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MerTK-mediated regulation of myelin

phagocytosis by macrophages generated

from patients with MS

ABSTRACT

Objective: To document functional differences between monocyte-derived macrophages (MDMs)
of patients with MS and the ability of age/sex-matched healthy donor cells to phagocytose human
myelin and to investigate the molecular mechanisms that underlie this.

Methods: MDMs were derived from peripheral blood monocytes of 25 untreated patients with
relapsing-remitting MS and secondary progressive MS and age/sex-matched healthy controls
(HCs). Phagocytosis was assessed by flow cytometry using fluorescently labeled human myelin.
Quantification of messenger RNA and protein expression of Tyro3, Axl, and MerTK family mole-
cules was determined by quantitative PCR, Western blotting, and flow cytometry.

Results: Cells of patients with MS display a reduced ability to phagocytose human myelin but not
red blood cells as compared to matched HCs. These cells express significantly lower levels of the
phagocytic tyrosine kinase receptor, MerTK, and its natural ligand, growth arrest-specific 6, inde-
pendently of the activation state of the cells. Increased expression of interleukin 10 following
myelin uptake by healthy donor cells is lost in MDMs of patients with MS; this effect is mediated
through the MerTK pathway. Treatment of MS cells with transforming growth factor g (TGFp)
restored both phagocytosis and expression deficits.

Conclusions: We describe a molecular mechanism that underlies a defect in myelin phagocytosis
by macrophages generated from patients with MS. This abnormality involves decreased expres-
sion of MerTK and its ligands and can be rescued by treatment with TGFB. Neurol Neuroimmunol
Neuroinflamm 2017;4:e402; doi: 10.1212/NX1.0000000000000402

GLOSSARY

FBS = fetal bovine serum; Gas6 = growth arrest-specific 6; HC = healthy control; IL-10 = interleukin 10; MDM = mono-
cyte-derived-macrophage; mRNA = messenger RNA; PBS = phosphate-buffered saline; PPAR-y = peroxisome proliferator-
activated receptor gamma; ProS = protein S; PS = phosphatidylserine; RBC = red blood cell; RRMS = relapsing-remitting
MS; RXR = retinoid X receptor; SPMS = secondary progressive MS; TAM = Tyro3, Ax|, and MerTK; TGFB = transforming
growth factor B.

Clearance of myelin debris following CNS tissue injury in MS is required for subsequent tissue
repair.’ Myeloid cells within MS lesions capable of phagocytosis include both microglia and
macrophages that are derived from circulating monocytes.”* We previously observed that the
tyrosine kinase receptor, MerTK, a member of the TAM (Tyro3, Axl, and MerTK) family of
tyrosine kinase receptors, is important in mediating myelin phagocytosis by human myeloid
cells.” MerTK expression correlated with increased phagocytosis and was dependent on the
myeloid cell activation state, with transforming growth factor 3 (TGF) enhancing expression
of the TAM family receptors and pro-inflammatory cytokines decreasing their expression.’
Myeloid cell-mediated myelin phagocytosis was inhibited in vitro by selective MerTK

antagonism.’
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TAM receptors mediate their action via
their 2 natural ligands, growth arrest-specific
6 (Gas6) and protein S (ProS). Receptor-
bound Gas6 and ProS concurrently bind to
(PS), a

exposed on the outer membrane of apoptotic

phosphatidylserine phospholipid,
cells.” PS is also found in lipid-rich myelin.®
Both receptors and ligands are needed for effi-
cient phagocytosis.” TAM receptor signaling is
implicated in regulating inflammation because
deficiencies in signaling have been associated
with sustained immune activation and chronic
inflammation.'® Recently identified and char-
acterized polymorphisms in the MerTK gene
have established MerTK as a novel risk gene
for MS susceptibility.'"'?

A recent study demonstrated that peripheral
blood monocyte-derived macrophages (MDMs)
of patients with MS display impaired myelin
phagocytosis and an enhanced pro-
inflammatory phenotype."” In the current
study, we confirm that MDMs of patients
with MS are functionally abnormal in their
ability to phagocytose and that this deficit is
relatively selective to myelin. This functional
deficit is linked to altered MS myeloid cell
expression of MerTK and its ligands, where
both expression and functional deficits can
be subsequently rescued by exposure to the
TGFB. Our results indicate that the TAM
receptor-signaling axis may be amenable to
the therapeutic intervention.

