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ABSTRACT

Multiple sclerosis (MS) is a chronic inflammatory disease characterized by immune-mediated demyelination of the central nerv-
ous system, resulting in extensive neurological deficit and remyelination impairment. We have previously found that interleukin-
four induced one (IL4I1) protein modulates CNS inflammation and enhances remyelination in mouse models of experimental
demyelination. However, it remained unclear if IL4I1 regulates lymphocyte activity in MS. To assess the therapeutic potential

of IL411 in MS, we investigated the impact of IL4I1 treatment on human lymphocytes from peripheral blood mononuclear cells
(PBMCs) obtained from healthy individuals and MS patients. We found that IL411 increased the relative densities of Th2 and
regulatory T-cells, while reducing Th17 cell density in healthy control (HC) samples. Furthermore, IL4I1-treated lymphocytes

promoted CNS remyelination when grafted into demyelinated spinal cord lesions in mice. We found that baseline endogenous
IL411 expression was reduced in people with MS. However, unlike HCs, IL4I1 treatment had no significant effect on IL17 or
TOBI expression in lymphocytes derived from MS patients. These results suggest that IL411 skews CD4* T-cells to a regulatory
state in healthy human lymphocytes, which may be essential for promoting remyelination. However, IL411 appears unable to

exert its influence on lymphocytes in MS, indicating that impaired IL411-mediated activity may underlie MS pathology.

1 | Introduction

Multiple sclerosis is a chronic inflammatory disease, which is
characterized by demyelination and neurodegeneration in the
CNS [1-3]. While spontaneous repair of demyelinated lesions is
successful during early stages of MS, remyelination ultimately
fails in the progressive phase of the disease, leading to axonal
dystrophy and irreversible neurological disability [4, 5]. The
underlying mechanisms responsible for the transition from
successful to failed CNS remyelination are not well under-
stood. It has been proposed that uncontrolled inflammation
plays a key role in MS pathogenesis and progression [6, 7], with
autoreactive T cells driving the disease process [8]. Given the

pro-inflammatory skew implicated in MS pathology, immuno-
modulation becomes a crucial target for promoting the natural
repair processes that are deficient in progressive MS.

Interleukin-4 induced protein 1 (IL4I1), a macrophage-
secreted enzyme [9-11], has been shown to modulate inflam-
mation and enhance CNS remyelination in mice by reducing
CD4* T-cell driven inflammation [11]. Additionally, admin-
istration of IL4I1 to mice with experimental autoimmune
encephalomyelitis (EAE) has been found to promote motor
recovery [11]. In humans, the IL4I1 gene has been mapped
to chromosomal locus 19q13.3-13.4, a region associated with
autoimmune susceptibility to lupus, rheumatoid arthritis,
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diabetes type 1, and MS [12, 13]. Furthermore, it has been sug-
gested that IL4I1 maintains high expression levels of TOBI,
an antiproliferative protein that primarily affects Th17 cells
[14]. Notably, expression levels of TOB1 have been inversely
correlated with the risk of developing MS from clinically
isolated syndrome (CIS) [15]. However, it remains unknown
whether IL411 affects immune cell activity in MS, or whether
altered plasma IL4I1 levels correlate with disease severity or
progression. To evaluate its potential as a therapeutic target
in MS, here, we investigated the effects of IL4I1 treatment
on human lymphocytes derived from PBMCs obtained from
healthy individuals and MS patients.

