat #10-00-

CV) and Pierce bicinchoninic acid (BCA) protein assay kit (Cat #PI23225) were purchased 

from ThermoFisher Scientific. Polyacrylamide gels (4–12%; Cat #NW04125BOX) were 

purchased from Life Technologies. The 3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethozyphenyl)-2-(4-sulfonphenyl)-2H-tetrazolium (MTS) Cell Proliferation 

Colorimetric Assay Kit was purchased from BioVision (Cat #K300-2500). EB1089 was 

purchased from R&D Systems (Cat #3993). 25(OH)D3 was purchased from Cayman 

Chemical (Cat #9000683). ON-TARGETplus Pooled Human VDR siRNA (Cat 

#L-003448-00-0005) and ON-TARGETplus Control Non-Targeting Pool siRNA (Cat 

#D-001810-01-05) were purchased from Dharmacon.

2.3. Primary cells

PBMCs from T-LGLL patients were isolated by Ficoll-hypaque gradient separation as 

described previously [43]. Cell viability was determined by Trypan blue exclusion assay. 

Cells were maintained in RPMI 1640 supplemented with 10% FBS at 37°C, 5% CO2 at a 

density of 1 million cells/mL for 24 h with or without calcitriol. Protein was harvested using 

RIPA lysis buffer with protease and phosphatase inhibitor cocktails as described in the 

western blot section.

2.4. Cell culture

Media for all experiments was RPMI 1640 supplemented with 10% FBS. The TL-1 cell line, 

a model of T-LGLL, was previously derived from a T-LGLL patient by our laboratory and 

immortalized with the retroviral HTLV-2 tax gene [41]. This cell line was authenticated 

using short tandem repeat DNA profiling of both cell line and patient DNA (Genetica DNA 

laboratories). TL-1 cell medium was supplemented with IL-2 (Miltenyi Biotec, Cat 

#130-097-743) at 200U/mL and maintained at 37°C, 5% CO2. Cells were plated at a density 

of 1 million cells/mL for all experiments, unless indicated. Calcitriol, 25(OH)D3 and 

EB1089 were dissolved in 100% ethanol with the final percentage of ethanol in the media 

less than 0.1%. Cells were treated with varying doses of calcitriol, 25(OH)D3, and EB1089, 

then harvested, lysed, and protein extracted at the designated time points between 0 to 24 h.

2.5. Protein half-life determination

TL-1 cells were pre-treated with calcitriol or ethanol for 1 h prior to creating time 0 lysates 

or adding cycloheximide (10 μg/mL). Cells were then lysed to obtain protein at 0.25, 0.5, 1, 

2, 4, and 6 h following cycloheximide treatment. Viability was assessed using MTS at 6 h 

after cycloheximide treatment and was unchanged (data not shown).

2.6. VDR knockdown

VDR siRNA knockdown was performed using Invitrogen Neon Transfection System 100 μL 

Kit (Cat #MPK10096). TL-1 cells were plated at 2.5 million cells/mL and treated with 50 

nM, 100 nM, or 200 nM VDR siRNA or 50 nM scramble siRNA for 48 h. After 48 h, 
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protein was harvested from a subset of TL-1 cells from each condition to assess knockdown 

status and viability. The MTS Cell Proliferation Colorimetric Assay Kit was used to assess 

cell viability after 24 h of calcitriol treatment. The reaction was incubated at 37°C, 5% CO2 

for 1 h, and formazan product was detected on a plate reader (Cytation3 Imaging Reader) at 

492 nm. Data were normalized to the scramble treatment. All conditions were done in 

quadruplicate. The remaining TL-1 cells from each condition were then counted and re-

plated at 1 million cells/mL in fresh media and IL-2, in addition to calcitriol or ethanol 

vehicle for 24 h. Supernatant was harvested for cytokine analysis by Luminex (Millipore 

Sigma, Cat #HCYTOMAG-60K-06) and cells were lysed to obtain protein for western 

blotting.

