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Abstract

Background: Axl, together with Tyro3 and Mer, constitute the TAM family of receptor tyrosine kinases. In the
nervous system, Axl and its ligand Growth-arrest-specific protein 6 (Gas6) are expressed on multiple cell types. Axl
functions in dampening the immune response, regulating cytokine secretion, clearing apoptotic cells and debris,
and maintaining cell survival. Axl is upregulated in various disease states, such as in the cuprizone toxicity-induced
model of demyelination and in multiple sclerosis (MS) lesions, suggesting that it plays a role in disease
pathogenesis. To test for this, we studied the susceptibility of AxI-/- mice to experimental autoimmune
encephalomyelitis (EAE), an animal model for multiple sclerosis.

Methods: WT and Axl-/- mice were immunized with myelin oligodendrocyte glycoprotein (MOG)ss 55 peptide
emulsified in complete Freund's adjuvant and injected with pertussis toxin on day 0 and day 2. Mice were
monitored daily for clinical signs of disease and analyzed for pathology during the acute phase of disease.
Immunological responses were monitored by flow cytometry, cytokine analysis and proliferation assays.

Results: Axl-/- mice had a significantly more severe acute phase of EAE than WT mice. Axl-/- mice had more spinal
cord lesions with larger inflammatory cuffs, more demyelination, and more axonal damage than WT mice during EAE.
Strikingly, lesions in AxI-/- mice had more intense Oil-Red-O staining indicative of inefficient clearance of myelin debris.
Fewer activated microglia/macrophages (Iba1+) were found in and/or surrounding lesions in Axl-/- mice relative to WT
mice. In contrast, no significant differences were noted in immune cell responses between naive and sensitized animals.

Conclusions: These data show that Ax| alleviates EAE disease progression and suggests that in EAE Axl functions
in the recruitment of microglia/macrophages and in the clearance of debris following demyelination. In addition,
these data provide further support that administration of the Axl ligand Gas6 could be therapeutic for immune-
mediated demyelinating diseases.

Background

Axl, a member of the TAM family of receptor tyrosine
kinases, has been shown to function in dampening the
immune response, regulating cytokine secretion, clearing
apoptotic cells and debris, and maintaining cell survival
[1-5]. In the nervous system, Axl is widely expressed on
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microglia, oligodendrocytes, and neurons [4,6-9], and its
ligand Growth-arrest-specific protein 6 (Gas6) is
expressed on neurons, endothelial cells, astrocytes, and
in the CSF [5,10-13]. Although Axl and Gas6 are highly
expressed during development, Axl is expressed at low
levels in the adult central nervous system (CNS), but is
upregulated in disease states, such as in the cuprizone
toxicity-induced model of demyelination and in multiple
sclerosis (MS) lesions [5,11,14,15].
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In vitro, Axl signaling can reduce expression of the
pro-inflammatory cytokine TNFoa by upregulating
TWIST, resulting in TWIST binding the E-box of
TNFa, thereby blocking NFxB-dependent transcription
of TNFa [16,17]. Several cytokines and chemokines
including TNFa, and the potent immune cell chemoat-
tractant chemokines MCP1 (CCL2) and RANTES
(CCL5) are upregulated in EAE and MS lesions, and
contribute to inflammation and demyelination [18-24].

It is well established that inflammation in the CNS
can block remyelination but clearance of debris by pha-
gocytosis can allow for efficient remyelination (for
review see [25]). Microglia, the resident CNS immune
cells of monocyte lineage, are capable of phagocytosis,
as well as secreting trophic factors that help repair
damage [26-28]. Clearance of apoptotic cells and debris
is a critical pathologic response to inflammation. If
inflammation is left unchecked it can lead to tissue
necrosis and further apoptosis and inflammation. Under
pathologic situations, microglia become activated,
migrate to the site of injury, surround damaged and
dead cells, and clear tissue debris from the area [29].
Axl signaling has a role in phagocytosis; in vitro studies
have shown that deletion of Axl reduced phagocytosis
by fifty percent [30]. Thus, upregulation of Axl in MS
lesions may reflect an attempt to protect resident CNS
cells from apoptosis, to dampen inappropriate activation
of the immune response, and to aid in clearing myelin
debris [5].

In this study, we sought to characterize the role of AxI
in the CNS following MOG35_55-induced EAE, an auto-
immune disease of the CNS that shares several clinical
and pathologic features with MS, including breakdown
of the blood brain barrier (BBB), perivascular inflamma-
tion, demyelination, and axonal degeneration. We stu-
died the acute phase of disease in EAE-induced WT and
Axl-/- mice. We speculated that Axl is important in
minimizing an immune-mediated CNS insult by dam-
pening the inflammatory response, modulating microglia
activation, and protecting against axonal damage and
demyelination.

Methods

Animals

Axl-/- and Tyro3-/- mice were obtained from Dr. Greg
Lemke at the Salk Institute and further backcrossed
more than six generations onto C57/Bl6] mice (Jackson
ImmunoResearch Laboratories, Bar Harbor, ME) in our
select pathogen-free barrier facility. C57/Bl6] WT litter-
mates were used as controls. All experiments were per-
formed with age and sex-matched mice at 8 weeks of
age. All protocols followed internationally recognized
guidelines and were approved by the Animal Care and
Use Committee at the Albert Einstein College of
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Medicine, Protocol Number 20080308; NIH OLAW/
NIH Assurance number is A3312-01.

MOG-induced EAE

Mice were immunized with MOG peptidess 55 (3 mg/ml;
Celtek Bioscience, Franklin, TN) emulsified in an equal
volume of CFA composed of mycobacterium tuberculosis
(10 mg/ml; Difco Laboratories, Detroit, MI) in incom-
plete Freund’s adjuvant (Difco Laboratories). Mice were
anaesthetized with isoflurane and 100 ul of emulsion was
injected subcutaneously on each flank (200 ul total/
mouse) on day 0. In addition, 200 pl of pertussis toxin
(2.5 pg/ml; List Biological Laboratories, Campbell, CA)
was injected into the tail vein on days 0 and 2. In our col-
ony, this regimen produced a milder form of EAE than
has been reported in the literature [31]. Mice were moni-
tored and graded daily for clinical signs of disease as fol-
lows: 0, no disease; 1, limp tail; 2, limp tail and hind limb
weakness; 3, hind limb paralysis; 4, hind limb and front
limb paralysis; 5, moribund. Mice that were considered
borderline between scores were given a half score; 0.5,
1.5, 2.5, 3.5. Data analyses shown in all figures were per-
formed during the acute phase of disease, days 14-19.