METHODS Standard protocol approvals, registrations,
and patient consents. All institutional ethics approval was
obtained according to Canadian Institutes of Health Research
guidelines. All patients provided written informed consent in accor-
dance with the Declaration of Helsinki, and approval was obtained
from the Institutional Review Board of McGill University.

Patient selection. A total of 25 patients with MS (18 relapsing-
remitting MS [RRMS] and 7 secondary progressive MS [SPMS])
were recruited at the Montreal Neurological Hospital MS Clinic
(figure 1A). Of the 18 patients with RRMS in this study,
treatment history was as follows: treatment naive (7), Copaxone
(5), Gilenya (2), Avonex (1), Rebif (2), and Tecfidera (1). All
patients had a minimum 3-month washout period prior to
contributing to this study, and we did not observe any difference
between treatment-naive patients and those currently off drug.
Healthy age- (£5 years) and sex-matched controls were used for

comparison.

Cell culture (human MDM:s). Peripheral blood mononuclear
cells were isolated from the venous blood using Ficoll-Paque den-
sity gradient centrifugation (GE Healthcare). Monocytes were posi-
tively selected using CD14* immunomagnetic beads (according to

manufacturer’s instructions; Miltenyi Biotec, Bergisch Gladbach,
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Germany) to routinely achieve 95%-99% purity. Monocytes were
cultured (5 X 10° cells/mL) in Roswell Park Memorial Institute
1640 media supplemented with 10% fetal bovine serum (FBS),
0.1% penicillin/streptomycin, and 0.1% glutamine. MDMs were
differentiated in vitro with macrophage-colony stimulating factor (25
ng/mL) for 6 days. For select experiments, TGF (20 ng/mL) was
added on days 1 and 5.

Phagocytosis assay. Endotoxin-free human myelin was pre-
pared as previously described.' To evaluate myelin phagocyto-
sis, MDMs were plated in 12-well plates.” Myelin was
conjugated to a pH-sensitive dye (pH-Rodamine; Invitrogen,
Carlsbad, CA) for 1 hour in phosphate-buffered saline (PBS)
(pH 8) and added to the culture wells (20 wg/mL) for 1 hour;
cells were washed, detached, pelleted, and passed through a flow
cytometer (FACS Fortessa; BD Biosciences, San Jose, CA) to
quantify the percentage of myeloid cells containing internalized
fluorescent myelin. A similar protocol was used to study
phagocytosis of red blood cells (RBCs) acquired from Ficoll-
Paque density gradient centrifugation and diluted in PBS at
a ratio of 1:2,500. RBCs were then incubated with opsonizing
antibody (20 pg/mL: Cederlane) and pH-rhodamine for
30 minutes at room temperature. MDMs were exposed to
opsonized RBCs for 1 hour at a 4:1 (RBC:MDM) ratio, and
internalized RBCs were quantified as an increase in mean

fluorescent intensity in the PE channel.

Quantification of TAM receptor/ligand and cytokine
mRNA expression. Cells were lysed in TRIzol reagent (Invitro-
gen) and stored at —80°C. Total RNA extraction and reverse
transcription were performed according to manufacturer’s in-
structions (Qiagen, Hilden, Germany). Individual gene
expression was analyzed by PCR using specific TagMan
probes to assess expression relative to Gapdh (housekeeping
gene). Fold change calculations were done using the —AA

threshold cycle method.

Quantification of protein expression. For quantitation of
MerTK protein expression, MDMs were detached using ED-
TA/PBS (2 mM). Cells were blocked in 10% normal human
serum and normal mouse immunoglobulin G (3 ng/mL) in
fluorescence-activated cell sorting buffer (1% FBS in PBS),
incubated with anti-MerTK antibody or concentration-matched
antigen-presenting cell-conjugated isotype antibody (FAB8912A;
R&D Systems, Minneapolis, MN), and analyzed by flow cy-
tometry (FACS Fortessa; BD Biosciences). Myeloid cells were
gated based on the side scatter area and forward scatter area.
Western blotting Polyvinylidene difluoride membranes were
probed with anti-TGFBRI antibody (polyclonal rabbit anti-human
antibody 1:5,000; Abcam, Cambridge, United Kingdom) and de-
tected using horseradish peroxidase—conjugated secondary antibodies
(1:1,000; Calbiochem, San Diego, CA). Membranes were stripped
with ReBlot (Millipore, Billerica, MA) and re-probed for loading
control (anti-B-actin; 1:1,000; Invitrogen). Protein band intensities
were quantified using Image] software (NIH), and data were ex-

pressed as relative fold change to untreated controls.