2.7. RNA extraction and quantitative PCR

TL-1 cells were treated with calcitriol or vehicle control for 24 h. After 24 h, cells were 

harvested and lysed with Invitrogen TRIzol Reagent (Cat #15596018) at 350 μl per 4 million 

cells and stored at −80°C. RNA was isolated using Zymo Research Direct-zol MiniPrep kit 

(Cat #R2050) and quantified using Invitrogen Qubit RNA Broad Range Assay kit (Cat 

#Q10210) and Invitrogen Qubit 2.0 Fluorometer (Cat # Q32866). Clontech RNA to cDNA 

EcoDry Premix (Double Primed) (Cat #639548) was used to reverse transcribe the extracted 

RNA. BioRad iTaq Universal SYBR Green Supermix (Cat #1725121) and PrimePCR SYBR 

Green Assay primers were used for all qPCR reactions: VDR (Cat #10025636, 

qHsaCID0023190), STAT1 (Cat #10025636, qHsaCED0043612), IFNG (Cat #10025636, 

qHsaCID0017614), UBC (Cat #10025636, qHsaCED0023867), CYP24A1 (Cat # 10025636, 

qHsaCID0007605), and B2M (Cat #10025636, qHsaCID0015347). Each sample was loaded 

in triplicate for each primer and each condition had three independent biological replicates. 

Cycle number and annealing temperature were followed according to the Prime PCR 

protocol. Results were normalized to vehicle control.

2.8. Western blot

Treated cells were washed with PBS then lysed in RIPA buffer with protease and 

phosphatase inhibitors. Protein content was quantified using the BCA assay. Proteins were 

electrophoresed on a 4–12% polyacrylamide gel and then transferred to a PVDF membrane 

and blocked with primary antibody overnight at 4°C according to manufacturer 

recommendations. Cell Signaling Technology primary antibodies used in these studies were: 

Vitamin D3 Receptor (Cat #12550), STAT1 (Cat #9175), Phospho-STAT1 (Y701) (Cat 

#7649), IFN-γ XP (Cat #8455), and β-actin (Cat #3700). After the membrane was washed, 

it was incubated with secondary antibody (anti-rabbit IgG-HRP linked #7074 or anti-mouse 

IgG-HRP linked #7076) for 1 h then treated with ECL substrate. Images were captured with 

a BioRad ChemiDoc MP instrument and analyzed using Image Lab software (BioRad).

2.9. Cytokine analysis

After treatment with calcitriol, 25(OH)D3, or EB1089, cells were pelleted, and aliquots of 

the media were collected and stored at −80°C prior to analysis by the UVA Flow Cytometry 

Core using the Luminex MAGPIX bead-based multiplex analyzer. All conditions were done 

in triplicate.
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2.10. Statistical analysis

Data were analyzed using GraphPad Prism software version 7. An unpaired 2-tailed 

Student’s t-test was utilized and P-values of <0.05 were considered significant.

3. Results

3.1. Calcitriol treatment of T-LGLL cells reduces IFN-γ at the protein and mRNA levels

We previously found that calcitriol significantly reduced IFN-γ levels in conditioned media 

collected 24 h after calcitriol treatment [42]; thus we aimed to better understand the 

mechanism for IFN-γ reduction. Such inhibition could conceivably occur through changes 

in transcription, translation, or secretion. A time course was carried out to determine the 

kinetics of IFN-γ protein reduction. TL-1 cells were treated with calcitriol or vehicle control 

and protein was harvested over the next 24 h. Immunoblot results were normalized to 

percent change from vehicle control to better visualize the calcitriol-induced changes. 

Intracellular IFN-γ protein levels were consistently decreased from 4 h until 24 h (Figure 

1A, B). The reduction of secreted IFN-γ levels was detected at our earliest measured time 

point, 6 h, and further decreased until 24 h (Figure 1B). This suggested that IFN-γ synthesis 

was inhibited first, prompting us to investigate whether this originates at the transcript level. 

