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Vitamin D decreases STAT phosphorylation and inflammatory cytokine output
in T-LGL leukemia
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ABSTRACT
Large granular lymphocyte leukemia (LGLL) is a rare incurable chronic disease typically characterized by
clonal expansion of CD3C cytotoxic T-cells. Two signal transducer and activator of transcription factors,
STAT1 and STAT3, are constitutively active in T-LGLL. Disruption of this activation induces apoptosis in
T-LGLL cells. Therefore, considerable efforts are focused on developing treatments that inhibit STAT
activation. Calcitriol, the active form of vitamin D, has been shown to decrease STAT1 and STAT3
phosphorylation in cancer cell lines and autoimmune disease mouse models. Thus, we investigated
whether calcitriol could be a valid therapeutic for T-LGLL. Calcitriol treatment of the TL-1 cell line (model
of T-LGLL) led to decreased phospho-Y701 STAT1 and phospho-Y705 STAT3 and increased vitamin D
receptor (VDR) levels. Doses of 10 and 100 nM calcitriol also significantly decreased the inflammatory
cytokine IFN-g in the TL-1 cell line. The overall cell viability did not change when the TL-1 cell line was
treated with 0.1 to 1000 nM calcitriol. Studies with primary T-LGLL patient peripheral blood mononuclear
cells showed that the majority of T-LGLL patients have detectable VDR and activated STATs in contrast to
normal donor controls. Treatment of primary T-LGLL patient cells with calcitriol recapitulated findings
from the TL-1 cell line. Overall, our results suggest that calcitriol may reprogram T-cells to decrease
essential STAT activation and pro-inflammatory cytokine output. These data support further investigation
into calcitriol as an experimental therapeutic for T-LGLL.

Abbreviations: AML, acute myeloid leukemia; cyclosporine A (CsA); EAE, experimental allergic encephalomyelitis;
IFN-g , interferon gamma; IL, interleukin; JAK, Janus kinase; LGL, large granular lymphocyte; LGLL, large granular
lymphocyte leukemia; MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazo-
lium; PBMC, peripheral blood mononuclear cell; PHA, phytohemagglutinin; RXR, retinoid X receptor; STAT, signal
transducer and activator of transcription; SH2, Src homology 2; VDR, vitamin D receptor; VDRE, vitamin D response
element
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Introduction

Large granular lymphocyte leukemia (LGLL) is a rare chronic dis-
ease, with the major subtype characterized by clonal expansion of
CD3C cytotoxic T-LGL cells displaying an activated phenotype.
Typically, LGLs will undergo expansion upon antigen stimula-
tion, then go through activation induced cell death. In LGLL, the
LGLs have multiple survival pathways activated and are able to
evade apoptosis.1 LGLs typically account for
10-15% of peripheral blood mononuclear cells (PBMCs) in
healthy persons, therefore a greater persisting LGL percentage
can be indicative of LGLL. The disease often presents with
neutropenia, anemia, and autoimmune diseases including rheu-
matoid arthritis.2 The usual treatments include methotrexate,
cyclophosphamide (Cytoxan), or cyclosporine A (CsA); these are
not curative and can have harsh side effects such as tissue injury,
including renal and hepatic, or even induction of other cancers.3

One dysregulated pathway in LGLL is the Janus kinase
(JAK) – signal transducer and activator of transcription

(STAT) pathway. JAKs phosphorylate STAT monomers at a
conserved tyrosine residue, which allows STAT dimerization
and transcription of target genes.4 Research from our labora-
tory and with collaborators has shown constitutive activation
of STAT1 and STAT3 in T-LGLL.5 Furthermore, roughly 40%
of LGLL patients harbor an activating STAT3 mutation.6-8

Inhibition of STAT activation via an inhibitor selective for JAK
family tyrosine kinases was shown previously to cause apopto-
sis in LGLL patient cells5 prompting ongoing efforts to develop
new therapies to inhibit STAT activation. Moreover, this dysre-
gulation can cause continual transcription of target genes of the
pathway, including inflammatory cytokines.4 Therefore, finding
therapeutics to target this pathway to kill the leukemic LGLs
has been one major focus in LGLL research.

The vitamin D receptor (VDR) is a nuclear transcription
factor that binds its ligand 1,25-(OH)2-D3, the active form of
vitamin D, also called calcitriol. This allows a conformational
change in VDR which typically leads to heterodimerization
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with the retinoid X receptor (RXR), allowing transcription of
genes with the vitamin D response element (VDRE).9 Tradi-
tionally, vitamin D is associated with bone metabolism, how-
ever in the past 30 y it has become apparent that it plays an
important role in normal immune system function.9,10 During
this time, studies in leukemia cell lines and in lymphocytes
from patients with rheumatoid arthritis have shown that VDR
is upregulated in these lymphocytes.11,12 However in T-cells,
VDR is only detectable if the cells have undergone activation.11

In the early 1980s, it was shown that calcitriol inhibited prolif-
eration in phytohemagglutinin (PHA)-activated PBMCs, par-
tially due to suppression of interleukin-2 (IL-2) production.13

Cantorna and Waddell recently published a review of the
evidence that vitamin D and VDR are needed to turn off chron-
ically activated T-cells,14 which is particularly applicable to
T-LGLL, given that the T-LGLs are constitutively activated
T-cells. Therefore, the literature clearly shows that calcitriol
can act on T-cells and regulate processes other than calcium
homeostasis.