Results MDMs of patients with MS exhibit abnormally
reduced phagocytosis of human myelin (but not RBCs),
which can be restored by TGF. A lower percent of MS
(both RRMS and SPMS) patient—derived MDMs
phagocytosed myelin compared with their matched
healthy controls (HCs) (figure 1C). TGF treatment
increased myelin phagocytosis in both HCs and
RRMS MDMs to levels that were no longer



[ Figure 1 MDMs of patients with MS exhibit abnormally reduced phagocytosis of human myelin (but not RBCs), which can be restored by TGFp 1

A. Demographics

B

250K -

Control: 20 ]
n=25 200K < Macrophages 200K =
Sex ratio F:M = 16:9 ] ] Single cells
< 150K = < 150K = 96.1
Mean age +/- SD o g
=42.3+14.3 @ 100K < @ 100K =
Range = 24-69 s 50K~
0 :|4" T T T T T 0 I T T T T T
0 50K 100K 150K 200K 250K 0 50K 100K 150K 200K 250K
FSC-A SSC-H
Patient:
— '
n=25 )
Sex ratio F:M = 16:9 Gk sk ]
Mean age +/- SD 3 PE-A, ] PE-A,
=46.7 i_g15_1 3 200K SSC-OA.ZSSUbset . ZOOK-; SSC‘:QZUDSE‘
Range = 21-72 & " 8 toox
Duration of onset (years) © 100k ? Jook
Mean +/- SD = 16.1 £ 10.6 ] 1
50K+ 50K =
0 ] T T T 0 ] -y T T
10° 0 10°
No myelin MDMs treated
with myelin
- ns
100 —~15- ns —~ 20n ns
[e] o
g £ 80 £ €
8 8 L0 £ S 154
= 55 foie) - [l
s 28 604 2§10 23
jo] (&) N7)] [$] []
@ TS O® OT 1.0
s S0 40- 8 E @ £
c c= -9 —o
(0] () (] o
> > 20- - = 3> =35 054
= = K] ©
® ©
0 T T 0.0 T ~ 0.0 T
& & S ° & &
& & &P & <& <&
ﬁ\ %\ < 4‘\ %\
N » N &
‘?‘e' Q. Qg’ Q-.

(A) Untreated patients with either RRMS or SPMS and age (+ 5 years) and sex-matched HCs. Matched controls to RRMS donors are shown in filled circles,
HCs matched to SPMS donors shown in triangles. (B) MDMs isolated and cultured from healthy and MS blood were exposed to dyed myelin, and myelin
uptake was quantified by flow cytometry. PE-A = phycoerythrin-area; FSC-A = forward scatter-area; SSC-H = side scatter-height; SSC-A = side scatter-
area. (C) Significantly fewer MDMs of patients with MS phagocytosed myelin as compared to their respective MDMs of matched HCs. (D) TGFp treatment
enhanced the phagocytic activity of cells of both HCs and patients with MS, restoring phagocytic function in the cells of patients with MS. (E and F) MDMs of
patients with RRMS did not display a deficit in uptake of opsonized human RBCs, with TGFp treatment having no effect. Myelin uptake (RRMS n = 18; SPMS
n = 7); RBC uptake (n = 5); Student's paired t-test. HC = healthy control; MDM = monocyte-derived-macrophage; RBC = red blood cell; RRMS = relapsing-
remitting MS; SPMS = secondary progressive MS; TGFg = transforming growth factor g.

distinguishable (figure 1D). MDMs of patients with
MS  exhibited normal phagocytosis of opsonized
human RBC:s (figure 1E), which was not enhanced by
TGEFB (figure 1F).