TL-1 cells were treated with calcitriol or vehicle control for 4 or 24 h, followed by qPCR 

detection of IFN-γ gene expression. Calcitriol treatment reduced IFN-γ mRNA levels by 

52% and 40% at 4 h and 24 h (Figure 1C), thereby demonstrating that calcitriol suppresses 

IFN-γ transcripts. This finding was recapitulated in PBMCs from T-LGLL patients treated 

with calcitriol for 24 h (Figure 1C).

3.2. Calcitriol-mediated p-STAT1 reduction correlates with IFN-γ

We hypothesized that IFN-γ inhibition was due to a decrease in p-STAT1 transcriptional 

activity as we previously found that calcitriol reduces p-STAT1 levels at 24 h [42]. To 

address this, we investigated the temporal reduction of p-STAT1 in TL-1 cells treated with 

calcitriol and compared this to the IFN-γ reduction. Calcitriol reduced p-STAT1:STAT1 in a 

similar trend as IFN-γ reduction in TL-1 (Figure 2A, 2B). Total STAT1 protein levels were 

relatively unaltered over this timeframe (Figure 2A, 2C) and STAT1 protein half-life was not 

affected by calcitriol (Figure 2D, 2E). STAT1 transcripts were decreased by less than 20% 

after calcitriol treatment for 4 or 24 h in the TL-1 cell line but decreased by roughly 50% on 

average in PBMCs from T-LGLL patients (Figure 2F), potentially suggesting that STAT1 is 

more sensitive to reduction by calcitriol in T-LGLL PBMCs. Taken together, these data 

indicate that p-STAT1 content is suppressed upon calcitriol treatment, but changes in STAT1 

protein levels were not the drivers for the decrease in p-STAT1 in the TL-1 cell line.

3.3. VDR protein upregulation follows calcitriol treatment in a similar temporal manner as 
IFN-γ and p-STAT1 reduction

Our previous work showed 24 h calcitriol treatment upregulates VDR in normal donor 

activated CD8+ T cells, TL-1 cells, and T-LGLL cells, but not normal donor naïve T cells 

[42]. In this study, we wanted to determine the timing of VDR upregulation and how it 

relates to p-STAT1 and IFN-γ in TL-1 cells. VDR protein levels gradually increased 
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following calcitriol treatment until they reached a maximum at 4 h and maintained this level 

for 24 h after treatment (Figure 3A, 3B). The initial increase in VDR protein level was not 

due to extension of VDR half-life (Figure 3C, 3D). VDR transcript levels were relatively 

unchanged at 4 and 24 h following calcitriol treatment of TL-1 cells and nearly all primary 

T-LGLL PBMCs followed the same trend at 24 h (Figure 3E). Taken together with the 

inability of VDR protein levels to be increased when protein synthesis was blocked (Figure 

3C, Figure 3D), VDR upregulation is most likely due to changes in translational regulation. 

In summary, increased VDR proteins levels showed temporal correlation with the reduction 

in IFN-γ and p-STAT1, leading us to next determine whether this upregulation is necessary 

for the decreased IFN-γ and p-STAT1 levels.

3.4. Upregulation of VDR is correlated with the reduction in IFN-γ levels but not p-STAT1 
content

To determine whether VDR upregulation is necessary to suppress IFN-γ and p-STAT1 

levels, we utilized EB1089, a potent calcitriol analog, and 25(OH)D3, the inactive 

circulating form of vitamin D. EB1089 strongly engages the VDR and induces a 

conformational change that promotes transcription of VDR targets [44] while 25(OH)D3 

weakly interacts with the VDR [45]. Treatment with 25(OH)D3 did not upregulate VDR 

protein (Figure 4A, 4B) but decreased p-STAT1 (Figure 4A, Figure 4C) in a manner 

comparable to calcitriol. CYP24A1 mRNA levels, which serve as a readout of VDR 

transcriptional activity, support the conclusion that 25(OH)D3 exhibits limited engagement 

of VDR and that TL-1 cells have very minimal capacity to convert this analogue to the active 

form at 24 h (Supplementary Figure 1A) [46]. Conversely, EB1089 increased VDR (Figure 

4D, 4E) and also decreased p-STAT1 (Figure 4D, 4F), as previously observed with calcitriol. 