Vitamin D has been shown to decrease JAK/STAT activation
in cancer cell lines and autoimmune disease mouse models. Cal-
citriol treatment of esophageal squamous cell carcinoma cell
lines suppressed IL-6 induced STAT3 phosphorylation.15 When
mice with experimental allergic encephalomyelitis (EAE), a
model of multiple sclerosis, were treated with calcitriol, they
showed decreased STAT1 phosphorylation in microglia and
decreased phosphorylation of JAK2, TYK2, STAT3 and STAT4
in T-cells.16 In addition, the clinical severity and duration of
EAE was significantly decreased in mice treated with calcitriol,
and importantly was associated with decreased IFN-g produc-
tion and T-cell proliferation.16 Treatment of mice with diabetic
periodontitis with calcidiol, the precursor vitamin D metabolite
of calcitriol, increased VDR expression while inhibiting JAK1/
STAT3 signaling in gingival epithelium.17

Recent research on vitamin D has been focused on under-
standing how vitamin D signaling changes in disease as well as
whether vitamin D could be a valid therapeutic. Deficient circu-
lating vitamin D metabolites have been reported for autoim-
mune diseases and cancers.9,10,18 Gocek et al reviewed the
potential therapeutic effects of calcitriol in acute myeloid leuke-
mia (AML), which are achieved by inducing differentiation and
inhibiting proliferation of the AML blasts.19 While this poten-
tial therapeutic response is promising, the high amount of vita-
min D supplement needed to see these effects in patients can
cause calciotropic effects, therefore vitamin D analogs may be a
better alternative.10 Vitamin D analogs are currently being
developed and utilized in clinical trials to circumvent the
adverse effects of large doses of vitamin D.20

Our present study was prompted by anecdotal evidence
from T-LGLL patients stating that voluntary vitamin D supple-
mentation improved their complete blood count parameters,
namely absolute neutrophil count. Given the research showing
calcitriol’s therapeutic effects in AML and autoimmune dis-
eases we wanted to explore the mechanistic basis for calcitriol
effects in LGLL and determine whether calcitriol could be a
valid therapeutic for LGLL. We performed a western blot sur-
vey of cryo-stored T-LGLL patient PBMCs which showed
detectable VDR, STAT1 and/or STAT3 protein in the majority
of patients. Treatment of the TL-1 cell line with calcitriol

significantly decreased STAT1 and STAT3 tyrosine phosphory-
lation, significantly increased VDR expression, and significantly
decreased IFN-g output. Experiments with T-LGLL PBMCs
showed similar data compared to the TL-1 cell line. Overall,
our work demonstrates that calcitriol, a natural substance, can
decrease activation of STAT1 and STAT3 and decrease inflam-
matory cytokine output. This indicates vitamin D supplemen-
tation could be a viable therapeutic option for T-LGLL.

Results

VDR and STATs are present in LGLL samples

We began the study by retrieving cryo-stored PBMCs from
T-LGLL patients who participate in our LGLL Registry. This
screening of samples encompassed T-LGLL patients and 2
normal donor PBMC samples. The cells were not stimulated by
any cell culture media, serum, or cytokines. They were washed,
lysed, then subjected to gel electrophoresis and protein gel blot-
ting. Relevant clinical data for the patient samples used in this
study can be found in Table 1.

Fig. 1A shows this initial panel of samples in which we
probed for VDR, the tyrosine 701 phosphorylated form of
STAT1 (pY701-STAT1), and total STAT1. We chose to look at
STAT1 due to reports of direct interaction of VDR and
STAT1.21,22 The majority of T-LGLL patients showed detect-
able VDR, and total STAT1, with fewer showing pY701-
STAT1. In the normal PBMC samples, we found no detectable
VDR or STAT1 regardless of phosphorylation. From this
screen, we determined that detectable levels of VDR, pY701-
STAT1, and total STAT1 in T-LGLL is abnormal. An interest-
ing finding from these screens was T-LGLL#1 and T-LGLL#6
showed molecular signatures that more closely matched that of
the normal donor samples. T-LGLL#1 is a patient described as
asymptomatic, while T-LGLL#6 is a patient with concurrent
hemolytic anemia on CsA. In general, it appears that any
patient expressing VDR will also express at least total STAT1
and possibly have pY701-STAT1.

Our lab and collaborators have previously shown that
STAT3 has activating mutations in 30-40% of LGLL. Of these
activating mutations, Y640F is the most common. This muta-
tion occurs in the Src homology 2 (SH2) domain, and was
found to confer increased transcriptional activity6 and corre-
lated with a better therapeutic response to methotrexate ther-
apy.23 Therefore, we sought to correlate STAT3 Y640F
mutation with the presence or absence of VDR. To accomplish
this, we surveyed 5 WT STAT3 T-LGLL patients and 5 Y640F
STAT3 T-LGLL patients (Fig. 1B). This was a new set of
patients, except for T-LGLL #7B who was previously surveyed
in Fig. 1A; the blood draw dates for these samples were differ-
ent. Again, most patients expressed detectable VDR, the tyro-
sine 705 phosphorylated form of STAT3 (pY705-STAT3), and
total STAT3. The patients who showed less or no expression of
these proteins (T-LGLL#15, T-LGLL#17, and T-LGLL#7B)
were previously on immunosuppressive treatment, asymptom-
atic, and never on treatment, respectively. Patient T-LGLL#19
has been described as asymptomatic, yet had moderate levels of
total STAT3, and low levels of pY705-STAT3 and VDR. All the
patients with the Y640F STAT3 mutation had a least some
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detectable level of all 3 proteins (pY705-STAT3, total STAT3,
and VDR). Patients with WT STAT3 exhibited detectable levels
of only one or 2 of these proteins, however 4 out of the 5
showed detectable VDR. Overall, these results show that pres-
ence of VDR does not correlate with STAT3 mutational status,
however patients with the Y640F mutation consistently exhib-
ited both total STAT3 and pY705-STAT3. In addition, a gen-
eral conclusion that may be drawn from Fig. 1 is that most
LGLL patients have detectable VDR, STAT1, and/or STAT3,
contrary to normal controls.

VDR and phosphorylated STATs are only present in
activated CD8C T-cells

The literature has clearly demonstrated that VDR is not detect-
able in resting T-cells, but becomes upregulated upon antigen
stimulation.11,24 Fig. 2A shows protein levels of VDR, total
STAT1, and pY701-STAT1 for 3 normal donors’ isolated
CD8C T-cells, where one half of the sample was na€ıve and the
other half was treated with PHA to obtain an activated state.
VDR was absent in the na€ıve T-cells, but present in the acti-
vated CD8C T-cells. Total STAT1 was faintly present in the
na€ıve cells, but increased with activation. pY701-STAT1 was
absent in the na€ıve cells but detectable in the activated cells.
We probed lysates of donors A and B for pY705-STAT3 and
total STAT3. We found similar results, with total STAT3 being
present in both na€ıve and activated T-cells, while pY705-
STAT3 was absent in the na€ıve cells and present in the acti-
vated cells. Therefore, these experiments further confirm that
the presence of VDR in LGLL samples is indicative of an acti-
vated state.