Reduced expression of MerTK and its ligand in MDM:s of
patients with MS can be restored by TGFP. messenger
RNA (mRNA) levels of MerTK were significantly
downregulated in patients with RRMS as compared to
HCs (figure 2A) and were restored following TGF
exposure (figure 2B), findings that were confirmed
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when assessing MerTK cell-surface protein expression
ptior to (figure 2C) and following (figure 2D) TGFf
exposure. Expression of the TAM receptor ligands Gas6
(figure 2E) and ProS (figure 2G) was also examined at
the mRNA level. MDMs from patients with RRMS
display significantly decreased levels of Gas6 expression,
with levels of ProS expression comparable between the 2
populations. Expression of Gas6 in MDMs of untreated
patients with MS was restored to HC levels following
TGFB exposure with TGFP having no effect on ProS
(figure 2, F and H).
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Figure 2 Expression of MerTK and its ligand are lower in MDMs of patients with MS as compared to HC cells and can be restored following
exposure to TGFp
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(A-D) MerTK mRNA and protein expression levels were found to be decreased in MDMs of patients with MS as compared to HC cells. Expression of MerTK
was increased following treatment with TGFB as compared to their untreated counterpart. (E-H) mRNA expression levels of MerTK ligands, Gas6 and ProS,
were also analyzed by quantitative PCR. Gas6 but not ProS was found to be significantly decreased in MDMs of patients with MS with expression restored
by TGFB treatment in the MS cells. Protein expression presented as mean fluorescence intensity relative to matched controls (n = 16). mRNA fold change
was calculated using the —AA threshold cycle method, relative to Gapdh (housekeeping gene; ns = not significant). HC = healthy control; MDM = monocyte-
derived macrophage; mRNA = messenger RNA; RRMS = relapsing-remitting MS; TGFB = transforming growth factor B.

Increased expression of TGFf receptors in MS patient—
derived MDMs compared with HC cells. Expression of
all 3 TGFB receptors was significantly increased in
monocytes of patients with MS as compared to HC
monocytes (figure 3A). Expression of TGFBRI1 pro-
tein was examined by Western blotting and mirrored
the mRNA expression profile with higher expression of
TGFBRI in monocytes of patients with RRMS as
compared to matched HCs. TGF- R1 and 2 expres-
sion was also increased in MDMs of patients with
MS (data not shown). Monocytes of healthy controls
and patients with MS did not differ in expression
of CD80, HLA-DR, CD274, and CCR7 (figure 3B).

MDMs of patients with MS are unable to adopt an anti-
inflammatory profile following myelin phagocytosis. To
examine the consequence of reduced myelin uptake
in these MDM populations, we measured interleukin
10 (IL-10) mRNA and protein expression following
myelin uptake both in the presence and absence of
TGFB. TGFB increased IL-10 mRNA expression
in both cell populations with myelin ingestion
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causing a significant increase in expression in MDMs
of HCs but not in MDMs of RRMS (figure 4, A and
B). This increase was inhibited following pre-
incubation with the MerTK-specific antagonist
(UNC2025) (figure 4A). IL-10 protein was measured
by ELISA; MDMs of patients with RRMS release
significantly less IL-10 protein following phagocytosis
as compared to matched healthy donor cells.

Discussion In line with a recent study, we report
a selective deficit in MS patient—derived MDMs to
phagocytose myelin debris.'”> We propose that this
deficit is linked to an abnormal reduction in expres-
sion of the TAM receptor MerTK and its natural
ligand as observed at both mRNA and protein levels.
The MS MDM phagocytosis deficit could be rescued
with exposure to TGF, restoring both expression of
the molecular machinery (MerTK and Gas6) neces-
sary for the TAM receptor-mediated clearance of
myelin, and, at the functional level, restoring the
phagocytic ability of MDMs.



{ Figure 3 Increased expression of TGFp receptors by MS patient-derived MDMs compared with HC cells 1
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Expression of TGFB receptors 1-3 was examined by quantitative PCR in freshly isolated monocytes of HCs (circle) and patients
with MS (square). (A) Levels of all 3 receptors were significantly increased in MDMs of patients with MS as compared
to matched controls. (B) Analysis of TGFBR1 protein expression was performed by Western blotting, showing a significant
reduction in expression in monocytes of patients with MS as compared to matched controls (n = 4). (C) Expression of known
monocyte activation markers (CD80, HLA-DR, CD274, and CCR7) did not differ between monocytes of HCs and patients with
MS. mRNA fold change was calculated using the —AA threshold cycle method, relative to Gapdh (housekeeping gene). (A and B)
Student'’s paired t-test. HC = healthy control; MDM = monocyte-derived macrophage; mRNA = messenger RNA; RRMS =
relapsing-remitting MS; TGFB = transforming growth factor g; TGFBR1 = transforming growth factor, beta-receptor 1.