Spinal cord dissection and tissue preparation

Mice were anaesthetized with ethyl ether (Fisher Scienti-
fic, Pittsburgh, PA) and sacrificed by total body perfu-
sion with 4% paraformaldehyde (Fisher Scientific),
Trump’s Fixative (4% gluteraldehyde (Polysciences Inc,
Warrington, PA) + 2% paraformaldehyde), or ice cold
1x PBS, pH 7.3. Spinal cords were removed and dis-
sected into cervical, thoracic, and lumbar regions.
Trump fixed tissue was embedded in epon and one
micron thick sections were stained with toluidine blue.
For immunohistochemistry, paraformaldehyde fixed tis-
sue was immersed in 30% sucrose overnight at 4°C prior
to embedding in paraffin or OCT. Representative images
shown are WT CI = 1.5 and Axl-/- CI = 2.5, equivalent
to the average CI for each genotype at the peak of acute
phase of disease. For protein or RNA isolation, the
spinal cord was flushed out using an 18 gauge needle
and 10 cc syringe with ice cold 1x PBS. For total protein
homogenates, PBS-perfused tissue was sonicated on ice
with a tissue master 125 sonicator (Omni International,
Marietta, GA) in protein buffer (140 mM NaCl, 1 mM
Tris, pH 7.4) containing 0.5% Triton X-100 and protease
inhibitors [2 pg/mL leupeptin; 2 mM ethylene glycol-bis
(B-aminoethylether)-N,N,N’,N’-tetraacetic acid; 4 pug/mL
pepstatin; 5 mM sodium pyrophosphate; 30 mM B-gly-
cerophosphate; 30 mM sodium fluoride; 100 mM
sodium orthovanadate; 100 mM 4-(2-aminoethyl) benze-
nesulfonyl fluoride hydrochloride]. The homogenates
were cleared by centrifugation at 4°C at 7000 g for
10 min and aliquots were frozen at -80°C. For RNA
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isolation, lumbar sections of spinal cord were sonicated
in Qiazol and isolated with an RNeasy Lipid Tissue
Mini Kit (Qiagen Inc, Valencia, CA). The RNA samples
were quantified on a nanodrop ND-1000 spectrophot-
ometer (Thermo Scientific, West Palm Beach, FL) and
aliquoted at 50 ng/pl.

Western blot analysis

Eighty pg of protein was loaded in 1x final concentra-
tion loading buffer containing 2% SDS, 0.017% bromo-
phenol blue dye, and 0.28 M B-mercaptoethanol
(loading dye), and separated in a 10% SDS-PAGE [32].
Following electrophoresis, proteins were transferred to
nitrocellulose [33], and incubated with 5% non-fat dry
milk and 5% goat serum in 1x Tris buffered saline pH
7.4 (1x TBS) for 1 hr at room temperature [34]. After
blocking, membranes were incubated with respective
primary antibodies followed by HRP-conjugated second-
ary antibodies. Primary monoclonal antibodies (mAbs)
and polyclonal antibodies (pAbs) included: f-actin mAb
(IgG2A, 1:5,000; Sigma) and Axl pAb (1:1000). Second-
ary antibodies (Jackson ImmunoResearch Laboratories,
West Grove, PA) included: goat o.-rabbit IgG (1:10,000),
and goat a.-mouse IgG2A (1:10,000). Visualization of all
secondary antibodies was by electrochemiluminescence
(ECL) (GE Healthcare, Piscataway, NJ). Relative densito-
metric intensity (rdi) was determined for each band as
previously described [5].

Ex vivo proliferation assay

Axl-/- and WT mice were sensitized with MOG35_55 as
described above and lymphocytes were harvested from
draining lymph nodes on day 16. Single cell suspensions
were prepared and cultured in vitro with 20 pg/ml
MOG3;s5.55 peptide. After 3 days, 3H-thymidine was
added to the cultures for an additional 48 h and assayed
for thymidine uptake using a cell harvester [35].

Quantitative RT-PCR

The Tagman RNA-to-Ct 1-Step kit (Applied Biosys-
tems, Foster City, CA) was used with a total of 100 ng
of RNA per reaction with TNFo, MCP1, RANTES, and
GAPDH primers (Applied Biosystems). All results were
normalized to GAPDH as an internal control. The reac-
tions were aliquoted in triplicate in an optical 96 well-
plate; RNase-free water was used as a blank. Reactions
were run in the StepOnePlus real-time PCR machine
(Applied Biosystems) with the following cycles: hold
stage, 48°C for 15 min for reverse transcription, 95°C for
10 min to activate the DNA polymerase, followed by 40
cycles at 95°C for 15 seconds, and 60°C for 1 min. The
real-time quantification was monitored directly by the
StepOnePlus software and the comparative thresholds
(Ct) were identified for each gene with each RNA
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sample and calculated at the end of the measurements.
After normalization of the (Crt), the fold change was
determined as fold change = 22T where AACy is
defined as the normalized change in Cy between two
groups. Statistics were performed on the normalized Cr
values.