2 | Methods
2.1 | Patient Groups

All human subject work was conducted in accordance with
the Declaration of Helsinki principles, and was approved by
the Georgetown University Institutional Review Board (IRB
#2015-1048). All participants provided written informed con-
sent prior to inclusion in this study, and were identified by nu-
merical codes thereafter. Thirty-seven patients with clinically
definitive MS were included in this study. Of these patients,
11 were characterized as having active relapsing-remitting
MS (aRRMS), nine as having non-active relapsing-remit-
ting disease (naRRMS), and 6 as having secondary progres-
sive MS (SPMS). All patients were non-pregnant, DMD-naive
females aged 18-65 who were being seen by neurologists at
Georgetown Multiple Sclerosis and Neuroimmunology Center
(GMSNC) and were residents of the Washington D.C. metro-
politan area. MS diagnosis and clinical subtype was defined
according to the revised McDonald criteria (2010 revisions
[16]), and Lublin and Reingold clinical course definitions
(2013 revisions [17]). Specifically, aRRMS phenotype was de-
fined as having clinically definitive RRMS with a radiological
or clinical relapse within 12months. naRRMS subtype con-
sisted of individuals with clinically definitive RRMS who had
not experienced a relapse or radiological changes within the
last 12months. Patients diagnosed with SPMS had not experi-
enced relapses in the past 12months and exhibited accumula-
tion of disability, defined by a worsening score on the Kurtzke
Expanded Disability Status Scale (EDSS) [18] that persisted for
6 months or more. Healthy control (HC) subjects were defined
as having no history of neurological pathology or autoimmune
disease, and satisfied the same inclusion/exclusion criteria as
their patient counterparts. Commercially available HC sam-
ples (Precision Medicine) were also used in this study.

2.2 | Collection and Handling of Patient Samples

Patient blood was drawn and obtained from GMSNC or
Georgetown University's Clinical Research Unit (GU-CRU).
Three 8mL CPT-citrate vacutainers (BD cat. 362761) were
drawn per patient. PBMCs were isolated from CPT-citrate
tubes by density gradient centrifugation at 1500g, for 30 min at
room temperature (RT). Supernatant was removed and pellets
were resuspended in PBS and cell count was obtained to make

~1x10° cells per 2mL cryovial aliquots (ThermoFisher) and
stored at —80° for 24 h before transfer to liquid nitrogen.

2.3 | PBMC Culture and T-Cell Activation

Peripheral blood mononuclear cells were thawed and plated
following relevant sections contained the Helmholtz Zentrum
Munich Clinical Cooperation Group Immune Monitoring
Protocol. Cells were thawed quickly in 37°C water bath, rinsed
twice, centrifuged and resuspended in 10mL 37°C C.T.L. Test
medium (ImmunoSpot cat. CTLT-005 plus 1% GlutaMAX and
1% penicillin-streptomycin). Total live cell count was per-
formed with Trypan Blue (Sigma). Cell density was brought
to 1x10° cells/ml in test medium, and plated as 900 L cell
suspension per well of a 12-well culture plate. For T-cell stim-
ulation and treatment, plated cells were immediately supple-
mented with ImmunoCult human CD3/CD28/CD2 T cell
activator tetrameric antibody complex (Stemcell Technologies
cat. 10970) at 20puL/mL, or PBS, and incubated at 37°C for
48, followed by addition of recombinant human IL4I1 protein
(200ng/mL) (R&D cat. # 5684-A0) or 1XPBS (sham-treatment).
After 24 h incubation, cells were prepared for qRT-PCR analysis
or for engrafting into athymic mouse lesions.

2.4 | cDNA Synthesis and qRT-PCR

Total RNA was extracted from cells with TRIzol. High integrity
RNA (RIN >7) was used to synthesize cDNA with iScript gDNA
Clear cDNA Synthesis Kit (Bio-Rad). PCR primers for human B-
ACTIN, IFNG, IL10, IL17A, IL411, TGFj3, TNFa, and TOBI were
purchased from Bio-Rad. Sybr-Green RT-PCR was performed
using the SsoAdvanced Universal SYBR Green Supermix (Bio-
Rad) and analyzed by the CFX96 Touch Real-Time PCR Detection
System (Bio-Rad). All samples were assayed in triplicate and each
amplicon was verified to produce a single peak in the melt curve
analysis following qPCR. Results were based on raw Ct values,
normalized against B-ACTIN, and expressed as mean + SEM.