We also observed that MDMs of HCs but not  following myelin ingestion. This reduced expression of
MDM:s of patients with MS were able to upregulate  IL-10 in cells of patients with MS may be due to their
expression of the and-inflammatory cytokine, IL-10, aforementioned reduced ability to phagocytose, which
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Figure 4 MDMs of patients with MS are unable to adopt an anti-inflammatory profile following myelin
phagocytosis
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(A) IL-10 expression levels were analyzed in basal and TGFB-treated HC and MS patient MDMs following myelin exposure.
TGFp-treated HC MDMs significantly increase expression of IL-10 following myelin uptake as compared to untreated cells.
This IL-10 increase was inhibited by pretreatment with a MerTK-specific antagonist (UNC2025, 1 uM). (B) MDMs of
patients with MS were unable to increase expression of IL-10 following myelin phagocytosis. (C) IL-10 protein was quan-
tified by ELISA. mRNA fold change was calculated using the —AA threshold cycle method, relative to Gapdh (housekeeping
gene). (A and B) One-way analysis of variance and Tukey's multiple comparison post hoc test; ns = not significant. HC =
healthy control; IL-10 = interleukin 10; MDM = monocyte-derived macrophage; mMRNA = messenger RNA; RRMS = relaps-

ing-remitting MS; TGFB = transforming growth factor g.

has been shown to have an anti-inflammartory effect on
macrophages and microglia.’>'¢ We previously showed
that the MerTK-specific antagonist UNC2025 signifi-
cantly inhibited IL-10 induction in MDMs of HCs .
Of note, the defective MS MDM phagocytosis did not
appear to simply reflect an “activated” myeloid pheno-
type because their expression of classic activation markers
was not increased, albeit a nonsignificant increase in the
homing receptor CCR7 may reflect an enhanced ability
of these cells to traffic to the CNS."” Of interest, we
observed increased expression of all 3 TGF@ receptors
in MS patient—derived monocytes. TGFBRI in partic-
ular was seen to be upregulated at both mRNA and
protein levels in monocytes of patients with RRMS. This
contrasts with a decrease in expression of these receptors
following exposure to classic pro-inflammatory activating
stimuli such as lipopolysaccharide and interferon gamma
(data not shown), again suggesting that these cells are not
classically activated, “M1-skewed” cells. It is difficult to
comment on whether our myeloid populations contain
CNS-experienced monocytes that have returned to the
periphery; this increased expression of TGF receptors
may be in response to either interaction with activated
lymphoid cells in draining lymph nodes or possibly in
response to blood-borne inflammatory markers reflect-
ing the ongoing CNS pathology.

We previously reported that TGF@ can cause
increased expression of MerTK and its ligands in both
human MDMs and microglia.’ In the current study,
activation of MDMs of patients with MS with TGF
was able to overcome the functional abnormality in
myelin phagocytosis, suggesting that this deficit could
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be targeted therapeutically. It is also reported that the
decreased ability of MDMs of patients with MS to
phagocytose myelin can be ameliorated by treatment
with pioglitazone, an agonist for the nuclear receptor,
peroxisome  proliferator—activated receptor gamma
(PPAR-y) and its binding partner, the retinoid X
receptor (RXR)." Of interest, signaling via PPAR-
v¥-RXR and other nuclear hormone receptors has been
shown to induce MerTK expression that promoted the
clearance of apoptotic bodies by dendritic cells.'®

MerTK has been identified as a gene associated with
increased MS susceptibility in 2 large, independent dis-
covery and replication cohorts."'>*' Susceptibility sin-
gle nucleotide polymorphisms in the MerTK gene were
significantly associated with altered MerTK gene expres-
sion in purified monocytes but not in lymphocytes.'?
Our study is not powered to resolve whether differences
in myelin phagocytic activity reflecc MerTK gene
polymorphisms.

In the periphery, reduced myeloid cell expression
of MerTK has been shown to directly affect the clear-
ance of apoptotic lymphocytes in lymphoid organs.*?
In TAM receptor knockout mice, this leads to
a build-up of apoprotic cells in these structures caus-
ing swelling and leading to a broad spectrum of auto-
immune disease, characterized by lymphocyte
infiltration in most major organs and high titers of
circulating auto-antibodies.”> This has a direct rele-
vance to MS where defective T-cell tolerance can lead
to expansion of self-reactive T cells.?*

We described a molecular mechanism that under-

lies a selective, phagocytic deficit in macrophages



generated from peripheral monocytes of untreated pa-
tients with MS. This reduced ability to phagocytose
myelin involves decreased expression of MerTK and
its ligand, Gas6, previously implicated in myelin
phagocytosis by myeloid cells, and may be amenable
to the therapeutic intervention.
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