Immunohistochemistry

Paraffin-embedded and frozen sections were prepared
from the paraformaldehyde fixed tissue. Seven micron
paraffin-embedded sections were deparaffinized, rehy-
drated and then incubated for 30 min with 1x TBS con-
taining 0.25% Triton X-100 (0.01% Triton X-100 for Axl
pAb) plus 3% hydrogen peroxide, followed by a 1 hr
incubation in 5% goat serum and 5% nonfat dry milk in
1x TBS, and incubated with antibodies diluted in 5%
nonfat dry milk in 1x TBS, overnight at 4°C, with the
exception of CD45 and CD3, which were not incubated
in 0.25% Triton X-100 plus 3% hydrogen peroxide. Pri-
mary antibodies consisted of mAb to MBP (SMI99;
1:1500; Covance, Inc, Emeryville, CA), mAb CD45 (1:20;
BD Biosciences, San Jose, CA), or mAb Neurofilament
H nonphosphorylated (SMI32; 1:30,000; Covance). Ten
micron frozen sections were stained with the mAb
MACS3 (1:20; BD Pharmingen), pAb Ibal (1:400; Wako
Chemicals, Richmond, VA) or pAb Axl (1:200; Amgen,
Thousand Oaks, CA). Control staining consisted of
omission of the primary antibody or for a polyclonal
antibody control preimmune serum was used. Sections
were washed 3x in 1x TBS and incubated with mouse
monoclonal or rabbit polyclonal secondary antibodies
followed by incubation with the appropriate Vecta stain-
ing kit (Vector Laboratories, Inc., Burlingame, CA) and
visualized by 0.3 mg/ml DAB (Sigma) in 0.1 M TRIS pH
7.4 plus 0.009% hydrogen peroxide. Quantification was
determined using an objective stage micrometer with a
reticule (Nikon, Melville, NY). Quantification of CD45
by integrated density was performed in Image J and sta-
tistical analysis was evaluated in Prism.

Immunofluorescence

Ten micron thick frozen sections were prepared from
spinal cords from 4% paraformaldehyde perfused mice.
Sections placed on Excell plus slides (Richard-Allan
Scientific, Kalamazoo, MI) were dried by placing them
at 37°C for 2 hr, or overnight at room temperature. Sec-
tions were washed in 1x TBS and blocked with 5% milk
in 1x TBS plus 5% goat serum for 1 hr at room
temperature. Double-label immunofluorescence was per-
formed sequentially. Between all primary and secondary
antibody incubation steps sections were washed 3x with
1x TBS. Primary antibody: CD3 hamster mAb (1:200,
Novus Biological, Littleton, CO) overnight at 4°C, sec-
ondary antibody: goat anti-hamster Alexa-568 (1:1000,
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Invitrogen, Carlsbad, CA) for 1 hr at room temperature,
followed by Ibal pAb (1:400, Wako Chemicals) over-
night at 4°C, secondary antibody: goat anti-rabbit Alexa-
633 (1:1000, Invitrogen) for 1 hr at room temperature.
All antibodies were diluted in 5% milk in 1x TBS.
Hoechst stain (1:1000; Sigma), 10 min at room tempera-
ture, was used as a counterstain for nuclei. Sections
were mounted with Aquamount (Biomeda, Foster City,
CA). All samples were examined under an Olympus
(Melville, NY) 1 x 70 with a 20x numerical aperture 1.0
or a 40x numerical aperture 1.0 Plan Apo optics inverted
microscope with a Photometrics (Roper Scientific,
Tucson, AZ) Censys-cooled CCD camera; images were
collected with IPLab Spectrum software (Scanalytics,
Fairfax, VA).

Oil-Red-O staining

Frozen sections were incubated in distilled water for 1
min followed by a 2 min incubation in 100% propylene
glycol (Polyscientific, Bayshore, NY) whereupon the sec-
tions were transferred to Oil-Red-O for 36 h at room
temperature. Sections were incubated for 1 min in 85%
propylene glycol, rinsed briefly with distilled water,
lightly stained with hematoxylin and mounted with gela-
tin mounting medium.

Serum Protein Analysis

Individual serum samples from naive wild-type (n = 6)
and Axl-/- (n = 5) mice, as well as MOG-peptide
induced EAE wild-type (n = 5) and Axl-/- (n = 9) mice,
underwent quantitative proteomic analysis for 60 che-
mokines, growth factors and cytokines as previously
described (Rules Based Medicine, Inc., Austin, TX) [36].
Briefly, sera were analyzed in a blinded fashion at a pre-
viously optimized dilution in a Luminex-based platform.
Each antigen assay was calibrated with standard curves,
performed in duplicate, and intensity measurements
were interpreted as protein concentrations within Rules
Based Medicine’s proprietary software.

CNS Preparation for Flow Cytometry and Analysis

All experimental data was acquired on an LSR II flow
cytometer (BD Biosciences). Data analysis was per-
formed using FlowJo software (Tree Star, Ashland, OR).
Following dissection of brain and spinal cord, the organs
were injected with 2 ml of RPMI1640 containing 0.3
Wiinsch Units/ml Liberase TL (Roche Molecular Bio-
chemicals, Indianapolis, IN) and 10 pg/ml DNAse I
(Sigma, St. Louis, MO) and incubated at 37°C for 30
minutes. The organs were then mashed through a 70
micron cell strainer, washed twice with RPMI and cen-
trifuged at 400 x g for 10 min at 4°C. The CNS pellets
were then resuspended in 30% percoll and overlayed
onto 70% percoll, followed by centrifugation at 600 x g
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for 25 min at room temperature. Cells at the interface
were collected as the CNS mononuclear cell fraction,
and analyzed by flow cytometry. Briefly, cells were
resuspended in flow cytometry buffer (PBS + 2% Fetal
Calf Serum + 0.05% NaN3) and blocked with rat anti-
mouse FeyII/III (clone 2.4G2) and stained with a cock-
tail of the following antibodies; CD4 (clone GK1.5), CD8
(clone 53-6.7), CD3e (clone 145-2C11), CD11b (clone
M1/70), CD11c (N418), Ly6G (clone 1A8) (BD Bios-
ciences), CD45 (clone 30-F11) and NKp46 (clone
29A1.4) (eBioscience, San Diego, CA) for the evaluation
of CNS infiltrating leukocyte populations. For regulatory
T cell (T regs) analysis, CNS preparations were stained
with BluVID, blocked with 2.4G2 and surface stained
with anti-CD3, anti-CD4, and anti-CD25 (clone PC-61;
BD Biosciences). Cells were then prepared for intracellu-
lar staining using a FoxP3 staining kit (eBioscience)
according to the manufacturer’s instructions and stained
with anti-FoxP3 (clone FKJ-16S) (eBioscience).