The na€ıve and activated cells from normal donor A were
treated with calcitriol or vehicle. Literature review indicated a

range of calcitriol doses in cell culture which are considered
physiological.13,25 Due to a limited amount of cells, we chose
the 10 nM concentration for this experiment. The controls
included media only (ntx) and vehicle only (0 nM). We chose a
24 timepoint based on previous work indicating that activation
and addition of calcitriol causes upregulation of VDR at
24 hours.14 The na€ıve T-cells had no detectable VDR, total
STAT1, or pY701-STAT1 with or without calcitriol treatment;
however, when we treated activated T-cells with calcitriol
(10 nM), pY701-STAT1 decreased while VDR increased
(Fig. 2B). Taken together, the results in Fig. 2 confirm that
VDR expression is limited to activated cells, which illustrates
that most patient samples in Fig. 1 display an activated
phenotype.

Treatment of the TL-1 cell line with calcitriol decreased
STAT phosphorylation and increased VDR

We next performed experiments with the TL-1 cells, a model
of T-LGLL, to determine if calcitriol treatment decreased
STAT phosphorylation as we saw in the normal donor sample.
For our cell line experiments, we utilized calcitriol doses of
0.1, 1, 10, and 100 nM, along with the media only (ntx) and
ethanol (0 nM) negative controls. Cells were harvested at
24 and 48 hours. The 48 hour data are not shown; the cell
lines’ IL-2 dependence every 48 hours resulted in a natural
diminishment of STAT phosphorylation, regardless of calci-
triol treatment. The results from these experiments showed a
significant increase in the level of VDR with 10 nM or
100 nM treatment (Fig. 3A,C). The ratio of pY701-STAT1/
total STAT1 declined in a dose-dependent manner and
became significant with the 100 nM dose (p=0.0652 for
10 nM treatment) (Fig. 3A, C). The ratio of pY705-STAT3/

Figure 1. VDR and STAT are detectable in LGLL PBMC patient samples. Western blot analysis was performed on cryo-stored T-LGLL patient primary PBMCs or normal
healthy control PBMCs. Total protein loaded per sample was 25 mg (Blots 1, 3) or 35 mg (Blot 2), with b-actin used as a loading control. Relevant clinical data correspond-
ing to these samples can be found in Table 1. (A) An initial panel of T-LGLL and 2 normal healthy donor PBMCs were probed for VDR, and STAT1 (pY701 and total) on 3
separate blots. Some samples had degraded protein and were cropped out of the blots. (B) Patients with WT STAT3 (n D 5) or the Y640F STAT3 mutation (n D 5) were
probed for VDR and STAT3 (pY705 and total). pY701-STAT1 and VDR blots were overexposed to show cases of faint protein detection (denoted by �). #4A,B and #7A,B
were PBMC samples run from 2 different blood draw dates.
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total STAT3 decreased significantly at 10 nM calcitriol and
was trending toward significant decrease (p D 0.0553) at
100 nM calcitriol (Fig. 3B ,C). From these cell culture studies,
we conclude that calcitriol significantly decreases STAT1 and
STAT3 tyrosine phosphorylation while significantly increasing
VDR levels in TL-1 cells.

Calcitriol treatment causes decreased STAT
phosphorylation in the nucleus and cytoplasm while
increasing VDR exclusively in the nucleus

Because both STAT and VDR proteins are transcription factors
that can shuttle between the nucleus and cytoplasm, we

Figure 3. The effects of calcitriol treatment on the TL-1 cell line, a model of T-LGLL. The TL-1 cell line was treated with the indicated doses of calcitriol, or appropriate neg-
ative controls for 24 hours. Total protein loaded per sample was 25 mg, with b-actin used as a loading control. (A) Representative western blots for VDR, pY701-STAT1,
and total STAT1 are shown. (B) Additional representative protein gel blots for pY705 STAT3 and total STAT3 are shown. (C) Data from 3 independent experiments were
quantified to determine relative expression levels. Student’s t-test was used to determine significance of calcitriol treatment compared to 0 nM vehicle control
(ns D not significant, �p < 0 .05, ��p < 0 .01).

Figure 2. Comparison of VDR and STAT levels in na€ıve vs. activated normal CD8C T-cells, and the effects of calcitriol treatment on each cell type. Na€ıve CD8C T-cells were
isolated from 3 healthy normal donors. One half of each sample was cultured as na€ıve cells while the other half was activated with PHA for 24 hours. Total loaded protein
per sample was 25mg, with b-actin used as a loading control. (A) Western blotting of VDR, STAT1 (pY701, total) and STAT3 (pY705, total) was performed. (B) The na€ıve
and activated cells from Normal Donor #0 were cultured for 24 hours, with or without calcitriol treatment, lysates were probed on a protein gel blot for VDR and STAT1
(pY701, total).

294 K. C. OLSON ET AL.



investigated subcellular localization of VDR and STATs in the
TL-1 cell line upon treatment with calcitriol. We treated the
cells with 10 nM calcitriol or negative controls, then prepared
nuclear and cytoplasmic fractions at 24 hours. In order to
assess fraction purity, we used histone H3 and HSP90 as
markers of nucleus and cytoplasm, respectively. We observed a
decrease in pY701-STAT in both the nucleus and cytoplasm
when comparing 10 nM calcitriol to 0 nM control (Fig. 4A).
We found the same result for pY705-STAT3, a decrease in both
the nucleus and cytoplasm (Fig. 4B). VDR increased with
10 nM calcitriol and was exclusively in the nucleus (Fig. 4A).
Altogether, these data demonstrate that dephosphorylated
STAT proteins can be localized to either the cytoplasm or
nucleus, and that VDR stays localized in the nucleus. The
nuclear VDR and dephosphorylated nuclear STAT proteins
show readouts of increased and decreased transcriptionally
active proteins, respectively.

