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Abstract
Objective

To determine the effect of vitamin D3 on interferon-B (IFN-B) response and immune regu-
lation in MS mononuclear cells (MNCs).

Methods

MNCs from 126 subjects, including therapy-naive patients with different forms of MS, plus
patients with MS receiving IFN-p or glatiramer treatment, plus healthy controls were incubated
in vitro with IFN-B-1b + vitamin D3 (calcitriol). Activation of the IFN-B-induced transcription
factor, p-Y-STAT1, and antiviral myxovirus A (MxA) protein was measured with flow
cytometry and Western blots; serum proteins were measured with a customized 31-protein
multiplex assay.

Results

Vitamin D enhanced in vitro IFN responses, as measured by induction of p-Y-STAT1 and MxA
in MNCs, T cells, and monocytes. Vitamin D augmentation of IFN responses was seen in
untreated and in IFN-B-1b-treated MS. The combination of vitamin D plus IFN-p reduced
Thl and Th17 cytokines, and increased Th2 responses, reversing the effect of IFN-p alone.
Exacerbations and progression in untreated patients reduced the vitamin D enhancement of
IEN responses. Vitamin D had less effect on IFN response in clinically stable glatiramer-treated
than in IFN-p-treated patients.

Conclusion

Vitamin D enhances IFN-p induction of multiple proteins and also reverses the Th1/Th2 bias
in MS seen with IFN-f alone. The combination of vitamin D and IFN-p has potential benefit in
ameliorating MS.
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Glossary

BDNF = brain-derived neurotrophic factor; ConA = concanavalin A; EAE = experimental autoimmune/allergic
encephalomyelitis; GA = glatiramer acetate; HC = healthy control; HGF = hepatocyte growth factor; IFN-p = interferon-f;
LIF = leukemia inhibitory factor; MFI = median fluorescence intensity; MNC = mononuclear cell; MxA = myxovirus A; NGF =
nerve growth factor; PMA = phorbol myristate acetate; PMS = progressive MS; PPMS = primary progressive MS; RRMS =
relapsing/remitting MS; RRMS-a = active RRMS; RRMS-s = stable RRMS; SPMS = secondary progressive MS; TPO =

thymopoietin; VDR = vitamin D receptor; VDSI = Vitamin D Stimulation Index.

Vitamin D in serum controls the onset and activity of MS, and
vitamin D affects clinical responses to interferon-f (IFN-p)
therapy. The mechanism is unknown.

Vitamin D serum levels correlate with onset of MS and with
clinical responses to IFN-B.1 The chance of developing MS in
far Northern and far Southern latitudes and in cloudy regions of
France is linked to lack of sunlight and to low serum vitamin D
levels.” In established MS, exacerbations and disease pro-
gression are linked to low serum vitamin D levels.® In the
BENEFIT study of clinically isolated demyelinating syndrome,
high vitamin D levels correlated with fewer second attacks, fewer
active MRI lesions, less T2 lesion load, and less brain atrophy.4

When exogenous vitamin D is added to IFN-B-1b therapy,
there is MRI and clinical benefit. For instance, in a random-
ized, double-blind trial, 20,000 U/wk of oral vitamin D3
added to IFN-B-1b therapy led to fewer active Gd+ MRI
lesions, faster tandem walking speed than at baseline, and
a trend for less disability.” In the subgroup with prestudy
activity during IFN-p therapy, those supplemented with vi-
tamin D had fewer Gd-enhancing and new T2 lesions and less
T2 lesion burden.’ In a mix of IFN-f-treated and untreated
Tasmanian patients, only those on IFN-f therapy showed
clinical benefit from high serum vitamin D levels,’ suggesting
that there are complex dose/response relationships in vivo.
For instance, blacks have lower serum vitamin D levels than
whites,® and there was less benefit from 2 forms of IFN-B-lain
blacks than whites.’

We hypothesized that combination of vitamin D with IFN-$
would enhance IFN-regulated responses. We examined the
mechanism of in vitro vitamin D effects on intracellular IFN
signaling, antiviral responses, inflammatory cytokines, and
neuroprotective proteins in immune cells from untreated and
IFN-treated patients with MS and healthy controls (HCs).
We demonstrate that vitamin D enhances IFN responses in
activated MS immune cells and also provokes a marked shift
from Th1 to Th2 responses.

Methods

Subjects

One hundred twenty-six subjects, 111 patients with MS, and 15
HCs were studied. Seventy-two therapy-naive patients with MS
included 33 stable relapsing/remitting MS (RRMS-s), 12 active
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RRMS (RRMS-a), 17 secondary progressive MS (SPMS), and
10 primary progressive MS (PPMS). Thirty-nine treated patients
with MS were receiving IEN-B (14 RRMS-s, S RRMS-a, and §
SPMS) or glatiramer acetate (GA; 11 RRMS-s and 4 SPMS)
(table).

Data availability
All data from this study are included in the article, but ano-
nymized data will be shared by request from any qualified

investigator. It is not a clinical trial.

Standard protocol approvals, registrations,
and patient consents

Written consent, approved by the University of Chicago in-
stitutional review board, was obtained from all subjects.