Both EB1089 and calcitriol significantly reduced IFN-γ production on the protein and 

mRNA transcript level compared to 25(OH)D3 (P<0.0001) (Figure 4G, Supplementary 

Figure 1B). Therefore, VDR upregulation is correlated with the decreases in IFN-γ but not 

p-STAT1, indicating that IFN-γ and p-STAT1 are not regulated by the same mechanism 

following calcitriol treatment.

3.5. VDR levels correlate with IFN-γ production

We previously observed that T-LGLL patient PBMCs have varying amounts of VDR protein 

[47]; therefore, we investigated the relationship between VDR protein levels and IFN-γ 
production. Using varying dosages of VDR siRNA, we determined that TL-1 cell viability 

was not decreased upon greater than 80% knockdown of VDR (Figure 5A, 5B). VDR was 

upregulated in all groups upon calcitriol treatment (Figure 5C, 5D), showing that calcitriol 

upregulates VDR regardless of baseline VDR levels. VDR protein levels correlated with 

VDR mRNA levels following VDR knockdown, and VDR mRNA was not stabilized by 

calcitriol treatment of cells with VDR knockdown (Supplementary Figure 2). In the absence 

of supplemented calcitriol, VDR levels and IFN-γ levels exhibited a clear trend, with IFN-γ 
production being higher in TL-1 cells with higher basal VDR levels and decreasing IFN-γ as 

knockdown efficacy increased (Figure 5D, 5E). Calcitriol reduced secreted IFN-γ regardless 

of initial knockdown status, bringing the amount of IFN-γ to relatively the same level 

(Figure 5D, 5E). In the absence of calcitriol, this relationship between VDR levels and 
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cytokine production was unique for IFN-γ as basal VDR levels did not correlate with IL-10 

(Figure 5F).

4. Discussion

In this study, we demonstrated that calcitriol treatment of TL-1 cells and T-LGLL patient 

PBMCs rapidly suppressed IFN-γ mRNA and protein levels, and inhibition was maintained 

for at least 24 h (Figure 1, Figure 6). In TL-1 cells, p-STAT1 was inhibited in a similar 

temporal manner and was not due to reduced STAT1 protein (Figure 2) or the reduction in 

IFN-γ (Figure 4). We also found that the kinetics of VDR upregulation were similar to the 

reduction in IFN-γ and p-STAT1 and were not due to extension of VDR protein half-life or 

increase in VDR transcript levels (Figure 3). This is contrary to previous studies that 

implicated VDR stabilization and protection from proteasome-mediated degradation as the 

mode of VDR increase following calcitriol treatment [48, 49]. Rather, our data showed that 

in TL-1 cells, VDR upregulation was dependent on protein synthesis, as cycloheximide 

blocked the upregulation of VDR and calcitriol did not increase VDR transcript levels 

(Figure 3).

Treatment of the TL-1 cell line with either EB1089 or 25(OH)D3 established that VDR 

upregulation is necessary for calcitriol effects on IFN-γ but not p-STAT1 (Figure 4). 

Reduced IFN-γ transcript levels (Figure 1) were observed in the same timeframe as the 

upregulation of VDR (Figure 3). This suggests that VDR transcriptionally regulates IFN-γ 
as demonstrated in Jurkat T cells where VDR transcriptionally inhibits IFN-γ through 

binding to the IFN-γ promoter [50]. Upregulation of VDR is required for the transcriptional 

and cytokine-related effects of calcitriol in normal B cells and activated T cells [51, 52]. As 

p-STAT1 was reduced without a change in total protein levels and regardless of VDR 

upregulation in TL-1 (Figure 4), the mechanism behind the p-STAT1 decrease is most likely 

not transcriptional. Ongoing studies aim to elucidate the role of kinases or phosphatases in 

modulating the activation state of STAT1.