RXR-b is the only RXR isoform present in the TL-1 cell line

RXR is the heterodimerizing binding partner of VDR which
mediates nuclear transcription of genes with the VDRE. We
sought to verify that RXR was indeed present in the TL-1 cell
line. There are 3 isoforms of RXR (a, b, g) which are differen-
tially expressed depending on tissue type.26 We utilized whole
cell lysates from the experiment of Fig. 3, and probed for the
RXR isoforms. Fig. 5A shows that RXR-b is the isoform
expressed in the TL-1 cell line. When comparing the treated
cells with the 0 nM control, it is apparent that RXR-b increased
with calcitriol treatment (Fig. 5A). Since two of the isoforms
were not detectable, we probed other cell lines to determine
their isoform distribution. We used a panel of AML cell lines to
compare AML with LGLL, as well as the breast adenocarcinoma
cell line MCF-7, and the multidrug resistant epidermal carci-
noma cell line KB-3-1. We also probed for VDR to establish
whether upregulation of this protein is seen in these other can-
cers. Fig. 5B shows that MCF-7, KB-3-1, HL-60/ABTR,
MOLM-14, OCI-AML 2, THP1, KG-1, KG-1-A, Kasumi, and
TL-1 all expressed the RXR-b isoform. Interestingly, MOLM-14
and THP-1 showed robust levels of RXR-a, while MCF-7, KB-
3-1, HL-60/VCR, HL-60/ABTR, OCI-AML 2, and Kasumi cells

showed moderate levels of RXR-a. None of the cell lines we
tested showed detectable RXR-g. There are 2 known isoforms
of VDR, with the 48 kDa isoform, seen in our LGLL cell lines,
being the best characterized. This isoform was expressed in all
the cell lines, with the lowest amounts seen in KG-1 and KG-1-
A. Most interestingly only KB-3-1, MOLM-14, OCI-AML 2,
and THP-1 showed detectable levels of the 54 kDa VDR iso-
form. These results demonstrate that VDR is detectable in the
cancer cell lines we tested. Furthermore, some cell lines have 2
RXR isoforms and both VDR isoforms, suggesting that VDR
signaling in these cancers may occur differently than in LGLL.

Calcitriol treatment of the TL-1 cell line causes a decrease
in IFN-g production

Since STATs are known to transcribe cytokine genes,4 we
aimed to determine if the decrease in phospho-STAT in the
TL-1 cell line would correspond with a decrease in cytokine
production, as this has been shown to occur in the EAE mouse
model upon calcitriol treatment.16 We used the Luminex plat-
form to screen for changes in IFN-g, IL-2, IL-4, IL-5, IL-10,
and IL-17, using the culture media from the ntx, 0 nM, and
10 nM calcitriol at 24 hours (corresponds to the experiment
from Fig. 3). Since the cells require IL-2 supplementation to
survive, we considered this a confounding factor and did not
take the IL-2 results into consideration. When comparing 0 nM
to 10 nM, the most notable observation was the nearly 50%
decrease in IFN-g (Fig. 6A). Since this cytokine had the most
drastic change, we repeated this analysis on 3 independent
experiments to quantify the reduction more completely. In this
experiment, we assessed the 0, 10, and 100 nM conditions.
Indeed, IFN-g decreased significantly (p < 0 .01) at both 10
and 100 nM calcitriol treatments compared to the 0 nM control
(Fig. 6B). Overall these findings establish that calcitriol causes a
significant decrease in IFN-g in TL-1 cells.

The TL-1 cell viability does not change when treated with
calcitriol

We next performed a cell viability assay at 24 and 48 hours with
the TL-1 cells to see if calcitriol changed the viability in a dose-

Figure 4. Nuclear and cytoplasmic fractionation of TL-1 cells with and without calcitriol treatment. The TL-1 cell line was treated with 10 nM calcitriol, or appropriate neg-
ative controls for 24 hours. Subcellular fractionation was performed to isolate cytoplasmic and nuclear proteins. Total protein loaded per sample was 25 mg, with HSP90
and histone H3 used as markers of cytoplasm and nucleus, respectively. Two identical separate blots were used to probe for all targets. The subcellular fractions were
probed for (A) VDR and STAT1 (pY701 and total) and (B) STAT3 (pY705, total). These are representative western blots of three independent experiments.
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dependent manner. Data were adjusted to the 0 nM (ethanol)
control so that it was equal to 100% viability. We tested the
same range of calcitriol doses, but added a 10-fold higher dose
of 1000 nM as some studies reported seeing effects in this
range.16 Calcitriol treatment did not change cell viability at
24 hours (Fig. 7). Similar results were seen at 48 hours (data
not shown). From these data we conclude that calcitriol doses
from 0.1 to 1000 nM do not change viability in the TL-1 cell
line.

Treatment of LGLL patient PBMCs with calcitriol

We treated 4 T-LGLL patient PBMC samples with calcitriol to
see if effects matched those observed in the TL-1 cell line. Each
patient exhibited different STAT3 mutational status (Table 1,
Fig. 8). The cells were treated under ntx, 0 nM, and 10 nM cal-
citriol conditions for 24 hours, then harvested. Since two stud-
ies have shown VDR and STAT1 can directly bind,21,22 we
chose to assess STAT1 status over STAT3, if the protein
amount was limited. The baseline samples described for this set

of experiments were uncultured PBMCs and prepared as the
samples described in Fig. 1.

PBMCs from T-LGLL#13, a patient whose sample was pre-
viously used in the cryo-panel (Fig. 1), were treated with calci-
triol (Fig. 8A). At the time of this experiment, the patient was
not on any treatment and had the D661V STAT3 mutation.
VDR increased with calcitriol treatment while STAT1 (pY701
and total) remained unchanged. Of note, the patients’ cells
showed detectable levels of VDR and STAT1 (pY701 and
total) in the baseline sample (data not shown). PBMCs from
T-LGLL #17, another patient whose sample was previously
used in the cryo sample survey, were treated with calcitriol
(Fig. 8B). At the time of this experiment, the patient was not
on any treatment and was WT for STAT3. VDR increased
with calcitriol treatment while STAT1 (pY701 and total)
remained unchanged. This patient’s cell sample did not exhibit
detectable VDR or STAT1 prior to being cultured (data not
shown). PBMCs from T-LGLL#24, a patient sample not previ-
ously tested in the cryo-panel, were treated with calcitriol
(Fig. 8C). At the time of this experiment, the patient was not