In vitro IFN response

Mononuclear cells (MNCs) were isolated on lympholyte-H
density gradients (Cedarlane Laboratories, Burlington, Can-
ada). In preliminary experiments from 33 sets of MNCs from
HCs and patients with MS, IFN-f alone and vitamin D alone
had minimal effects on protein secretion by resting cells, but
induced robust production by in vitro—activated cells. The
dose effect and kinetics of vitamin D (10-400 nM, over 0-48
hours) in these cells were tested and optimized with vitamin
D preincubation using replicates at 0, 1, 2, 3, 6, 8, 12, 16, 18,
20, and 24 hours for activation of the p-Y-STAT1 transcrip-
tion factor and also 0, 24, and 48 hours for induction of the
antiviral myxovirus A (MxA) protein. U937 monocytoid and
Jurkat T-cell lines exhibited similar responses.

Vitamin D elevated IFN-induced p-Y-STAT1 and MxA at all
points, but did not prolong the amplitude after the peak. IFN
and IFN plus Vit D both caused maximal rise at 30 minutes,
and then, p-Y-STAT1 levels began to decline. Although the
IFN + VitD levels were higher at all points, the shape of the
kinetic curve was the same. HC and MS MNCs exhibited
the same kinetics, with and without vitamin D. MxA protein
was induced at 24 and increased at 48 hours before declining.
We chose 30 minutes and 48 hours to compare differences
between combination therapy and IFN alone.

We also compared media, S pg/mL concanavalin A (ConA)
mitogen, or the combination of 5 ng/mL phorbol myristate
acetate (PMA) and 1 pM ionomycin (Sigma-Aldrich). Cy-
tokine induction was minimal with media alone. Cytokine
levels were more variable with PMA/ionomycin than with
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Table Demographics

Vitamin D Vitamin D
Treatment n (Total 126) Age (mean + SEM) Sex (male/female) Race (W/B/0) (mean + SEM) (<30/230 ng/mL)

HCs @2 15 444 +4.2 9/6 13W/20 321+34 6/9
RRMS-s %] 33 463+1.9 5/28 24W/7B/20 37.2+28 10/23
RRMS-s IFN-B 14 48.9+2.8 2/12 12W/2B 39.2+4.0 3/11
RRMS-s Glatiramer 11 46.6 £ 2.8 110 1MW 374+29 1710
RRMS-a 2 12 484+29 2/10 11W/1B 32.8+4.9 5/7
RRMS-a IFN-B 5 45.2 +6.7 0/5 4W/1B 37.4+11.4 2/3

SPMS 2 17 57.7+24 7/10 10W/5B/10 39.5+4.0 5/12
SPMS IFN-B 5 56.8+5.3 1/4 3W/1B/10 49.6 + 6.7 0/5

SPMS Glatiramer 4 58.7+3.8 1/3 2W/2B 435+6.0 1/3

PPMS (4] 10 542 +3.2 4/6 8W/1B/10 345+5.0 4/6

Abbreviations: HC = healthy control; PPMS = primary progressive MS; RRMS-a = active RRMS; RRMS-s = stable RRMS; SPMS = secondary progressive MS.
2 Untreated (@), Caucasian (W), African American (B), Other (O), and serum 25-OH vitamin D (Vit D).

ConA and exhibited less distinction between Thl, Th2, and
other cytokine families than ConA. There were also no dif-
ferences in kinetic response curves between IFN--1b (Bayer)
and IFN-B-1a (Serono) at 160 U/mL for 0-2 hours (p-Y-
STAT1) or 0-48 hours (antiviral MxA).

For all subsequent experiments, 4 x 10° MNCs/mL in 250 uL
AIM-V medium (Life Technologies) were preincubated with
200 nM activated vitamin D3 (1,25 [OH], vitamin D3/
calcitriol, Enzo Life Sciences) or media at 37°C in §% CO, for
12 hours and then activated for 2 days with ConA as a model
of inflammation. We measured the peak p-Y-STAT1 activa-
tion at 30 minutes and MxA at 48 hours after ConA activation,
using flow cytometry and Western blots.

Flow cytometry

Stimulated cells were fixed, permeabilized, and stained with
monoclonal rabbit antibodies to phospho-STAT1 (Tyr701)
(clone 5$8D6, Alexa Fluor 488 conjugate, Cell Signaling
Technology, Danvers, MA) or monoclonal primary rat anti-
MxA (Biogen, Cambridge, MA) followed by goat anti-rat im-
munoglobulin G (IgG) FITC (BioLegend), according to the
manufacturer’s protocols. To correct for fluorescence intensity
variation between experiments, we used multiple internal
controls. These included unstained background control, iso-
type control, medium control, and untreated sample control.
Isotype control (Cell Signaling Technology) of rabbit IgG
Alexa Fluor 488 was performed to correct for nonspecific
binding of p-Y-STAT1 staining. We observed very mini-
mal signal on isotype and unstained controls. Flow cytometry
was performed on an LSRFortessa cell analyzer using FACS-
Diva software (Becton Dickenson, BD). Numbers of
MNCs, lymphocytes, and monocytes, based on forward and
side scatter, and median fluorescence intensity (MFI) of pro-
tein expression'® were analyzed with FlowJo software (BD).
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After Flow]Jo software analysis (BD Biosciences), MFI raw val-
ues from each condition were exported to an Excel spreadsheet
for calculating fold of change. We first normalized all samples by
subtracting isotype controls. We then used the Vitamin D
Stimulation Index (VDSI) to determine fold change in MFI of
protein expression with a 4-component formula, [ (IFN+VitD)
— VitD alone]/(IFN alone — media)]. This index measures the
additive effect of vitamin D plus IFN-B compared with IFN
alone and corrects for differences in induction by IFN alone and
for the minor effects of vitamin D alone or media alone.