2.5 | Flow Cytometry

Flow cytometric analysis was performed on HC PBMCs
after 48 h stimulation with ImmunoCult human CD3/CD28/
CD2 T cell activator tetrameric antibody complex (Stemcell
Technologies cat. 10970) at 20uL/mL, or PBS (sham-
stimulation) and 24h treatment with recombinant human
IL4I1 protein (R&D cat. 5684-A0) or 1XPBS. All proto-
cols and reagents used were designed and purchased from
BioLegend. Protein transport inhibitor Brefeldin A was in-
cluded in the last 4 h of cell culture activation in order to block
cytokine transport. Then the cells were stained with CD4,
CD8, IL10, IFNy, L17, CD56, CD14 and CD15 primary anti-
bodies following the BioLegend intracellular cytokine stain-
ing protocol. Stained cells were analyzed at the Georgetown
Lombardi Comprehensive Cancer Center Flow Cytometry &
Cell Sorting Shared Resource (FCSR). CD3 antibody was not
used because the cells were treated with anti-CD3/CD28/CD2
for activation. Cells that were negative for CD65/CD14/CD15
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were considered as CD3+. For the T helper cell population,
cells were gated on Live/Dead and CD3+; analyzed for CD4
and CDS8. For CD4+ T helper cell subtypes, cells were gated
on Live/Dead, CD3+, CD4+; analyzed for IFNy, L17, and IL10.
Only a single experimental replicate was performed due to
constraints on sample availability and resource limitations.

2.6 | Mouse Demyelination and Lymphocyte
Grafting

All animal experiments were performed in accordance with the
ARRIVE (Animal Research: Reporting In Vivo Experiments)
guidelines, and in accordance with approved Institutional
Animal Care and Use Committee (IACUC) protocols of
Georgetown University. Female athymic, “nude” mice (Foxn1™)
were purchased from Jackson Laboratory (Bar Harbor, ME).
Focal demyelination was induced by injecting 1.0% lysolecithin
(Sigma) in 1XPBS into the spinal cord dorsal horn of female
athymic mice at 8-10weeks old. PBMCs from HC donors were
stimulated with anti-CD3/CD28/CD2, and treated with IL4I1
or PBS. Treated cells were collected in media, centrifuged at
600x g for 10min at 4°C, and resuspended in 1XPBS at 10° live
cells/ul. 1 uL PBMCs suspension was injected into the lesion site,
which was previously marked by charcoal, at 48 h after lysoleci-
thin injection. Non-grafted control mice (NGC) did not undergo
the grafting procedure. Mice in each of three groups (NGC, PBS-
grafted and IL4I1-grafted), with n=3-5 per group, were sacri-
ficed 15days after the lysolecithin-injection was performed.

2.7 | Tissue Sectioning
and Immunohistochemistry (IHC)

Mice were perfusion-fixed with 4% (w/v) paraformaldehyde (PFA).
Spinal cord tissues were dissected and postfixed for 45min in 4%
PFA at RT. Tissues were cryoprotected in 20% (w/v) sucrose before
freezing in OCT, and cryosectioned at 12um on SuperFrostPlus
slides (Stellar Scientific), and stored at —80°C until use. Sections
were thawed for 30min at RT and incubated in blocking solution
(0.1% [v/v] Triton X-100 and 10% fetal bovine serum in TBS) for 1h
at RT. Rat anti-myelin basic protein (MBP) primary antibody (AbD
Serotec) was diluted 1:400 in TBS blocking solution and applied
to sections overnight at 4°C. AlexaFluor 488 secondary antibody
(ThermoFisher) was used at a concentration of 1:500 and applied
for 45min at RT. FluoroMyelin dye (ThermoFisher) at was applied
for 45min at 4°C, at a concentration of 1:75 in TBS blocking solu-
tion. CC1 mouse antibody (Millipore), at a concentration of 1:100
in blocking buffer, and Olig2 rabbit (Millipore), at a concentration
of 1:500 in blocking buffer, were added on tissues for 48h at 4°C
after Mouse-On-Mouse Detection (Vector Laboratories). To label
nuclei, Hoechst stock (ThermoFisher) was diluted 1:20000 in TBS
and applied with secondary antibodies for 45min.

2.8 | Imaging and Quantification of THC

For quantification of THC, stained areas were manually cap-
tured under the LSM880 confocal microscope, and a minimum

of 3 sections from n=3-5 mice were examined. ImageJ soft-
ware was used to quantify MBP intensity. Images were de-
identified such that analyses were blinded to experimental
conditions. Demyelinated lesions were identified as areas of
high cellular density, as defined by nuclear (DAPI) staining.
Fluorescence intensity in non-lesioned areas was measured on
each channel in order to correct for background fluorescence.
Corrected Fluorescence Intensity (CFI) was calculated as:
CFI=IntDensity of lesion — (area of lesion x mean fluorescence
of background) per channel. CFIs were averaged per mouse per
condition and transferred to GraphPad Prism 7 (La Jolla, CA,
USA) for normalization and graphic representation. For Olig2/
CC1 quantifications, lesion areas were identified based on nu-
clei density, and Olig2/CC1 positive cells were quantified and
lesion area assessed via ImageJ software.