Figure 5. RXR isoform distribution in LGLL and other cell lines. Lysates from the experiment in Fig. 3 were run on independent blots and probed for the 3 RXR isoforms.
Total protein loaded per sample was 25 mg, with b-actin used as a loading control. The TL-1 cell line (A) was probed for the RXR isoforms: a, b, and g. (B) Western blotting
of lysates from MCF-7, KB-3-1, 9 AML cell lines, and the TL-1 cell line was performed for the RXR isoforms (a, b, and g), and VDR. The VDR blot is shown overexposed
(denoted by �) to visualize the 54 kDa isoform. One AML cell line lysate was degraded and therefore was cropped out of this blot.
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on any treatment and had the D661Y STAT3 mutation. VDR
dramatically increased with treatment, while both pY701- and
total STAT1 decreased. Of note, this patient had no detectable
VDR and low STAT1 (pY701 and total) prior to the cells
being cultured (data not shown). PBMCs from T-LGLL#25, a
patient sample not previously tested in the cryo-panel, were
treated with calcitriol (Fig. 8D). At the time of this experi-
ment, the patient was not on any treatment and had the
Y640F STAT3 mutation. VDR did not change with treatment,
while pY701- and total STAT1 decreased. A surplus of protein
allowed probing for pY705 and total STAT3, which decreased
slightly and stayed the same, respectively. The patient’s cells
did not show detectable VDR, but phosphorylated and total
STATs were faintly present prior to the cells being cultured
(data not shown). Overall, treatment of primary patient
PBMCs with calcitriol showed clear decrease of STAT1 phos-
phorylation in 2 of the 4 patients, substantial reduction in
STAT3 phosphorylation in the only patient tested, and an
increase in VDR in 3 of the 4 patients. With the inherent vari-
ation of human samples, with LGL percent purity and viability
upon recovery from cryo storage as major confounding

factors, it is reasonable to see diverse results but also highly
encouraging that most of the results recapitulate data seen
from TL-1 experiments.

Discussion

This study shows that calcitriol treatment of T-LGLL cells
decreases activation of STAT1 and STAT3, 2 potential drivers
of T-LGLL. A western blot survey of T-LGLL patients indicated
that the majority have detectable VDR and phosphorylated/
activated STAT1 and STAT3. This molecular signature most
closely resembles that of an activated immune cell, which is
expected as T-LGLL cells are chronically activated immune
cells. The effects of calcitriol treatment in TL-1 cells showed
significantly decreased IFN-g output. In addition VDR levels
increased while STAT1 and STAT3 phosphorylation decreased
in the nucleus, showing the effects are happening where tran-
scription occurs.

The timepoints in this study were chosen because previous
work showed that decreases in inflammatory cytokines
occurred at 48 hours.14 However, one caveat is that the TL-1

Figure 6. Analysis of cytokine output by the LGLL cell lines with and without calcitriol treatment. Cell culture media samples from TL-1 cells were analyzed for cytokine
production. (A) Six cytokines (IFN-g , IL-2, IL-4, IL-5, IL-10, IL-17) were measured from cells treated with 10 nM calcitriol compared to the negative controls (ntx, 0 nM) at
24 hours. Cytokine levels were measured in pg/mL; the y-axis shows the appropriate range for each cytokine and thus varies highly between cytokines. (B) Further analysis
of IFN-g was performed (n D 3). The 10 and 100 nM calcitriol treatments were compared to the 0 nM control. IFN-g was significantly decreased, with p < 0 .01 for 10 and
100 nM calcitriol. (Student’s t-test).
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cell line is dependent on exogenous IL-2 for survival, and needs
media change with fresh IL-2 every 48 hours. IL-2 then signals
through its receptor and ultimately causes STAT phosphoryla-
tion. We observed decreased STAT phosphorylation at 48 hours
across all treatments and controls (data not shown), demon-
strating that this was an effect of IL-2 depletion rather than cal-
citriol. Although this is a confounding factor, we think the
48 hour timepoint was still informative in our experiments as it
showed that although phosphorylated STATs decreased, total
STATs remained rather constant.

Phosphorylation of a conserved tyrosine residue in the SH2
domain of STAT proteins is needed for dimerization and sub-
sequent transcription of target genes.4 Phosphorylation of this
tyrosine is a direct measure of STAT activation. Data from
whole lysate experiments in the TL-1 cell line (Fig. 3) showed
activation of both STATs decreased upon calcitriol treatment,
with cell fractionation experiments (Fig. 4) confirming this
occurs in the nucleus. Three mechanisms could explain the
decrease in phospho-STAT levels. The first could be decreased
phosphorylation of STATs by JAKs; this could be due to activ-
ity of suppressor of cytokine signaling proteins.27 The second is
removal of the phosphate by a tyrosine phosphatase enzyme,
which can occur in either the nucleus or cytoplasm.28 The third
mechanism could be protein degradation; with the exception of

Figure 7. Cell viability of the TL-1cell line with and without calcitriol treatment. TL-
1 were treated with the indicated doses of calcitriol, or appropriate negative con-
trols. Each dose was done in quadruplicate. MTS reagent was added at 24 to assess
cell viability. Data were normalized to the 0 nM control and are shown as mean
with standard deviation. Treatments were not significantly changed compared to
the 0 nM control (Student’s t-test).

Figure 8. The effects of calcitriol treatment on PBMCs from LGLL patients. Fresh primary T-LGLL patient PBMCs were treated with the indicated doses of calcitriol,
or appropriate negative controls for 24 hours. Patient samples from (A) (T-LGLL#13) and (B) (T-LGLL#17) were previously surveyed in Fig. 1, while patient samples from
(C) (T-LGLL #24) and (D) (T-LGLL #25) were unique patients. Each blot (A-C) was probed for VDR, pY701-STAT1, and total STAT1. Patient T-LGLL #25 (D) was probed for
the additional targets of pY705-STAT3 and total STAT3 on a separate blot. b-actin was used as a loading control. In some cases, pico ECL reagent was used for detection
(denoted by �). Relevant clinical data for each patient can be found in Table 1.
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total STAT3 decreasing with calcitriol treatment in the TL-1
cell line, total STAT remained stable in whole cell lysate experi-
ments, suggesting that degradation is not the likely mechanism.
To address which mechanism is most responsible, future
experiments will include elucidating the activation states of
JAK-STAT pathway regulators as a result of calcitriol treat-
ment. Additionally, we plan to perform experiments with
cycloheximide to confirm that the half-life of STAT proteins is
unaffected by calcitriol.