Western blots

MNCs were lysed in Laemmli buffer plus protease inhibitors
and 1 mM Na orthovanadate."" Cell lysates were run on 8%
separating/5% stacking gels and transferred to Immun-Blot
polyvinylidene difluoride membranes for enhanced chem-
iluminescence analysis with luminol/enhancer solution and
peroxide solution (Bio-Rad). Western blots were quantitated on
a CHEMI Genius Bio Imaging System using GeneSnap Image
Acquisition Software and analyzed on Gene tools (Syngene,
Frederick, MD). Antibodies were primary rat anti-MxA (Biogen),
p-STAT1 (Y701) rabbit MAb (Cell Signaling Technology), actin
(I-19) goat polyclonal IgG, donkey anti-goat IgG-horseradish
peroxidase (HRP), chicken anti-rat IgG-HRP, and goat anti-
rabbit IgG-HRP (Santa Cruz Biotechnology). The relative fold of
change between IFN alone and vitamin D added to IFN was
calculated with the VDSI, below.

Gel densitometry (ChemiDoc XRS + system imager, Bio-
Rad) is based on charge-coupled device high-resolution, high-
sensitivity detection, followed by Gene Tools analysis (Syn-
gene). This software automatically adjusts densitometry
readouts and maintains the same ratio of MxA/actin regard-
less of the changing background or sharpness on image.
Representative figures capture the intensity at one brightness
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level, but the raw data are imaged at a dynamic range of >4.0
orders of magnitude with a 65,535 pixel density (gray levels).
During chemiluminescent exposure, care was taken to gen-
erate images that were not overexposed to prevent signal
plateau/saturation and loss of dynamic range.

We found that Western blot experiments were actually more
reproducible than other assays for this intracellular protein. We
and other researchers find that Western blots of both p-Y-STAT1
and MxA are reliable markers of IFN responses and also show
subtle differences in molecular weight due to posttranslational
modifications that are missed with other techniques."”

Cytokine profiles

Supernatants from in vitro—activated MNCs with medium
alone, vitamin D alone, IFN-f alone, and vitamin D added to
IFN-p were measured with 31-cytokine customized multiplex
(Procarta Immunoassay Kit, Affymetrix) in 40 patients. Tar-
gets were based on the MS literature and our preliminary
experiments extracted from 280 candidates, including cyto-
kines, chemokines, and neuroendocrine and neurotrophic
proteins. Many of these induced proteins are detectable in
vitro, unlike in serum, where most cytokines are at very low
levels.' Analytes with significant changes are listed in figure 6.
Patient subtypes and HCs were randomized between plates.
Assays were run according to the manufacturer’s guidelines.

Serum vitamin D levels

Total 25-OH D, 25-OH D3, and 25-OH D2 were quantitated
with liquid chromatography/mass spectroscopy (Quest Diag-
nostics, Schaumburg, IL). Total serum 25-OH D levels less
than 20 ng/mL indicate vitamin D deficiency; 20-30 ng/mL
suggest insufficiency; 30-100 ng/mL is considered optimal for
healthy normal subjects.

Statistical analysis

Values between subject groups were compared with unpaired
student ¢ tests. Baseline vs later drug-induced values were
analyzed with paired ¢ tests in all conditions. Figures were
generated using R package ggplot2. To compare protein ex-
pression after induction with vitamin D added to IFN vs IFN
alone, we used the VDSI. It determines fold change in MFI
with a 4-component formula, [(IFN+VitD) - VitD alone]/
(IFN alone — media) ]. This index measures the additive effect
of vitamin D plus IFN-p compared with IFN alone, and
corrects for differences in induction by IFN alone, and minor
effects of vitamin D or media alone. Statistical significance was
delineated as *p < 0.0S and **p < 0.01.

Results

Enhancing effects of vitamin D on intracellular
IFN-B responses in MNCs

Untreated MS
IFN-B responses in vitro were first examined by measuring
activation of the p-Y-STATI1 transcription factor and
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induction of the antivirus MxA protein in ConA-activated
MNCs from 72 untreated patients with MS. IFN-B alone
induced rapid phosphorylation of p-Y-STAT1, typically
a 3-fold increase in p-Y-STAT1 levels compared with media
alone (figure 1A). Twelve-hour pretreatment with vitamin D
alone had only minimal effects on activation of p-Y-STAT
(figure 1B). IFN-B plus vitamin D displayed dramatic in-
duction, with a 10-fold increase in p-Y-STAT1 levels com-
pared with IFN-B alone (p = 0.00002, paired ¢ test).