Intracellular Cytokine Staining

For analysis of cytokine producing CD4" T cells subsets,
CNS mononuclear cells were prepared from WT and
Axl-/- mice 2 weeks following MOG induction of EAE
and re-stimulated with 10 pg/ml MOGss_55 peptide plus
1 pg/ml soluble anti-CD28 mAb (eBioscience). After
incubation (37°C, 5% CO,) for 1 h, 10 pg/ml brefeldin A
and 2 pM monensin (Sigma-Aldrich) was added for an
additional 4 h. Cells were labeled with BluVID, blocked
with mAb 2.4G2, and stained with antibodies against
CD3e, CD4, CD11b, and CD45R/B220 (clone RA3-6B2)
(BD Biosciences). Cells were fixed with 2% paraformalde-
hyde, washed with permeabilization buffer (1x PBS with
1 mM Ca**, 1 mM Mg**, 1 mM HEPES, 2% FCS, and
0.1% saponin), and then blocked in permeabilization buf-
fer plus 5% normal mouse serum (Jackson ImmunoRe-
search Laboratories). Intracellular cytokines were
detected with antibodies against IL-2 (clone JES6-5H4),
IL-17A (clone eBio17B7) (eBioscience), IFN-y (clone
XMG1.2), and TNFa (MP6-XT22) (BD Biosciences) [37].

Quantitative Procedures and Statistical Analysis

A student’s t-test was performed for clinical indices of WT
and Axl-/- mice derived from 3 independent experiments.
Inflammatory cuffs were quantified using a minimum of
4 sections per cord from 3 WT and 4 Axl-/- mice. For
toluidine-blue stained sections, lesions were measured
(mm?) using a reticule and a micrometer bar inserted into
the ocular of a Nikon microscope. Statistical analysis (stu-
dent t-test) was performed using mice from the same
experiment and time point. Ibal+ activated microglia were
counted in and surrounding 10 lesions in multiple sections
from WT and Axl-/- mice. SMI32+ neurofilaments were
counted in the ventral and dorsal funiculi of 3 sections per
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mouse for 3 WT and 3 Axl-/- mice. Statistical analysis was
obtained by a student’s t-test.

Results
Clinical expression of EAE in Axl-/- mice
Following sensitization with MOG peptide, Axl-/-
female mice (n = 21) had significantly higher clinical
indices than WT mice (n = 15) between days 14 and 26,
which included the acute phase and beginning of the
chronic phase of the disease (Figure la: 3 combined
experiments; d14, 24, 26: p < 0.05; d15-20, 22, 23: p <
0.01; d21, 25: not significant; p > 0.05). The end of the
acute phase and beginning of the chronic disease phase
occurred at day 23. There was no statistical difference
between the two treated groups prior to day 14 or dur-
ing the chronic phase of EAE, after day 26. Each of the
individual experiments showed significant differences in
the acute phase between WT and Axl-/- mice.
Concurrent experiments using TAM family member
Tyro3 knockout mice (Tyro3-/-) showed no significant
difference in clinical scores between WT and Tyro3-/-
mice during the acute or chronic phases of disease (data
not shown). Studies in other receptor tyrosine kinase
families have shown that related receptor tyrosine
kinases may be upregulated to compensate for the loss
of another receptor [38]. Thus, we examined whether
the lack of increased disease severity in Tyro3-/- was a
result of compensation by an upregulation of the Axl
receptor, using Western blot analysis of lumbar spinal
cord from naive and MOG-sensitized WT or Tyro3-/-
mice (Figure 1b,c). In naive WT and Tyro3-/- mice,
there was no difference in the expression of either the
immature (110 kDa) or mature form of Axl, which
migrates at 140 kDa [39]. In WT EAE mice, the 140
kDa Axl was increased 2.7-fold over naive WT mice.
However, the 140 kDa form of Axl was increased 8-fold
in Tyro3-/- EAE mice over WT EAE mice (Figure lc,
p = 0.02). Furthermore, there was a visible decrease in
the amount of the smaller immature form of Axl in
spinal cord homogenates from Tyro3-/- EAE mice, pre-
sumably because it was converted to the mature
140 kDa form. From these data, we conclude that acti-
vation of Axl occurs in the CNS of animals with EAE
and that upregulation of Axl in Tyro3-/- mice likely
compensates for loss of this TAM family receptor.

Analysis of peripheral immunological parameters in Axl-/-
mice sensitized for EAE

Although Axl is not expressed on T cells, to verify that
the loss of Axl did not affect the peripheral immune
response to antigen, cytokine profiles of sera from naive
and sensitized mice were examined, using an automated
assay (see methods). No significant difference in values
for 60 different factors (see methods) was detected in
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naive or EAE-sensitized WT or Axl-/- mouse sera. In
both WT and AxI-/- mice sensitized for EAE, increased
expression over that found in naive mice was noted for
KC/Grooa, MCP-1, MMP-3, MIP1y, MIPla, M1P1f,
MIP2, MIP3B, IL-4, IL-6, IL-7, IL-11, VEGF, LIF, OSM,
and TNFa. To explore the possibility that there was dif-
ferential activation of peripheral lymphocytes in the
AxI-/- mice during EAE lymphocytes were isolated from
draining lymph nodes on day 16 post-MOG injection.
Following activation with 20 pg/ml MOG, the fold-
increase for proliferating lymphocytes was 3.9 and 4.1
for WT and Axl-/- mice, respectively (data not shown).
Thus, there was no indication that the loss of Axl
affected the peripheral immune response to MOG in
these mice.

Analysis of immunological parameters in the CNS of
Axl-/- mice sensitized for EAE

Number and cellular-makeup of inflammatory infiltrates
consistent between Axl-/- and WT mice

To determine the cellular makeup of inflammatory infil-
trates in the CNS, flow cytometric analysis was per-
formed on cells isolated from the brains and spinal cords
of Axl-/- and WT mice sensitized for EAE (Figure 2).
The leukocyte population was identified by staining for
CD45. As shown in Figure 2, no significant difference in
the number of infiltrating leukocytes (CD4 or CD8 T
cells, NK cells, macrophages, neutrophils, microglia)
(Figure 2a), CD4+ T cell subsets (CD4+/FoxP3+ Treg,
CD25+/FoxP3-, MOG-specific IL-17A+) (Figure 2b), or
cytokine positive CD4+ T cells (IFN-y, IL-2, TNFa)
(Figure 2c) was detected.