Two isoforms of VDR (48 and 54 kDa) 29,30 and 3 isoforms
of RXR (a, b, g)26 have been identified. We found the TL-1 cell
line expressed the 48 kDa VDR and RXR-b isoforms. A survey
of other cell lines (Fig. 5B) revealed that other combinations of
isoform expression can occur in cancer. Most interestingly, our
survey of AML cell lines, which model another type of blood
cancer, showed differential expression of VDR and RXR iso-
forms. Previous work found that Jurkat cells, which models
acute T-cell leukemia, express RXR-a.31 In addition, RXR-a
and b are both present at the mRNA level in human PBMCs.32

Therefore, it is possible that RXR isoform expression becomes
unbalanced in cancer and that diverse VDR-RXR combinations
may result in different cancer phenotypes.

Results from two experiments in our study support the
hypothesis that the TL-1 cells are becoming reprogrammed
from an inflammatory to non-inflammatory phenotype upon
calcitriol treatment: the significant decrease in IFN-g produc-
tion and the unchanged viability. Since T-cells and LGLs are
the only known cells that can make IFN-g,33 and activated
CD8C lymphocytes (the T-LGLL phenotype) have the highest
levels of VDR compared to other immune cells,24 this shows
calcitriol can directly target the leukemic LGLs. The

phenomenon of calcitriol decreasing IFN-g output in PHA-
activated human PBMCs was published almost 30 y ago.34

T-helper 1 cells make IFN-g and other inflammatory cytokines
which prevents na€ıve T-cells from being able to differentiate
into T-helper 2 cells or other such cells that produce non-
inflammatory cytokines, therefore the inflammatory response
is perpetuated as more T-helper 1 cells are made.35 In infectious
diseases, the antigen is cleared and the T-cells are able to turn
off. However in autoimmune disease, the T-cells continue to
recognize an antigen and therefore continue to produce inflam-
matory cytokines.14 The ability of calcitriol to turn off inflam-
mation in autoimmune disease was shown with the EAE mouse
model study, where isolated neural antigen-sensitized spleen
cells produced significantly less IFN-g.16 One mechanism for
the decrease in IFN-g production is the simple fact that STAT1
becomes dephosphorylated, thus inactivated, and can no longer
bind the response element for the IFN-g gene to cause tran-
scription. Another mechanism is that VDR-RXR can bind the
promoter of IL-236 or IFN-g,37 showing direct repression of
these inflammatory cytokines is possible. These mechanisms
will be addressed by future studies in our laboratory.

Crosstalk between cytokine and vitamin D signaling path-
ways has been reported previously by two groups.21,22 Both
studies demonstrated direct interaction by VDR and STAT1.
Since cytokines can activate the JAK-STAT pathway, we con-
sidered that this could be an important link in LGLL. Fig. 9
illustrates a working model of what could be happening in a
LGL cell without (left panel) or with (right panel) calcitriol.
Without calcitriol, an inflammatory cytokine such as IFN-g
binds its receptor and causes subsequent JAK phosphorylation,
which phosphorylates STAT1, allowing it to dimerize and

Figure 9. A working model that demonstrates how calcitriol decreases inflammatory cytokine signaling in LGLL cells. In the left panel, IFN-g binds its receptor which leads
to phosphorylation of STAT1. The phosphorylated STAT1 monomer is able to dimerize then enter the nucleus to cause transcription of IFN-g , increasing IFN-g output,
which could act in an autocrine or paracrine fashion to propagate inflammation. In the right panel, calcitriol enters the cell and binds to VDR. VDR is released from its con-
stitutive STAT1 interaction and translocates to the nucleus. In this example, it binds and inhibits the IFN-g promoter. Ultimately, this leads to decreased IFN-g output. The
Discussion describes these mechanisms in greater detail.
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translocate to the nucleus, then cause transcription of target
genes such as IFN-g. The cell secretes IFN-g, thus positively
feeding this cycle in an autocrine or paracrine fashion. On the
other hand, addition of calcitriol allows VDR to bind its ligand
and halt STAT1 transcription of target genes. The potential
mechanisms include VDR being released from constitutive
STAT1 binding, allowing transcription of VDRE gene tar-
gets21,22, or direct inhibition of IFN-y transcription by binding
its promoter.37 The ultimate result is a dramatic decrease in
IFN-g production, which was observed in the TL-1 cell line
(Fig. 9). Cell viability may remain unchanged throughout this
process (as seen in Fig. 7) while the cells gain a new and less
inflammatory phenotype.

There are currently no known activating STAT1 mutations
in LGLL. We tested a separate cohort of T-LGLL patients (n D
76) for STAT1 mutations in exons 20 and 21, which corre-
spond to the SH2 and transactivation domains, the areas of
known STAT3 activating mutations (Fig. S1A, B). We found
that all patients in this group were WT for STAT1, while almost
30% exhibited a STAT3 mutation (Fig. S1C). Given that 30-
40% of LGLL patients have been previously found to harbor a
STAT3 mutation and we found a 29% frequency, this shows a
good sampling of the LGLL patients. Furthermore, this indi-
cates that if STAT1 mutations exist, they do not occur at the
frequency of STAT3 mutations. Regardless of the patients not
harboring an activating mutation in STAT1, studying it is rele-
vant for two reasons. First, we saw high levels of total and phos-
phorylated STAT1 in most LGLL patients. Elevated STAT1
could become activated via the JAK-STAT pathway, and cause
transcription of inflammatory cytokines. Chronic inflammation
is a characteristic of both autoimmune diseases and cancer and
can promote cancer development.38 Previous work by our labo-
ratory and collaborators showed IFN-g is significantly upregu-
lated in T-LGLL patient sera compared to normal donor sera,
making this a plausible theory.23 Second, constitutive activation
of STAT1 in LGLL has previously been reported by our labora-
tory, as well as the possibility of STAT1-STAT3 heterodimer
species.5 It is plausible that VDR and STAT1 could interact in
LGLL cells, given the high levels of each in most LGLL patients.
Otherwise, it would be reasonable to expect that the high levels
of VDR would already be working to turn off inflammation via
promotion or inhibition of transcription.