2.9 | Statistics

All statistics were performed using GraphPad Prism 7 (La Jolla,
CA, USA). Data is represented as mean + SEM after identifying
statistical outliers. Student's t tests were conducted for paired,
within-group analyses; ordinary one-way ANOVA with Tukey's
multivariable comparisons post hoc analysis (alpha=0.05) are
used for unpaired, between-group comparisons. Statistical sig-
nificance is reported as ns, *p <0.05, **p<0.01, ***p<0.001,
Rk <0,0001.

3 | Results

3.1 | IL4I1 Skews CD4* T Cell Populations From
Healthy Donors Towards a Regulatory State

To examine the effect of IL4I1 on human lymphocytes, cells
(PBMCs) were isolated from healthy donor blood samples and ac-
tivated in culture using anti-CD3/CD28/CD2 microbeads. After
48h of stimulation, recombinant human IL4I1 or PBS (vehicle
control) were added for 24h, followed by flow cytometry anal-
ysis (Table 1). We found that the relative percentages of CD4*
and CD8* T-cells were similar between IL411- and PBS-treated
samples (Figure 1A). However, within the CD4* T-cell popula-
tions, we found that IL4I1 treatment led to an increase in the
percentage of regulatory T-cells (Tregs cells: CD4* IL10* IFNy")
by over five-fold (3.48% vs. 0.66%), and Th2 cells (CD4* IL17~
IFNy~ IL10") by nearly two-fold (67.18% vs. 37.16%) compared
to control (Figure 1B). Furthermore, pro-inflammatory Th17
(CD4* IL17+ IFNy") populations were reduced substantially
in IL4I1-treated samples by over thirty-fold (0.96% vs. 30.80%)
(Figure 1B). The results in this study were based on a single ex-
periment. Therefore, additional experiments with larger sample
sizes are necessary to confirm whether IL4I1 influences the pro-
liferation or differentiation of CD4+ T-cell subtypes in human
cells. Nevertheless, the potential immunomodulatory effect of
IL411 on human T cells, particularly in regulating Th17 cell
proliferation, has been observed previously [14, 19], and is con-
sistent with our previous findings in mouse models of MS [11],
suggesting that IL4I1 plays a role in modulating CD4+ T-cell
function.
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TABLE1 | Listof antibodies used for flow cytometry.

Target Antibody Product

GrnzB Pacific Blue anti-human/mouse Granzyme B BioLegend #515407
L/D Zombie Aqua Fixable Viability Kit BioLegend #423101
CD197 (R7) Brilliant Violet 605 anti-human CD197 (CCR7) BioLegend #353223
CD45RA Brilliant Violet 711 anti-human CD45RA BioLegend #304137
IL-10 Alexa Fluor 488 anti-human IL-10 BioLegend #501413
IFNg PE anti-human IFN-y BioLegend #506506
CDh4 PerCP/Cy5.5 anti-human CD4 BioLegend #317427
IL-17A Alexa Fluor 647 anti-human IL-17A BioLegend #512309
CD8a Alexa Fluor 700 anti-human CD8a BioLegend #301027
CD56/CD14/CD15 APC/Fire 750 anti-human CD3 BioLegend #300469

3.2 | Remyelination Is Enhanced in Mouse Lesions
Engrafted With IL4I1-Treated Human Lymphocytes