The effect of vitamin D on intracellular IFN-p response was
compared between subgroups of untreated patients with dif-
ferent forms of MS. HCs were the best responders to in vitro
vitamin D plus IFN-p and had the highest median elevation in
p-Y-STAT1 (p < 0.01) (figure 2A). All patient groups except
SPMS showed significant vitamin D enhancement of STAT1
activation. There was less induction in SPMS than in HC.

For MxA protein, IFN-p alone showed greater induction than
media or vitamin D alone in cells from therapy-naive patients
with MS (figure 1C). IFN-f plus vitamin D induced much more
MxA compared with IFN-B alone. Thus, vitamin D activates
STAT1 and modifies the downstream response to IFN-p.

Vitamin D enhanced IFN-induced MxA production in all MS
groups and in HCs (figure 2B). Therapy-naive patients with
PPMS, with the highest median fold change in (p < 0.0S,
MxA), and patients with SPMS were the best responders to in
vitro MxA induction by IFN-p plus vitamin D. The trend for
enhanced responses in PPMS compared with HC was not
significant. This is because the VDSI corrects for baseline
MZxA levels when it measures the incremental change from
IFN-B alone vs the combination of IFN-B plus vitamin D.
IFN-B alone induced far more MxA in HC (14.7-fold in-
duction) than in all forms of MS (2- to 6-fold); RRMS-s had
the highest level in untreated patients (described below;
figure 6A). This low level of MxA parallels the subnormal
response to type I IFN during active MS." Vitamin D cor-
rected the inability of IFN-p alone to induce a robust re-
sponse. The combination of vitamin D and IFN- induced
MzxA more during relapses and progression than in HC.

Treated MS

Vitamin D enhanced IFN-f induction of p-Y-STAT1 levels in
MNCs from IFN-treated RRMS-s and RRMS-a, but had no
effect in IFN-treated SPMS cells (figure 3). Responses in IFN-
p-treated RRMS-s were greater than RRMS-a, and in turn
greater than SPMS, paralleling our demonstration of IFN
resistance in active and progressive MS."* With glatiramer
treatment, there was more activation of p-Y-STATI in
RRMS-s and a trend for higher p-Y-STAT1 in a small number
of SPMS (nonsignificant).

There was an age effect in IFN-treated patients with RRMS-s,
but not in other groups. Younger patients with RRMS-s on
IEN-B therapy (<4S years old) had better in vitro response to
IEN-B plus vitamin D (3.5-fold induction) compared with older

November 2019 Neurology.org/NN


http://neurology.org/nn

Figure 1 Vitamin D enhances IFN-B-induced expression of
p-Y-STAT1 and MxA in MNCs
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(A) In vitro vitamin D enhances IFN-B induction of p-Y-STAT1 in ConA-acti-
vated MNCs from 72 untreated patients with MS (p = 0.00002). (B) p-Y-STAT1
expression on flow cytometry histograms from a representative patient with
RRMS-s. The media, IFN, VitD, and IFN+VitD curves are all stained with Alexa
Fluor 488-labeled Mab to p-Y-STAT1. (C) MxA protein on Western blot of
arepresentative patient with RRMS-s. ConA-activated MNCs were incubated
in vitro with 160 U/mL IFN-B-1b for 30 minutes to 48 hours + preincubation
with 200 nM Vit D3 (calcitriol) for 12 hours. Gray-scale densities of each band
are listed above figure. IFN-B = interferon-f3; MxA = myxovirus protein.
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patients (1.5-fold induction) (p < 0.05). There were no sex or
race effects on this response. MxA induction was similar to that
seen with p-Y-STAT1 in treated patients (data not shown).

Thus, vitamin D improves in vitro responses to IFN-f in both
untreated and in IFN-p-1b and GA-treated patients with MS.
There is alower response to IFN in MNCs from relapsing and
progressive patients than in stable patients. This variability
could be from the inflammatory milieu in MS or from dif-
ferences in vitamin D serum levels.

Effect of low vs high serum levels of vitamin D

Subjects were divided into low (<30 ng/mL) and normal/
high serum vitamin D (>30 ng/mL) cohorts to compare their
responses to in vitro IFN-B-1b plus vitamin D. In both low
and high serum vitamin D groups, in vitro vitamin D en-
hanced activation of STAT1 by IFN-B (figure 4). HCs had
good responses, regardless of serum vitamin D levels. In
contrast, patients with RRMS-s, SPMS, and PPMS with high
vitamin D were better responders than those with low vitamin
D levels. This suggests that even on a background of high
serum vitamin D levels, additional vitamin D enhances
responses to IFN-B. Conversely, during exacerbations, un-
treated patients with RRMS-a with low serum vitamin D levels
had even better in vitro induction of p-Y-STAT1 than those
with high levels. This suggests that immune dysregulation and
the characteristic low IFN-p responses during exacerbations
would benefit from additional vitamin D.