Synergistic effects of vitamin D with other treatments have
been reported and highlight another advantage for LGLL
patients currently on immunosuppressant treatment. Treat-
ment of T lymphocytes from active ulcerative colitis patients
with calcitriol or nonhypercalcemic analogs in combination
with CsA reduced cell proliferation in comparison to healthy
controls.39 Another study showed a decrease in IL-2 receptor
and production in CD4C cells obtained from rheumatoid
arthritis patients when calcitriol was combined with CsA, with
the CsA at 100 times below the optimal dosage.40 CsA is an
immunosuppressant that is commonly prescribed to treat
LGLL. This treatment can be quite toxic, thus vitamin D sup-
plementation may allow patients to take a lower CsA dose,
potentially minimizing side effects.

In summary, we have shown that calcitriol, the active form
of vitamin D, could be a potential therapeutic for T-LGLL. Fur-
ther work needs to be done to elucidate the mechanism for the

decreased activation of STATs and to understand how the cells
are being reprogrammed to a less inflammatory phenotype. If
supra-physiological doses of calcitriol are needed to elicit thera-
peutic effects in humans, the use of calcitriol analogs is another
option to reduce calciotropic effects. Our data suggest that clin-
ical investigation of calcitriol supplementation as a therapeutic
for T-LGLL may warrant further study.

Materials and methods

Human subjects

All human subjects whose LGLL samples were used in this
study consented to join Dr. Loughran’s LGLL Registry at the
University of Virginia (IRB-HSR#17000). For normal healthy
donor samples, blood was purchased from Virginia Blood
Services.

Research STAT mutation testing

DNA from PBMCs was extracted on the Anaprep system (Bio-
Chain) and amplified with premade primers (Invitrogen, cat#
hs00454880_ce for exon 20,19 and hs00405919_ce exon21 in
STAT3) in MyTaq master mix (Bioline, cat#BIO-25041). Pri-
mers were M13 tailed and a no input M13 PCR was run with
every sample to detect previous product carryover. PCR prod-
uct was cleaned with ExoSAP-IT(USB) (Affymetrix, cat#78250)
and submitted to Eurofins for Sanger Sequencing. Untailed for-
ward primers were used to sequence each STAT3. For the 76
patients surveyed for STAT1 mutations in exons 20 and 21,
high resolution melt assays were carried out on the CFX384
cycler (BioRad) using a 60�C annealing temperature for 45
cycles and analyzed with Precision Melt Analysis Software with
unstated parameters according to the Precision Melt Supermix
recommendations (BioRad, cat#1725110). The following pri-
mers were used to probe the region of interest for mutations:
HRMSTATF1 ctgttaccacctgcttgcc, HRMSTAT1R1 ctgagaatcc
cctgaagtatct chr2:191,841,539-191,841,646; HRMSTAT1F2
tggtctttgtcaatatttggatac, HRMSTAT1R2 ggttgaaccctacacgaaga
chr2:191,841,601-191,841,735; HRMSTAT1F3 tgcgaatgat
gtcagggaaa, HRMSTAT1R3 tctgtcctctttcattttggga chr2:191,841,
677-191,841,810 (contains common SNP rs206680804, no
additional variants seen) HRMSTAT1F3ALT tcagcagccat-
gactttgta, HRMSTAT1R3ALT ttttagaacctgacttccatgc chr2:191,
841,655-191,841,757 (omits common SNP); HRMSTAT1F4
tgtgctcaaactcccactca, HRMSTAT1R4 cctgttgaaggaccagcag
chr2:191,843,561-191,843,688.

Reagents

Calcitriol (1,25-(OH)2 vitamin D3) was purchased from Cayman
Chemical (cat#71820). RIPA lysis buffer (cat#R0278), protease
and phosphatase cocktails (cat#P8340, cat#P5726), and lectin
(phytohemaglutinin; PHA, from Phaseolus vulgaris, cat#A6419)
were all purchased from Sigma Aldrich. All antibodies were pur-
chased from Cell Signaling Technology. 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 paper
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stacks (cat#170-4274), were purchased from BioRad. RPMI 1640
(cat#10-040-CV), IMDM (cat#31980030), NE-PERTM Nuclear
and Cytoplasmic Extraction Reagents (cat#78833), Pierce bicin-
choninic acid (BCA) protein assay kit (cat#PI23225), SuperSignal
West Pico Chemiluminescent Substrate (cat#34087), and Super-
Signal West Femto Maximum Sensitivity Substrate (cat#34096)
were purchased from ThermoFisher Scientific. Polyacrylamide
gels (4-12%) were purchased from Life Technologies
(cat#NW04125BOX). The 3-(4,5-dimethylthiazol-2-yl)-5-(3-car-
boxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS)
Cell Proliferation Colorimetric Assay Kit was purchased from
BioVision (cat#K300-2500).

Primary cells

PBMCs from either T-LGLL patients or healthy donors were
isolated by Ficoll-hypaque gradient separation as described pre-
viously.41 Cell viability was determined by Trypan blue exclu-
sion assay. Na€ıve CD8C T-cells were isolated from buffy coats
of 3 normal donors using MagniSort Human CD8 Na€ıve T-cell
Enrichment Kit (eBioscience, cat#8804-6812-74). After obtain-
ing a cell count, each donor’s cells were plated at a density of
2 million cells/mL of RPMI 1640 supplemented with10% FBS.
One half of the isolated na€ıve CD8C T-cells were treated with
5 mg/mL of PHA. The other half remained untreated to pre-
serve the CD8C T cells in their na€ıve state. As a large number
of CD8C T-cells were obtained from one normal donor, a por-
tion of their CD8C T-cells, both the PHA-treated and non-
treated cells, received either media-only, ethanol (vehicle con-
trol), or 10 nM calcitriol immediately upon plating with or
without PHA. All CD8C T-cells regardless of their treatment
condition were maintained at 37�C, 5% CO2 for 24 hours
before their protein was harvested using RIPA lysis buffer with
protease and phosphatase inhibitor cocktails as described in the
protein gel blot section of the methods. The same procedure
was used for primary T-LGLL PBMCs used for experiments
except these were plated at a density of 1 million cells/mL.