Pro-inflammatory cytokines are upregulated in AxI-/- mice
during EAE

The experiment described above analyzed cytokine pro-
duction in T cell sub-populations. To further explore
the role of Axl in regulating cytokine production in the
spinal cord, qRT-PCR was performed. We analyzed
lumbar spinal cord at day 16 post-EAE induction to
determine whether the loss of Axl resulted in altered
pro-inflammatory cytokine and chemokine mRNA
expression compared to WT mice during acute EAE.
Since it had been reported that Axl regulates TNFa
transcription through induction of TWIST, we analyzed
TWIST expression but found no difference in the
amount of TWIST RNA between naive and EAE-
induced Axl-/- and WT mice (data not shown). Addi-
tionally, in naive Axl-/- and WT lumbar spinal cord
there was no difference in TNFa, MCP1, or RANTES
mRNA expression. However, as expected the pro-
inflammatory cytokines and chemokines TNFa, MCP1,
and RANTES were upregulated in the spinal cord dur-
ing acute EAE. The levels of TNFo. mRNA relative to
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naive mice in both WT and Axl-/- mice were increased
approximately 46-fold (Figure 3a). Individually, Axl-/-
mice with EAE had a 68.6-fold increase in TNFa rela-
tive to untreated Axl-/- mice and WT mice with EAE
had a 18.7-fold increase in TNFa relative to untreated

WT mice. When Axl-/- and WT mice with EAE were
grouped as severely affected (CI > 2) there was no dif-
ference in TNFo, MCP1, or RANTES mRNA. However,
in mildly-moderately affected mice with EAE (CI < 2),
we found that TNFa (8.1-fold, p < 0.05), MCP1
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no significant differences between WT and Axl-/- mice. These data are representative of two experiments each performed in triplicate, with 4
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(7.2-fold, not significant), and RANTES (11.9-fold, p <
0.05) were increased in Axl-/- lumbar spinal cord rela-
tive to WT (Figure 3b). While the increase in MCP1
was not significant, it was significant when only mildly
affected mice (CI < 1.5) were grouped (12.0-fold, p <
0.05, data not shown).

Pathological analysis of the spinal cord in mice with EAE
Distribution of infiltrating lymphocytes is altered in Axl-/-
mice

To determine the effect of the loss of Axl on the patholo-
gical expression of disease, spinal cord sections were pre-
pared from WT (Figure 4a,b,c) and Axl-/- (Figure 4d,e,f)

mice during the acute phase of disease, when significant
differences in clinical indices were noted. Despite flow
cytometry data showing no difference in the number of
spinal cord leukocytes between Axl-/- and WT mice,
toluidine blue stained sections of Axl-/- spinal cords
showed marked infiltration and inflammatory cuffs. The
inflammatory cells invaginated the white matter extend-
ing toward grey matter, and were associated with myelin
loss (Figure 4 d,e,f). In contrast, toluidine blue staining of
spinal cords from WT mice showed smaller inflamma-
tory cuffs and less severe myelin loss associated with the
cuffs (Figure 4a,b,c). Quantification of the lesion sizes
showed lesions in Axl-/- mice (0.23 + 0.017 mm?) were
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Figure 3 Transcripts for pro-inflammatory cytokine/chemokines are increased in the lumbar spinal cord of AxI-/- mice relative to WT
during the acute phase of EAE. a) 45.7-fold increase of TNFa transcript in Axl-/- and WT lumbar spinal cord (combined) during the acute
phase of EAE relative to naive Axl-/- and WT mice (combined); 68.8-fold increase in AxI-/- EAE mice relative to untreated Axl-/-; 18.7-fold increase
in WT EAE mice relative to WT untreated mice. b) Increased TNFo, MCP1 and RANTES transcripts were found in Axl-/- lumbar spinal cord
compared to WT. Samples of RNA from lumbar spinal cord were grouped as untreated (non-MOG EAE-induced), mice with Cl's < 2, or mice with
Cl's > 2. The fold increase of pro-inflammatory cytokine/chemokines in Axl-/- lumbar spinal cord relative to WT lumbar spinal cord was
determined. Fold increase for CI < 2; TNFa = 8.1, MCP1 = 7.2, RANTES = 11.9. * p < 0.05, # p < 0.001.

RANTES

MCP1

significantly larger than lesions in WT mice (0.139 +
0.031 mm?, p = 0.03, Figure 4g).

Immunostaining was performed on lumbar and cervi-
cal sections of spinal cord, the regions of spinal cord
historically shown to be most affected by MOG-induced
EAE. To visualize the location of infiltrating leukocytes
and their correspondence to areas of demyelination,
sequential WT and Axl-/- spinal cord sections were
stained with an antibody against MBP (Figure 5a,b,g,h,i,j,
k) and CD45 (Figure 5c¢,d,],m,n). CD45 staining showed
infiltrating leukocytes were distributed differently in the
WT and Axl-/- spinal cord. In WT mice, most of the
CD45+ cells were at the lateral edges of the spinal cord,
consistent with the sparsity of inflammatory cuffs seen
in the toluidine blue stained sections (Figure 5¢,d). In
Axl-/- mice, infiltrating leukocytes were located in the
white matter, in inflammatory cuffs (Figure 5 l,m,n).

There was a significant increase in CD45 staining in the
lumbar spinal cord of Axl-/- mice (n = 4) relative to
WT mice (n = 3) (p = 0.01), as determined by relative
integrated density. The areas of demyelination, shown
by loss of immunoreactivity to MBP, corresponded to the
location of infiltrating CD45+ leukocytes (WT: Figure 5b,
d; Axl-/-: Figure 5j,k,m,n) confirming the results obtained
with toluidine blue staining. Spinal cord sections from
WT mice stained with an Axl antibody show that Axl
was evident in inflamed white matter (Figure 5e, higher
magnification shown in 5f). No Axl staining was seen in
EAE-induced Axl-/- mice (data not shown).