Vitamin D effects on responses to IFN-B in immune cell
subsets

Vitamin D affected p-Y-STAT1 induction in lymphocytes and
monocytes. Vitamin D plus IFN-B (figure S, blue line) in most
therapy-naive groups had a greater effect than IFN-P alone
(yellow line) on activation of STAT1. However, there is little
effect of vitamin D stimulation on lymphocytes from SPMS
and RRMS-a (figure SA), or on monocytes from SPMS
(figure SB), groups with known resistance to IFN-p stimula-
tion."? During IFN-B therapy compared with untreated MS, in
vitro vitamin D forces induction of additional p-Y-STAT1 in
RRMS-s and RRMS-a. This suggests that IFN- therapy has
reduced negative effects of inflammation or has primed im-
mune cells for greater responses to IFN."*

There were high correlations in expression of p-Y-STAT1
between monocytes and lymphocytes in all groups, after in-
duction by IFN alone (r = 0.82, p = 3.4 x 10~'?) and by IFN +
VitD (r=091,p =24 x 1077, and also in the fold of change
(r=1068,p=26x107).

Multiplex analysis of vitamin D effects on
immune and neuroprotective factors in
MS MNCs

Th1, Th17, and Th2 cytokines
A 31-analyte multiplex assay was used to investigate how the
vitamin D plus IFN-B combination modulates immune and
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Figure 2 Vitamin D enhances intracellular IFN- responses in therapy-naive MS and HCs
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(A) p-Y-STAT1, measured with flow cytometry, is generated in all groups, but there is less induction in SPMS than in HC. (B) MxA protein, measured with
Western blots. The trend for enhanced responses in PPMS vs HC was not significant (p < 0.13, unpaired t test). ConA-activated MNCs were incubated in vitro
with 160 U/mL IFN-B-1b for 30 minutes to 48 hours + preincubation with 200 nM vitamin D3 (calcitriol) for 12 hours. Fold change of vitamin D plus IFN-
compared with IFN-B alone, determined using VDSI: [(IFN + VitD) — (VitD))/[(IFN) — (no IFN)]; average with p values above SEM bar: *p < 0.05, **p < 0.01.
Comparisons between groups use unpaired t tests, brackets. PPMS = primary progressive MS; RRMS-a = active relapsing/remitting MS; RRMS-s = stable RRMS;

SPMS = secondary progressive MS.

nonimmune responses. We targeted inflammatory and non-
inflammatory cytokines, IFN-stimulated proteins, neuro-
trophic factors, and cell proliferation and adhesion molecules

in 40 subjects (figure 6).

IEN-f alone tended to induce Th1 cytokines. Ratios of IFN/
media are in figure 6A, and corresponding difference values
in pg/mL are shown in figure e-1A (links.Iww.com/NX1/
A151). IL-2 was elevated in vitro in untreated and IFN-
treated MS MNCs, especially during exacerbations, but not
in cells from glatiramer-treated patients. IFN-y was slightly
increased in MNCs from untreated RRMS-a and progressive
MS, but not in glatiramer-treated RRMS-s or HC. IFN-f
alone inhibited Th2 cytokines (IL-4 in all groups except
RRMS-a and HC; IL-S in all groups except RRMS-a). IL-10

was an exception, with induction by IFN-p in all groups
except RRMS-s on IFN therapy (figure 6A). This may be due
to differential effects on IL-10 induction among immune
subsets. We and others find that IFN-B induces IL-10 in
T cells, but inhibits production in monocytes.'>'® During
attacks, in untreated and IFN-p-treated MS, in vitro IFN-f
elevated many Thl and some Th2 cytokines. Thus, the Th1/
Th2 ratio remained elevated during the “cytokine storm”
that characterizes exacerbations.

Vitamin D alone, in contrast to IFN-p alone, markedly re-
duced Th1 and Th17 cytokines for all untreated groups and
for IFN-B- and glatiramer-treated MS groups and HC.
These cytokines included IL-2, IFN-y, TNF-a, and
TNEFRII, which is secreted by activated T cells, and IL-17F.

Figure 3 Vitamin D enhances IFN-B-induced p-Y-STAT1 expression in MNCs from patients with MS receiving MS therapies
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Figure 4 Effect of high vs low serum vitamin D levels from therapy-naive patients with MS on IFN response in MNCs in vitro
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Vitamin D, again in contrast to IFN-p, increased Th2 cy-
tokine expression, including IL-4, IL-S, and IL-10 (figure
6B and figure e-1B, linkslww.com/NXI/A151). GA-
treated patients were the exception, with no induction of
Th2 cytokines compared with the media control, but Th2
cytokine levels were higher than levels seen with IFN-p
alone.

Vitamin D added to IFN-f maintained the shift from Th1 to
Th2 caused by vitamin D alone, and dramatically reversed the
Thl-inducing effect of IFN-p alone, in therapy-naive and IFN-
treated MS (figure 6C and figure e-1C, links.lww.com/NXI/
Al151). Again, the exception was in GA treated, where there
was minimal induction. Overall, the change was close to that
seen with vitamin D alone. IFN-p plus vitamin D markedly

Figure 5 Vitamin D and IFN-3 effects on p-Y-STAT1 induction in lymphocytes (A) and monocytes (B)