Cell lines

The TL-1 cell line, a model of T-LGLL, was used for the bulk of
the data reported. This cell line was previously derived from a
T-LGLL patient by our laboratory and immortalized with the
retroviral HTLV-2 tax gene.8 Other cell lines were used as con-
trols for several antibodies tested in this study. The KG-1, KG-
1A, and Kasumi-1 cell lines were purchased from American
Type Culture Collection (ATCC). The MOLM-14 cell line was
generously provided by Dr. Mark A. Levis (Johns Hopkins
School of Medicine). The OCI-AML 2 cell line was a gift from
Dr. Xiaorong Gu (Cleveland Clinic). The THP-1 cell line was
generously provided by Dr. H.G. Wang (Penn State Univer-
sity). The MCF-7 and KB-3-1 cell lines were provided by Dr.
Myles Cabot (East Carolina University). The ABT-737-resistant
HL-60 (HL-60/ABTR) cell line was generated as previously
described.42 Vincristine-resistant HL-60/VCR cells were
selected as previously described.43 All cell lines used in this
study were authenticated using short tandem repeat DNA pro-
filing (Genetica DNA laboratories).

Cell culture

Cells were plated at a density of 1 million cells/mL for all
experiments with TL-1, except for the cell proliferation assay,
with those cells seeded at 25,000 cells/100 ml (250,000 cells/
mL). Calcitriol was dissolved in 100% ethanol and used in all
experiments. Media for all experiments with TL-1 and primary
patient cells was RPMI 1640 supplemented with 10% FBS.
TL-1 cells were supplemented with IL-2 at 200 U/mL. This cell
line and the others listed below were maintained at 37�C, 5%
CO2. For experiments with calcitriol, cells were treated for 24 or
48 hours at the doses of calcitriol listed. Appropriate negative
controls included media-only as a no treatment condition and
ethanol treated as a vehicle control, with the final percentage of
ethanol in the media always less than 0.1%. After treatment,
cells were harvested, lysed, and protein was extracted. The other
cell lines used in this study were grown in varying conditions to
maintain optimal growth characteristics. Kasumi-1 cells were
grown in RPMI 1640 supplemented with 20% FBS. KG-1 and
KG-1A cells were grown in IMDM supplemented with 20%
FBS. MCF-7 and KB-3-1 cells were cultured in DMEM with
10% FBS and 110 mg/L sodium pyruvate. MOLM-14, OCI-
AML 2, THP-1, HL-60/VCR, and HL-60/ABTR were grown in
RPMI 1640 supplemented with 10% FBS. In addition, HL-60/
VCR cells were maintained in medium containing 2 mg/ml vin-
cristine (Cayman Chemical, cat#11764).

Western blot

Cells, either treated with calcitriol/vehicle or retrieved from
cryo-storage, were washed with 1X PBS then lysed in a RIPA
lysis buffer that contained 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, which was probed with pri-
mary antibody overnight at 4�C according to manufacturer
standards. Primary antibodies used in these studies were:
pY701-STAT1 (cat#7649), total STAT1 (cat#9175), pY705-
STAT3 (cat#9131), total STAT3 (cat#9139), VDR (cat#12550),
RXR-a (cat#3085), RXR-b (cat#8715), and RXR-g (cat#5629),
with b-actin as a loading control (cat#3700). After washes, the
membrane was probed with secondary antibody (anti-rabbit
IgG-HRP linked #7074 or anti-mouse IgG-HRP linked #7076)
for an hour then treated with ECL substrate. For proteins at
lower levels either SuperSignal West Pico or Femto Maximum
Sensitivity Substrate was used. Images were captured with a
ChemiDoc instrument and analyzed using Image Lab software
(BioRad).

MTS assay

TL-1 cells were treated with varying doses of calcitriol and
appropriate negative controls. Cells were seeded at 25,000 cells/
well. The MTS Cell Proliferation Colorimetric Assay Kit was
used to assess cell viability. Twenty ml of MTS reagent was
added to each well after either 24 or 48 hours of calcitriol treat-
ment. The reaction was incubated at 37�C, 5% CO2 for 1 hour,
and formazan product was read on a plate reader at 492 nm,
with the absorbance exceeding control wells. Data were
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normalized to the ethanol (0 nM) vehicle control. All condi-
tions were done in quadruplicate.

Cytokine analysis

After treatment with calcitriol, the cells were pelleted, and ali-
quots of the media were collected and stored at -80�C prior to
analysis by the UVA Flow Cytometry Core by a Luminex
MAGPIX bead-based multiplex analyzer.

Cell fractionation assay

Cells were fractionated according to the NE-PERTM Nuclear
and Cytoplasmic Extraction Reagents protocol. Briefly, 3 mil-
lion cells were pelleted after treatment. The cells were washed
with PBS then cytoplasm was obtained after lysis with CERI
(protease and phosphatase inhibitors added) and CERII buf-
fers. NER buffer was used to obtain the nuclear fraction. After
quantification of the fractions, 25 mg of protein was loaded
onto a gel for western blot analysis.

Statistical analysis

Data were analyzed using GraphPad Prism software version 7.
An unpaired 2-tailed Student’s t-test was used to determine sig-
nificance. P-values of <0 .05 were considered significant.

Sequence alignments

Homo sapiens STAT1 and STAT3 amino acid sequences were
retrieved from the National Cancer Institute Protein Database
(Accession NP_009330 for STAT1 and Accession NP_644805
for STAT3). The sequences were put into FASTA format and
aligned using Clustal Omega software, which is a free online
alignment tool curated by the European Bioinformatics Insti-
tute. Annotations to the sequences were performed to show
mutated and analogous WT amino acids in STAT3 and
STAT1, respectively, for the 76 patients. These data can be
found in the Supplement.
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