Current research efforts in T-LGLL focus on inhibiting STAT signaling. However, based on 

our findings (Figure 4), the use of STAT inhibitors may not reduce IFN-γ. This is 

particularly relevant for T-LGLL patients with co-occurring IFN-γ-mediated diseases 

including aplastic anemia [24, 30] and lupus erythematosus (SLE) [53]. Therefore, patients 

with co-occurring T-LGLL and aplastic anemia or SLE could benefit from a therapy, such as 

calcitriol, that specifically targets IFN-γ production. As there appears to be a portion of IFN-

γ production that is independent of calcitriol regulation (Figure 5), combinatorial treatments 

of calcitriol and T-LGLL treatments such as cyclosporine A, an inhibitor of IFN-γ [54–61], 

could be considered.

Many hematological malignancies highly express VDR [47, 62, 63], suggesting a functional 

role for VDR in cancer cells. To explore the importance of VDR in T-LGLL, we utilized 

VDR siRNA to modulate VDR levels in order to replicate the varying levels found in patient 

cells [47]. These experiments present three major findings (Figure 5). First, in the absence of 

supplemented calcitriol, VDR levels correlated with IFN-γ production. Second, T-LGLL 

patient cells experience a calcitriol-induced reduction in IFN-γ regardless of VDR levels. 
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Third, there is an unidentified mechanism for IFN-γ production that cannot be reduced by 

calcitriol. Additional work is needed to evaluate any disturbances in vitamin D metabolism 

or signaling within the T-LGLL population as well as the potential clinical relevance of our 

findings.

In summary, this study increases our understanding of the mechanism behind calcitriol-

mediated decreases in IFN-γ in T-LGLL. Calcitriol suppresses IFN-γ transcription within 4 

h, which correlates with VDR upregulation. In the absence of supplemented calcitriol, VDR 

levels correlate with IFN-γ production. Further studies are required to determine the 

relationship between IFN-γ and disease state. Future clinical studies are required to evaluate 

the ability of calcitriol supplementation to reduce IFN-γ production in T-LGLL patients. 

Thus, the vitamin D pathway offers multiple opportunities for clinical utility in T-LGLL.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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sulfophenyl)-2H-tetrazolium

PBMC peripheral blood mononuclear cell

STAT signal transducer and activator of transcription
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Highlights

• IFN-γ levels and p-STAT1 are reduced by calcitriol within 4 h in TL-1 cell 

line.

• IFN-γ is transcriptionally suppressed by calcitriol and requires VDR 

upregulation.

• Reduction in p-STAT1 by calcitriol does not require VDR upregulation.

• Calcitriol inhibits IFN-γ and p-STAT1 through independent mechanisms.

• In the absence of calcitriol, VDR levels correlate with IFN-γ production.

• Calcitriol reduces IFN-γ to a similar amount regardless of basal VDR levels.
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Figure 1. IFN-γ is reduced on the mRNA and protein levels following calcitriol treatment
A. Western blot analysis was performed on TL-1 lysates harvested at time points following 

calcitriol or vehicle treatment. Representative western blots are shown, with β actin used as a 

loading control. B. IFN-γ band intensity from part A was normalized to β actin and then 

expressed relative to the ethanol control to illustrate changes in protein levels as a result of 

calcitriol treatment (n=3–7, +/− SEM). Supernatant was collected from cells treated as in A 

and sent for Luminex analysis of secreted IFN-γ (n=3, +/− SEM). C. TL-1 cells were 

treated with calcitriol for 4 or 24 h and IFN-γ transcript levels were assayed by qPCR. 

Primary T-LGLL patient PBMCs were treated with calcitriol for 24 h. Results were 

normalized to housekeeping gene UBC and then to the ethanol control (for TL-1, n=3, +/− 

SEM).
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Figure 2. p-STAT1 reduction correlates with IFN-γ inhibition and is independent of total STAT1 
protein levels
A. Western blot analysis was performed on TL-1 protein lysates harvested at time points 

following calcitriol or vehicle treatment. Representative western blots are shown, with β 
actin used as a loading control. B. p-STAT1 (Y701) or C. STAT1 results were normalized to 

total STAT1 or β actin, respectively, and then further normalized to the vehicle control to 

illustrate changes in protein levels as a result of calcitriol treatment (n=3–7, +/− SEM). D. 