Fewer microglia/macrophages are present at lesions in
Axl-/- mice

To assess the state of activation of microglia (and
macrophages) in the spinal cord, we stained sections for
Ibal (ionized calcium binding adaptor molecule 1). Ibal
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Figure 4 Axl-/- mice have larger inflammatory cuffs and increased demyelination in the spinal cord than WT mice. One micron Trump's
fixed cross-sections of WT (a,ce) and Axl-/- (b,d,f) spinal cords were stained with toluidine blue. a,b) Representative 5x sections of whole spinal
cord. Two 20x sections with areas of infiltration and demyelination are shown for each 5x section (WT: ce; AxI-/-: d,f). The 20X sections are
labeled with an asterisk (dorsal funiculus; ¢,d) or arrow (lateral funiculus; ef) denoting the corresponding area on the 5x section. g) quantitative
data for the mean lesion size (mm?), see methods. Ratio of CD3+ to Ibal+ cells per lesion.

Ax|-/-

is a 17 kDa EF hand protein specifically expressed in  significantly fewer Ibal+ activated microglia and macro-

microglia/macrophages and is upregulated during cell
activation (Figure 6). The results showed that although
the overall numbers of Ibal+ cells were the same in
Axl-/- and WT spinal cord (data not shown), there were

phages within and directly surrounding lesions in Axl-/-
spinal cord (24.2 + 1.6) compared to lesions in WT
spinal cord (50.3 + 4.7) as quantified in multiple 40x
fields (p < 0.0001; Figure 6c). To better compare the
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Figure 5 Demyelination and infiltration of CD45+ cells in spinal cords of Axl-/- mice are enhanced relative to WT mice. Seven micron
paraffin-embedded day 14 WT and Axl-/- spinal cord sections were stained with MBP or CD45 mAb's, and frozen sections were stained with an
Axl pAb, and were visualized by DAB. Representative images of WT (a,b) and Axl-/- (g,h,ij,k) spinal cord stained for MBP. Arrows in a,g,i denote
areas of demyelination shown at 40x in b)h)j, respectively. Asterisks in i denote demyelinated lesions; higher magnification of one lesion at 40x
is shown in k. ef) images of a WT mouse stained for Axl; the boxed area in e is shown at 20x in f. ¢ ) low magnification images of WT (c) and
Axl-/- (I) mice stained with CD45. d) serial section of b stained for CD45. Serial sections of jk stained for CD45 are shown in m,n.

inflammatory cells in and surrounding lesions in Axl-/-
and WT mice and to establish that the lesions in AxI-/-
mice had fewer activated microglia/macrophages relative
to lymphocytes than the lesions in WT mice, double-
label immunofluorescence was performed. Antibodies to

CD3 (T cells, green) and Ibal (microglia/macrophages,
red) (Figure 7) were used on tissue obtained from the
most severely affected mice from each group (CI's > 2).
As shown in Figure 7b, in Axl-/- mice, the ventral funicu-
lus, which contains the corticospinal and vestibuolspinal
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Figure 6 AxI-/- mice have significantly fewer Iba1l+ microglia/macrophages within and surrounding lesions than WT mice. Ten micron
frozen WT and Axl-/- spinal cord sections were stained with an Ibal pAb. Representative 40x images for WT (a) and Ax|-/- (b) mice are shown.
The arrows point to Ibal+ microglia/macrophages and the asterisks denote lesion area. ) Ibal+ activated microglia were counted in and
surrounding multiple lesions in multiple mice for WT and Axl-/- mice. Statistical analysis was performed; student’s t-test confirmed significance

between WT and Axl-/- mice; p < 0.01.

tracts involved in motor control of the limbs and balance,
had lesions with a larger ratio of CD3+ T cells (green,
left panel merge (Figure 7a,b) and middle panel single
(Figure 7a,b)) to Ibal+ activated microglia/macrophages
(red, left panel merge (Figure 7a,b) and right panel single
(Figure 7a,b)). Furthermore, in WT mice, the microglia/
macrophages appeared to tightly encompass areas of
infiltration (Figure 7a). Similar results were found in the
lateral and dorsal funiculi; compare Figure 7c,d. Thus,
although the overall mean number of microglia and
macrophages were equivalent in the WT and Axl-/-
CNS, as determined by flow cytometry (Figure 2a), there
were fewer Ibal+ activated microglia and macrophages
within and surrounding lesions in the Axl-/- spinal cord
(Figure 7e; p = 0.01).

Axl-/- mice have more myelin debris than WT mice

Axl has also been implicated in the phagocytic activity of
macrophages. To determine if there was more myelin deb-
ris in AxI-/- mice, Oil-Red-O staining was performed to
detect the presence of lipid debris present in and around
lesions. Minimal to no Oil-Red-O+ clumps were present
in and around lesions in WT mice (Figure 8a,b); however,