A recent study by El Behi and colleagues demonstrated that
human lymphocytes from MS patients significantly impairs
remyelination efficiency in athymic nude mice (FoxnIl™)
when engrafted directly into demyelinated lesions [20]. To de-
termine if the effect of IL411 on healthy human lymphocytes
affects CNS remyelination in vivo, we grafted IL411- or vehicle-
treated human lymphocytes (1 x 10 [5]) into focally demyelin-
ated lesions of FoxnI™ mouse spinal cord at 2days post lesion
(dpl). Additionally, CNS lesions without cell engraftment were
examined as control. To quantify the relative extent of remy-
elination, FluoroMyelin staining and myelin basic protein
(MBP) immunostaining were performed at 15 dpl, correspond-
ing with oligodendrocyte differentiation and early remye-
lination [21], and the relative fluorescence intensities within
lesions were examined. We found that lesions engrafted with
IL4I1-treated cells exhibited greater FluoroMyelin and MBP
staining intensity compared to those engrafted with vehicle-
treated cells (Figure 2A,B). Moreover, MBP staining in lesions
with vehicle treated grafts were not significantly different
from lesions without any cells engrafted. Quantification of
staining intensity revealed that engraftment of IL411-treated
cells significantly increased FluoroMyelin labeling in lesions
by two-fold (Figure 2B). To confirm that increased myelin
staining resulted from increased oligodendrocytes in lesions,
co-immunostaining analysis for the oligodendrocyte lineage
cell marker Olig2 and the mature oligodendrocyte marker
CC1 was performed. We found that lesions that received
1L411-treated grafts exhibited significantly greater number of
Olig2*CC1* oligodendrocytes compared to PBS-treated grafts,
and to those without grafts (Figure 2C). Moreover, no differ-
ence in oligodendrocyte density was observed between non-
grafted control lesions and lesions containing PBS-treated
grafts, supporting previous finding [20]. These results suggest
that lymphocyte presence alone does not affect remyelination
in lesions, and that IL411 modulation of CD4* T-cells is neces-
sary to promotes oligodendrocyte remyelination.

3.3 | Effect of IL4I1 on PBMCs of MS-Derived
Lymphocytes

The observation that IL4I1 modulates T-cells and promotes
remyelination raises the question whether endogenous IL411
expression or function is impaired in MS. To answer this ques-
tion, we examined the expression of IL4I] mRNA expression
in non-activated PBMCs of HC and MS patients. Baseline qRT-
PCR analysis of HC-derived PBMCs confirmed that IL4I1 is
expressed at detectable levels (Figure 3A) To identify potential
correlation between MS disease state and IL4I1 levels, IL411
mRNA expression in PBMCs from active relapsing remitting MS
(@RRMS), non-active relapsing remitting MS (naRRMS), and
SPMS were compared with HC (see Methods for MS classifica-
tions). We found that IL4I1 expression was significantly reduced
in naRRMS compared to HC, with aRRMS and SPMS trending
towards reduced levels (Figure 3B). These findings suggest that
IL4I1 is reduced in some MS disease stages.

To examine the effect of IL4I1 on inflammatory cell activity in
the context of MS and non-disease states, lymphocytes from HC,
aRRMS, naRRMS and SPMS groups were treated with IL4I1 or
PBS (control) followed by gqRT-PCR analysis for IL17 expression,
since Th17 cells from healthy lymphocytes were most profoundly
affected by IL4I1 treatment (Figure 1B). We found that IL411
treated HC lymphocytes exhibited reduced ILI7 expression rel-
ative to PBS control (Figure 4A). However, its expression was
unaffected by IL4I1 in all of the MS derived lymphocytes tested
(Figure 4A). This result suggests that IL4I1 is unable to modu-
late Th17 cells in MS despite its ability to alter Th17 cell activity
in healthy patients. Since previous study suggested that IL411
targets TOBI, an anti-proliferative regulator to prevent Th17
cell expansion [14], we next examined the expression of TOBI
in HC- and MS-derived lymphocytes after IL4I1 or PBS (con-
trol) treatment. We found that IL411 increased TOBI expression
in HC lymphocytes compared to control (Figure 4B). However,
IL4I1 had no effect on TOBI expression in MS lymphocytes in
all the disease stages examined (Figure 4B). Collectively, these
data suggest that IL411 affects IL17 and TOBI expression in
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IL411 increases Treg and Th2 cell densities, and decreases Th17 cell density in PBMC-derived lymphocytes. Flow cytometry analysis

of PBMC-derived lymphocytes from healthy control donor under untreated (+PBS) and treated (+IL4I1) conditions (n =1 experiment per condition
was performed). (A) Analysis of CD4* versus CD8™ cells. (B) Percentage of regulatory T cell (Treg), type 2 helper T cell (Th2), T helper 17 cell (Th17)
subtypes among CD4* T-cells based on IFNy versus IL10 and IFNy versus IL17 expressions.

healthy lymphocytes, but this relationship is perturbed in MS.
Moreover, these results suggest that MS patients exhibit im-
paired IL411-TOBI signaling that may lead to uncontrolled Th17
cell proliferation.