A. Lymphocytes

MIFN + VitD - VitD

CJIFN - Medium
HC
SPMS_IFN 16 OND
RRMS_A_IFN 3 RRMS_S
RRMS_S_IFN RRMS_A
SPMS_COP SPMS
RRMS_S_COP PPMS

B. Monocytes

MIFN + VitD - VitD
[JIFN - Medium

HC
SPMS_IFN s OND
RRMS_A_IFN 4 RRMS_S
RRMS_S_IFN RRMS_A
SPMS_COP SPMS
RRMS_S COP  PPMS

Vitamin D plus IFN-B (blue line) in most therapy-naive groups had a greater effect than IFN-B alone (yellow line) on activation of STAT1 in ConA-activated
lymphocytes and monocytes. Values in radar plot represent median fold change in log, scale expression of p-Y-STAT1 measured by flow cytometry. Blue line:
(IFN+ VitD) - (Vit D); yellow: (IFN)-(media alone). IFN-B = interferon-B; RRMS-a = active relapsing/remitting MS; RRMS-s = stable RRMS; SPMS = secondary

progressive MS.
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Figure 6 Multiplex of fold change of protein secretion by activated MNCs from HCs and different forms of MS

A. IFN vs media

HC RRs RR-a PMS RR-s RR-s

B. vitD vs media
HC RR-s RR-a PMS RR-s RR-s

C. (IFN + VitD) vs media

HC RR-s RR-a PMS RR-s RR-s

Fold
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IFN-g 1.00 0.99 1.10 1.10 1.02 ] 87 1.00 | 0.94 0.95] 0.9]
IL-2 1.08 1.32 1.42 13 0.98 1.0
TNF-a 0.91 1.28 1.0
TNFRII 0.95 092 1.07 1.05 0.8
IL-17F 0.95 1.08 1.04
Th2 avg 138 145 1.45 126 1.14]
IL-4 110 | 145, 1.23 1.12 1.05] 1.4
IL-5 1.11 0.96
IL-10 1.28 1.31
ISG avg
IP-10 1.02 099 1.06 1.06 1.05 103 099 098 099 1. i 1.02 1.00 0.99
MCP1 111 094 092 1.04 094 1.05 IEIE . ] 1.03 101891 1.00
I-TAC 1.22 1.01 1.07 1.19* : 0.9 0.99 0.94
p-Y-STAT1 110  0.91 1.13 0.99 0. ! !
MxA 0.94 1.35
Adhesion avg 3 1.08 123 1.29 147 139 112 140 1.24
SICAM-1 1.36 1.05 1.21 1.9 1.37 1.31 123 1.23 1.36
VCAM-1 1.01 093 1.03 1.09 112 1.28 1.45 1.38 116 1.30 1.34
VEGF-a 1.28170:89] 1.11_1.21 092 121 1.04 0.98 |67 1.04
Proliferation avg 1.02 0.99 1.05 1.02 0.97 0.98 0.92 0.93 1.00 0.90 0.96 1.03
IL-15 1.02 1.00 1.11 0.99 097 091 094 0.:88 094
IL-7 1.01 099 099 1.05 0.98 1.04 0.90 0.98 1.07
Neurotrophicavg [0.99 0.93 1.11 1.02
LIF 095 092 1.11 0.98
BDNF 0.95 093 1.26 1.10
NGF 1.01 097 1.08 1.01
HGF 0.96 0.92 1.04 1.02 89
TPO 1.05_0.93 1.07 1.00 090 :
112 avg 7.00 095 1.08_0.99
IL-12 (p40) 1.03 0:88
IL-12 (p70) 112 1.08 1.19 1.07 132 1.29 1.48

(A) IFN-B alone vs media, expressed as ratio of IFN-B/media. (B) Vitamin D alone vs media. (C) IFN-B plus vitamin D vs media alone. Selected targets are
grouped into Th1, Th17, and Th2 immune pathways and clusters of IFN-stimulated proteins (ISGs), adhesion molecules, and cytokines controlling homeostatic
proliferation, neurotrophic factors, and IL-12 family. Values are fold change in the stimulation condition/media. Intensity of shading shows upregulation (red)
or downregulation (blue). Target proteins include BDNF = brain-derived neurotrophic factor; HGF = hepatocyte growth factor; IFN-y = interferon-y; IL-2 =
interleukin-2; TNF-a = tumor necrosis factor-a; TNFRII = TNF receptor type II; IL-17F, IL-4, IL-5, IL-10, IP-10 = IFN-induced protein-10 (CXCL10); MCP1 =
macrophage chemotactic protein-1 (CCL2); I-TAC = IFN-inducible T-cell alpha chemoattractant (CXCL11); LIF = leukemia inhibitory factor; p-Y-STAT1 =
phosphotyrosine-STAT1 transcription factor; MxA = myxovirus A; NGF = nerve growth factor; sICAM-1 = soluble intercellular adhesion molecule-1; TPO =
thymopoietin; VCAM-1 = vascular cell adhesion molecule; VEGF-a = vascular endothelial growth factor-q, IL-15, IL-7, and IL-12 p40 and IL-12 p70 components.

reduced IL-17F in MNCs from HCs and all patients with MS,
including those on glatiramer therapy.

Prototypical IFN-stimulated proteins

Induction of p-Y-STAT1 was enhanced 3-fold by vitamin D
added to IFN-f in MNCs from HC and groups of therapy-
naive and treated MS (figure 6C). MxA was induced in all
groups, but much more in HCs than in any MS group (figure
6C). This reflects the low IFN-induced MxA protein levels in
MS compared with HC reported by Feng et al.'” IEN- and
vitamin D, alone and in combination, had only modest effects
on chemokine levels in this system.