there was visible clumping of Oil-Red-O+ material in and
around lesions in Axl-/- mice (Figure 8c,d). Myelin lipid
debris was present in white matter lesions of the ventral
funiculus (Figure 8a,c), lateral funiculus (Figure 8b,d), and
dorsal funiculus (data not shown). This suggested that
lipid debris from demyelinated axons were efficiently
removed from lesions in WT but not Axl-/- mice. We
hypothesized that the extensive Oil-Red-O+ material and
minimal surrounding Ibal+ microglia/macrophages dur-
ing the acute phase of EAE in Axl-/- mice may be due to a
lag in migration of these cells to sites of inflammation. To
verify that the fewer number of cells was not due to a loss
of Ibal expression in the Axl-/- mice we studied a second
microglia/macrophage marker, MAC3. By H+E, we
selected comparable lesions from WT and Axl-/- spinal
cord to evaluate MBP, Qil-Red-O, Ibal, and MACS3 stain-
ing (Figure 8e,f,g,h,i). Again, we observed extensive Oil-
Red-O+ debris in the Axl-/- spinal cord, and minimal deb-
ris in WT mouse (arrowheads 8 g). Additionally, the Oil-
Red-O+ debris in the lumbar spinal cord of WT mice was
consistently surrounded by a concentric ring of Ibal+ and
MAC3+ inflammatory cells (Figure 8g,h,i). In WT mice
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Figure 7 Double-label immunofluorescence confirm Axl-/- (b,d) mice have fewer Iba1l+ microglia/macrophages than WT (a,c) mice in
ventral (a,b), lateral and dorsal funiculi (c,d). Ten micron frozen spinal cord sections were stained with an Ibal pAb (red), a CD3 mAb
(green), counterstained with Hoechst stain (blue), and visualized by immunofluorescence. a,b) Left panel shows merged triple fluorescence,
middle panel shows CD3/Hoechst, and right panel shows Ibal/Hoechst for the ventral funiculus of WT (a) and Axl-/- (b) spinal cords. c,d)
Merged images of lateral and dorsal funiculi for WT and AxI-/- spinal cords. All images are 40x. e) CD3+/Ibal+ cells/lesion for WT and Axl-/-
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examined during acute disease, we observed minimal
Oil-Red-O staining (n = 9). By contrast, in the Axl-/- mice
(n = 12) the Ibal+ and MAC3+ inflammatory cells present
at the lesion site did not form a tight concentric ring and
extensive Oil-Red-O+ debris was apparent.

There is more axonal damage in Axl-/- mice

SMI32 staining of non-phosphorylated neurofilaments is
indicative of axonal damage in spinal cord white matter.
In MOG-induced EAE, SMI32 staining is associated
with lesions, and with swollen, severed or dying axons.
A comparison between WT and Axl-/- mice showed
significantly more SMI32+ axons in Axl-/- spinal cord
than in WT spinal cord, especially in the dorsal (WT:

3.9 + 0.9; Axl-/-: 123.6 + 22.6; p < 0.01) and ventral
(WT: 27.7 £ 6.3; Axl-/-: 90.1 + 12.9; p < 0.05) funiculi
(Figure 9).

Thus, our data summarized in Table 1 show that rela-
tive to WT lumbar spinal cord, the focal lesions in lum-
bar spinal cord of Axl-/- mice were larger, with fewer
Ibal+ activated microglia/macrophages, a higher ratio of
CD3+ T cells to Ibal+ activated microglia/macrophages,
more Oil-Red-O+ debris, and more SMI32+ axons.

Discussion
EAE is an immune-mediated inflammatory disease of
the CNS that results in myelin and CNS cell loss, and
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Axl-/- mice.

Figure 8 Axl-/- mice do not clear myelin debris as efficiently as WT mice. Ten micron frozen WT and AxI-/- spinal cord sections were
stained with the lipid dye Qil-Red-O (a,b,c,d,g). Myelin debris appears as dense red clumps. Arrowheads in g show sparse Oil-Red-O+ deposits in
the WT lesion. Representative 10x (a,b,c,d left panel) and corresponding 40x (a,b,c,d right panel) images are shown for the ventral (a,c) and
lateral (b,d) funiculi of WT (a,b) and Axl-/- mice (cd, efgh,i) 40x images of sections showing H+E (e), MBP (f), Ibal (h) and MAC3 (i) for WT and

axonal damage. In this study, we used the MOG-
induced mouse model of EAE to determine the contri-
bution of Axl to inflammation in the CNS, including
assessment of the role of Axl in cytokine/chemokine
expression, microglia/macrophage migration and the effi-
ciency with which these cells clear tissue debris. Based on
the multiple functions of Axl pertinent to protection
against EAE, results from our previous cuprizone study
[15], and current data that showed Axl is upregulated in

EAE, we predicted that Axl-/- mice would have a more
severe clinical disease course and more severe pathology
than WT mice. Consistent with this prediction, the
results showed that although the day of disease onset was
the same for Axl-/- and WT mice, Axl-/- mice had
higher clinical indices at 14 days post-MOG-injection
and that increased disease severity persisted in AxIl-/-
mice throughout the acute phase. In contrast to Axl-/-
mice, the clinical course of MOG-induced EAE in
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Figure 9 The spinal cord of Axl-/- mice has more axonal damage in the ventral and dorsal funiculi than WT mice. Seven micron
paraffin-embedded WT and AxI-/- spinal cord sections were stained with SMI32, a mAb for non-phosphorylated neurofilaments. Representative
20x images are shown for the ventral and dorsal funiculi of WT and AxI-/- mice. b) SMI32+ non-phosphorylated neurofilament deposits were
counted in the ventral and dorsal funiculi of three WT and three Axl-/- mice. Three or four sections were counted for each mouse and averaged.
A student’s t-test was performed to test significance; * = p < 0.05, # = p < 0.01.
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Tyro3-/- and WT mice was the same, perhaps reflecting
the upregulation of the mature 140 kDa form of Axl that
compensated for the lack of Tyro3.

The acute phase of the disease is attributed to break-
down of the BBB, edema, and influx of inflammatory

cells, resulting in myelin loss, and axonal damage in the
spinal cord. The detection of higher clinical scores in
the Axl-/- mice predicted there would be more damage
in the spinal cord of Axl-/- mice than WT mice. As pre-
dicted, relative to WT mice the loss of Axl resulted in
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Table 1 Summary of clinical and pathological data for
the acute phase of EAE in WT and Axl-/- mice

WT Axl-/-

Average size of lesions (p < 0.01) 013 +£003 023+002
IbaT+ microglia/macrophages per lesion 503 + 47 242+ 16
(p < 001)
Ratio of CD3+ to Ibal+ cells per lesion 1.3 £ 007 37 +026
(p < 001)
Extent of Qil-Red-O+ debris per lesion + +++
(p < 001)
Mean number SMI32+ axons

Ventral lumbar spinal cord (p < 0.05) 277 £63 90.1 £ 126

Dorsal lumbar spinal cord (p < 0.01) 39+ 09 1236 + 226

larger inflammatory cuffs comprised of CD45 and CD3
stained leukocytes but fewer lesion-associated Ibal+
microglia/macrophages. Spinal cord lesions in AxI-/-
mice also displayed increased loss of myelin, increased
accumulation of myelin debris, and significantly more
SMI32+ axons. This increased axonal damage likely
reflects increased loss of myelin, which renders axons
more vulnerable to damage and axonal die-back [40,41].