4 | Discussion

In this study, we have found that IL4I1 skews lymphocytes
from healthy individuals towards a regulatory state by reducing
Th17 cells while enriching for Tregs and Th2 cell populations.
This shift in lymphocyte subtypes appears to be crucial for pro-
moting for CNS repair. A caveat to this observation is that this

study was based on a single experimental replicate, which lim-
its the robustness of our conclusion. Although the role of IL411
expression in human T-cells have been described by others
[14, 19, 22, 23], future experiments with larger sample sizes are
necessary to validate the observed effects of IL411 treatment on
human CD4+ T cells to confirm the reproducibility of our find-
ings and strengthen the statistical power of the analyses.

Recent studies suggest that lymphocyte-derived factors fa-
cilitate oligodendrocyte differentiation via interactions with
microglia, and that Tregs play a critical role in remyelination
success in mice [20, 24]. We found that IL411 treated human
lymphocytes significantly enhanced remyelination in vivo
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outlined in yellow. Quantification of (B) FluoroMyelin and MBP fluorescence intensities, and (C) Olig2+CC1* cell densities within NGC, PBS-grated
and IL411-grafted lesions. Scale bar, 50 um. One-way ANOVA with Tukey's multiple comparisons test; Data represented as mean +SEM; *p <0.05,

%D <0.01, ***p < 0.001.

when transplanted into lesions in nude mouse. Our result
suggests that IL411 modulates the inflammatory microenvi-
ronment driven by T-cells, thereby promoting remyelination.
Moreover, since PBMCs can be easily obtained from patients,
this strategy may serve as a predictive preclinical assay to de-
termine whether immunomodulatory drugs can improve re-
myelination in MS.

The mechanisms by which IL4I1-treated lymphocytes enhance
remyelination remain unclear but may involve IL4I1's role as
an aromatic amino acid oxidase, which modulates amino acid
availability within immune cells. IL41 has been shown to pro-
mote FoxP3+ regulatory T cells differentiation through phenyl-
alanine consumption [22]. Additionally, it is known to limit Th17
cell expansion in a cell-autonomous manner by down-regulating

CD3¢ chain expression in the T-cell receptor (TCR) complex [14].
Our recent work indicates that alpha-keto acids generated by
IL411 modulate myeloid cell activity and activate the aryl hy-
drocarbon receptor (AhR) pathway [25]. Alpha-keto acids, such
as indole-3-pyruvic acid, are also known to activate AhR signal-
ing in T cells, promoting an anti-inflammatory phenotype [26].
Therefore, IL411 may modulate T cell activity via the production
of alpha-keto acids production, contributing to an immunoregu-
latory environment to promote remyelination.

Additionally, we found that lymphocytes derived from MS pa-
tients exhibited lower expression of IL4I1 compared to HCs,
suggesting a transcriptional dysregulation of IL4I1 in MS.
Since the IL4I1 genomic locus is situated within a chromo-
somal region linked to autoimmune susceptibility [13], our
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results support the potential role for IL4I1 dysfunction in MS.
While IL4I1 treatment altered IL17 and TOBI expression in
healthy lymphocytes, no effect on their expression in MS-
derived lymphocytes was observed, suggesting that T-cells in
MS are resistant to IL411 modulation, which may contribute to
persistent inflammation and remyelination impairment in MS
lesions. However, it will be important to perform longitudinal
studies that assess the stability of IL4I1's effects over time and
under varying conditions, such as different stages of disease
progression in MS patients. Future research to determine how
1L411 dysregulation impacts T-cell function in MS could im-
prove our understanding of MS pathogenesis and potentially
lead the development of treatments targeting IL4I1 signaling
to promote repair in MS.

5 | Significance Statement

We found that the amino acid oxidase, IL4I1, promotes human
CD4+ T-cells towards a regulatory state and enhances CNS
remyelination in mice when grafted into demyelinated le-
sions. However, in contrast to healthy cells, we found that MS

derived lymphocytes were unresponsive to IL4I1, suggest-
ing that impaired IL4I1-mediated activity may underlie MS
pathology.
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