Adhesion and neurotrophic factors

Vitamin D and IFN-p together tended to stimulate secretion of
adhesion molecules intercellular adhesion molecule-1 and vas-
cular cell adhesion molecule-1, as well as vascular endothelial
growth factor-a (ﬁgure 6C and figure e-1C, linkslww.com/
NXI/A151). Although IFN-B alone caused slight induction of
neurotrophic factors (leukemia inhibitory factor, brain-derived
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neurotrophic factor, nerve growth factor [NGF], hepatocyte
growth factor, and thymopoietin), vitamin D plus IFN-B had
minimal or inhibitory effects. These neurotrophic factors are
predominantly products of the nervous system or other tissues,
and serum levels may differ from the modest ability of cultured
MNC:s to produce these factors. For instance, IFN-p has direct
neuroprotective effects by inducing NGF in neurons and
astrocytes,'” but we did not see induction in MNCs.

Multifunctional cytokines

Vitamin D plus IFN-f induced secretion of IL-12(p70), but
inhibited secretion of IL-12(p40). IL-12, a monocyte product,
induces Thl cells, predominantly through the actions of the
IL-12 p70 heterodimer that consists of p3S and p40 subunits.
The IL-12p40 homodimer, however, blocks IL-12 p70 bind-
ing to its receptor. These data would suggest that the marked
fall in IL-12 p70 and rise in IL-12 p40 would be detrimental in
MS. However, there is no therapeutic benefit in MS of anti-IL-
12p40 monoclonal antibody (binding IL-12 p40 homodimer,
IL-12 p70 heterodimer, and the p40 subunit in IL-12/23).
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The lack of efficacy with targeted therapy against IL-12 may
arise from the effects on shared subunits of multiple IL-12

family cytokines.

Vitamin D plus IFN-f slightly reduced cytokines that augment
homeostatic proliferation (IL-7, IL-15) in most HCs and
patients with MS. Reduction of IL-7 may be beneficial in MS.
IL-7 induces Thl cells, and antibodies to IL-7 inhibit experi-
mental autoimmune/allergic encephalomyelitis.'® IL-15 RNA
expression is highly dysregulated in untreated MS." IL-15
induces proliferation of cytolytic CD8 cells,”® which can sever
axons in vitro,”' yet IL-15 also blunts the function of CD8
cytolytic T-cell." Reduction of IL-15 by IFN-B plus vitamin D
potentially counterbalances cytolytic CD8 T-cell function and
promotes in vivo and in vitro IFN-B-driven enhancement of
regulatory CDS8 T-cell function in MS seen in vitro and in vivo.”

Discussion

Vitamin D enhances responses to IFN-B by increasing acti-
vation of p-Y-STAT1. It also reverses or enhances down-
stream effects of IFN-p alone. Augmentation of signaling by
vitamin D occurs in cells from untreated MS (figures 1 and 2)
and from patients on IFN-p and glatiramer therapy (figure 3).

Vitamin D alone downregulates proinflammatory Thl and
Th17 cytokines and increases anti-inflammatory Th2 cyto-
kines (figure 6B and figure e-1b, links.lww.com/NXI/A151).
IFN-B alone, conversely, clearly increases Thl and Thl7
production and decreases IL-4 and IL-S secretion. The
immune-enhancing effect of IFN-p is not surprising, as type I
IFNs are potent antiviral agents, activate cytolytic T cells, and
induce Th1 cells in vitro and in vivo.>***

Addition of vitamin D to IFN-p reversed some of the effects of
IFN-B alone. The combination downregulated inflammatory
Th1 and Th17 cytokines, but upregulated serum levels of anti-
inflammatory Th2 cytokines (IL-4, IL-S, and IL-10), and also
induced the MxA antiviral protein and adhesion molecules
(ﬁgure 6C and figure e-1C, links.Iww.com/NXI/A151). Vi-
tamin D modifies IFN responses in both lymphocytes and in
monocytes (figure S). Thus, vitamin D, alone or combined
with IFN-p therapy, shifts immunity in MS from a proclivity
for Thl and Th17 cytokine production to a Th2 profile, in
addition to increasing regulatory CD4 T-cell numbers.*®

Relevant to the high monocyte: T-cell ratio in MS plaques,*®
IFN-B alone induces IL-10 production by activated T cells,
but reduces IL-10 in monocytes.15 Vitamin D, as well as
prostaglandins and cyclic adenosine monophosphate ago-
nists, induces IL-10 in monocy‘ces15 and is likely to be com-
plementary to IFN therapy. High levels of serum vitamin D
predicted stronger in vitro vitamin D plus IFN-p responses
(figure 4). Combining vitamin D with IFNs to reverse the
Th1/Th2 effect could have therapeutic benefit in MS and
other autoimmune diseases.
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Our in vitro data showing that vitamin D enhances IFN-f
effects in most forms of MS (figure 4) provide an explanation
for clinical observations. High serum vitamin D is linked to
preventing the onset of MS, and enhancing the benefit of IFN-
B therapy on MS relapses, accumulation of disability, and MRI
lesions.* Oral vitamin D supplementation in a prospective trial
prevented a second episode of demyelination after optic
neuritis.”” Vitamin D supplementation during IFN-f therapy
had MRI and clinical benefits.”’