TL-1 cells were pretreated with calcitriol or ethanol for 1 h and then treated with 

cycloheximide (10 μg/mL) to inhibit protein synthesis. Lysates were prepared and western 

blot analysis was performed at the indicated time points for the designated proteins. E. 

Quantification of D, normalizing STAT1 to β actin. F. TL-1 cells were treated with calcitriol 

for 4 or 24 h and STAT1 transcript levels were assayed by qPCR. Primary T-LGLL patient 

PBMCs were treated with calcitriol for 24 h. Results were normalized to the housekeeping 

gene UBC and then to the ethanol control (for TL-1, n=3, +/− SEM).
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Figure 3. VDR protein levels increase following calcitriol treatment
A. Western blot analysis was performed on TL-1 protein lysates harvested at time points 

following treatment with calcitriol or vehicle control and probed for the VDR. 

Representative western blots are shown. B. Quantification of western blots from A 

normalized to β actin (n=3–7, +/− SEM). C. TL-1 cells were pretreated with calcitriol or 

ethanol for 1 h and then treated with cycloheximide (10 μg/mL) to inhibit protein synthesis. 

Lysates were prepared at the indicated time points and western blot analysis was performed. 

D. Quantification of C, normalizing VDR to β actin. E. TL-1 cells were treated with 

calcitriol for 4 or 24 h and VDR transcript levels were assayed by qPCR. Primary T-LGLL 

patient PBMCs were treated with calcitriol for 24 h. Results were normalized to the 

housekeeping gene UBC and then to the ethanol control (for TL-1, n=3, +/− SEM).
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Figure 4. VDR upregulation is necessary for reduction in IFN-γ but not p-STAT1 after treatment 
with vitamin D or analogs
TL-1 cells were treated with increasing dosages of the inactive form of vitamin D, 

25(OH)D3 (A–C), or the high affinity calcitriol analog EB1089 (D–F), as well as vehicle 

control or calcitriol for comparison. A, D. Protein lysates were prepared and western blot 

analysis was performed (n=3, +/− SEM). Representative western blots are shown. Protein 

levels were normalized to β actin for VDR (B, E) or STAT1 for p-STAT1 (C, F), and then 

further normalized to the vehicle control to illustrate changes as a result of calcitriol 

treatment. G. Conditioned media was collected from the 100 nM calcitriol, 25(OH)D3, and 

EB1089 samples after 24 h and submitted for Luminex cytokine analysis (n.s=not 

significant, *p<0.05, ****p<0.001).
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Figure 5. VDR levels correlate with IFN-γ production
TL-1 cells were treated with VDR or scrambled siRNA for 48 h. Cells were then harvested 

for western blot analysis of knockdown efficiency (A) and plated for 24 h viability assay to 

assess survival with knockdown (B). An additional aliquot was re-plated with calcitriol or 

ethanol for 24 h, followed by protein harvest (C–E). C. Representative western blot of VDR 

knockdown status 24 h following calcitriol or ethanol treatment. D. Quantification of VDR 

protein levels in C, normalized to β actin (n=3, +/− SEM). E–F. Conditioned media was 

subjected to cytokine analysis to quantify IFN-γ (E) or IL-10 (F) production following 

calcitriol treatment and VDR knockdown (n=3, +/− SEM).
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Figure 6. Model of calcitriol-mediated reduction in p-STAT1 and IFN-γ in T-LGLL
In TL-1 cells supplemented with IL-2, there is a detectable level of VDR and high baseline 

STAT1 Y701 phosphorylation and IFN-γ production. Within 4 h of calcitriol treatment of 

TL-1, p-STAT1 and IFN-γ are reduced while VDR is increased. This effect is sustained at 

24 h and the final outcome is decreased IFN-γ production that correlates with increased 

VDR protein. p-STAT1 levels are not dependent on the VDR increase and do not correlate 

with IFN-γ reduction, showing that p-STAT1 and IFN-γ decreases are mediated by different 

mechanisms.
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