Serum 25-OH vitamin D levels in MS were much lower before
widespread vitamin D supplementation. Vitamin D levels
averaged 12 ng/mL in Finnish women in 1983, but rose to 28
by 2009.%® Serum vitamin D levels were 17-22 ng/mL in
nonsupplementing Eastern Europe, but 26-30 in North
America in 2004 in the BEYOND study of double-dose IFN-
[.7>—1b.29 Vitamin D levels in our patients with MS are now
above 30 ng/mL (table). The effect of enhanced IFN-B sig-
naling by vitamin D in untreated and IFN-treated patients is
stronger in RRMS-s than in SPMS, a form of MS with intrinsic
low IFN responses.'”'> Low serum vitamin D levels and
cohorts with more clinically advanced MS may have reduced
the efficacy of IFN-f in early pivotal trials.

During exacerbations in untreated MS, vitamin D enhanced
IFN-{ effects to a degree intermediate between relapsing and
progressive forms of MS (figure 3). Enhancement was greater
when serum vitamin D levels were low (figure 4). This
augmentation suggests that adequate serum vitamin D would
help overcome the transient IFN resistance seen during
exacerbations."""? Variability in response to vitamin D plus
IFN-p is highest in untreated stable MS, suggesting that some
patients with “stable” MS are in a danger zone with greater

likelihood of having attacks.

During glatiramer treatment, in vitro vitamin D plus IFN-f
enhanced p-Y-STAT1 activation in RRMS-s and SPMS and in
HC (figure 3). The combination reduced IL-17 and caused
a shift from a Thl to a Th2 profile, more than in IFN-
p-treated patients. Nonetheless, higher serum vitamin D levels
have less clinical benefit during glatiramer treatment than
during IFN-B therapy.”” Vitamin D and glatiramer both bias
immunity toward Th2 1responses,30732 so adding vitamin D to
glatiramer may not have much additional effect. The Th2 shift
may also provide a basis for the benefits of high serum vitamin
D levels on natalizumab therapy.*®

Vitamin D has an opposite effect on Thl vs Th2 family
cytokines compared with IFN-p. This indicates that there are
molecular effects in addition to activation of p-Y-STATI.
Vitamin D affects inflammatory responses, oxidative stress,
cell adhesion, cellular growth, and DNA repair in multiple cell
types. Three percent of all genes are controlled in some way
by vitamin D.** Vitamin D regulates 229 genes in immortal-
ized B cells and additional genes in other tissues.>> The vi-
tamin D receptor binds 2,776 genomic sites; these are
overrepresented for active transcription and enhancement of
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gene expression. Some of these are genes identified in MS
genome-wide association studies, and many are related to IFN
signaling (JAK1, Tyk2, STAT3, IRF8, and RGS1).*® In the
BENEFIT study of IFN-B-1b in clinically isolated syndromes,
63 vitamin D-regulated genes affected Gd+ MRI lesions; 62
of these were also regulated by IFN-B.*” The molecular basis
for these interactions is under investigation.

There were several limitations of this study. There were only
modest numbers of patients with relapses. Nonetheless,
responses to IFN-f in these patients were intermediate be-
tween stable RRMS and progressive MS, paralleling our
studies of serum IEN levels and IFN signaling.'!

Second, cells were activated in vitro because resting MS
MNCs generated only low levels of cytokines. Dysregulated
immunity is a hallmark of MS and reflects CNS inflammation.
Activation of a small number of cells can provoke significant
autoimmune disease, and shifts in levels of cytokines can have
significant effects on immunity.**** Specific brain antigens
(myelin basic protein, myelin-oligodendrocyte glycoprotein,
and proteolipid protein), tetanus, and viral antigens have been
used to activate MS cells. They are not the causative agents in
MS, but do induce weak cytokine responses in MS and in
some HCs. As a model of acute and chronic low-level in-
flammation in MS, ConA was used to activate MNCs. This
mannose-binding lectin broadly activates monocytes and
CD4 and CD8 T cells, including the CD8" CD28™ regulatory
population that is subnormal in MS.*>*' This subset is not
stimulated by commonly used anti-CD3 plus anti-CD28
antibodies, and ConA is thus a more appropriate activator for
MS immune cells.

IFN-B is infrequently used in PPMS because it only minimally
slows the worsening ambulatory dysfunction. Nonetheless,
patients with PPMS had strong responses to IFN-p-1b plus
vitamin D induction relative to IFN--1b alone (figure 2). It is
possible that vitamin D could potentiate benefits of IFN-f in
PMS, such as reducing breakthrough relapses and maintaining
cognition,42

In conclusion, vitamin D induces a shift from Thl to Th2
immunity in activated MNCs. When combined with IFN-p, it
enhances activation of STATI, a transcription factor that
controls IFN signaling, and also reverses most of the Thl-
inducing effects seen with IFN-p alone. This provides an
explanation for benefits of vitamin D in preventing and
ameliorating different forms of MS before and during IFN-p
therapy. Vitamin D is an inexpensive and safe addition to
amplify the therapeutic benefit of IFN-p.
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