The severity of disease is mediated at least in part by
the increase in pro-inflammatory cytokines and chemo-
kines. For example, an increase in TNFo can lead to
increased vascular permeability and expression of che-
moattractant cytokines, such as MCP1 and RANTES,
which together could result in greater tissue damage in
the Axl-/- spinal cord [42-44]. Previous studies have
shown that RANTES is activated at the onset of EAE
and that expression correlates with leukocyte accumula-
tion in the CNS [45]. Activated astrocytes and cells of
monocyte/macrophage lineage secrete MCP1, which
binds to its ligand CCR2 to recruit other monocytes/
macrophages to areas of damage. Naive mice had very
low levels of TNFa, MCP1, and RANTES mRNA and
there was no difference in the lumbar spinal cord
between Axl-/- and WT mice. However, during EAE,
mRNA for these cytokines and chemokines were upre-
gulated in the spinal cord with levels corresponding to
the severity of disease. Flow cytometric analysis deter-
mined there was no difference in TNFa expression by
infiltrating T cells in the brain and spinal cord between
Axl-/- and WT mice. Therefore, the observed differ-
ences in TNFo mRNA in the lumbar spinal cord can
likely be attributed to macrophages and/or resident CNS
cells. Differences in cytokine expression in Axl-/- mice
versus WT mice were most obvious in mice with lower
CI's. At CI’s < 2 there was significantly more mRNA for
TNFo and RANTES in the spinal cord of Axl-/- mice.
At CI's > 2 no difference in the ratio of TNFa, MCP1,
and RANTES transcripts was detected suggesting that
the cell machinery was maximally producing these tran-
scripts. Despite the increase in MCP1 transcripts in
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Axl-/- spinal cord during EAE, Ibal+ microglia/macro-
phages were under-represented in lesions relative to
spinal cord lesions of WT mice. This may reflect a role
for Axl in cell migration.

The most striking difference in spinal cord pathology
between Axl-/- mice and WT mice was noted in the
distribution of activated microglia associated with
lesions and the lack of clearance of Oil-Red-O+ debris.
Normally, resting microglia are evenly distributed
throughout the gray and white matter of the spinal cord
where they are thought to function as monitors of tissue
damage and the influx of foreign material [46]. Once
damage or a foreign antigen is detected microglia
become activated and migrate to affected areas of the
CNS [47]. Several studies have implicated a role for AxI
signaling in cell migration. In studies of gliomas, domi-
nant-negative Axl lacking the intracellular domain inter-
fered with cell migration [48], and in GN11 cells Gas6
signaling downstream of Axl was implicated in cell
migration [49]. We observed that although there was no
difference in the number of microglia in the brain and
spinal cord of mice with EAE, Axl-/- mice failed to dis-
play equivalent numbers of activated microglia/macro-
phages surrounding lesioned areas of the spinal cord
when compared with WT counterparts. Furthermore,
the microglia/macrophages recruited to lesioned areas of
the cord in the WT mice appeared to form concentric
rings around the lesions, suggesting that these cells
acted to cordon off the damaged tissue. Failure to do
this in the Axl-/- mice could account for the increase in
lesion size noted in these mice. Failure to efficiently
recruit phagocytic microglia has also been implicated in
the reduced capacity of older animals to effectively
remyelinate (reviewed in [25,50]). The additional Oil-
Red-O+ debris associated with lesions in Axl-/- relative
to lesions in WT mice is indicative of the persistence of
myelin debris not cleared by Ibal+ or Mac3+ inflamma-
tory cells. Several possibilities might account for the
persistent Oil-Red-O+ debris including the increased
clinical severity and higher scores observed in the Axl-/-
mice resulting in extensive demyelination, the inability of
the AxI-/- microglia/macrophages to efficiently migrate
to the site of injury and/or inefficient uptake of the Oil-
Red-O+ myelin debris by the inflammatory cells. In colla-
boration with the laboratory of Dr. Dianne Cox at Albert
Einstein College of Medicine, in vitro uptake assays were
performed to determine whether macrophages isolated
from WT and Axl-/- mice efficiently engulfed debris.
Qualitatively, there was no difference in FcyR-mediated
or CR3-mediated phagocytosis as determined by equiva-
lent uptake of IgG-coated erythrocytes or zymosan parti-
cles, respectively, in WT and Axl-/- macrophages (data
not shown) indicating that macrophages from Axl-/-mice
were capable of efficient engulfment.
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In most animal models of CNS demyelination, elimi-
nation of myelin debris is a necessary prerequisite for
remyelination and repair. In young animals this is
accomplished efficiently by phagocytic macrophages and
microglia (reviewed in [50]). Axl, Tyro3 and Mer have
all been shown to be required for efficient phagocytosis
of apoptotic cells [30]. Also, it is possible for myelin
debris to persist in the lesion area as shown by extracy-
toplasmic Oil-Red-O staining observed in pathologic
and necrotic tissue, a condition present in EAE lesions
[51-53]. Thus, increased Oil-Red-O+ debris in Axl-/-
mice during EAE likely reflects a failure of Ibal+ and/or
MAC3+ inflammatory cells to efficiently migrate to the
injury site in order to clear debris, leading to impaired
remyelination and tissue damage.

Conclusions

Taken together, these data support the conclusion
that exacerbation of acute EAE in Axl-/- mice reflects
the role of Axl in regulating the activity of cells of the
monocyte/macrophage series, whilst having little
effect on the activity of lymphocytes. This would be
consistent with the known distribution of Axl, and
other TAM receptors, which are constitutively but
variably expressed by all subpopulations of mono-
cytes/macrophages, but are not expressed by most
mature lymphocytes (reviewed in [54]). The data show
that Axl is important for several aspects of tissue
homeostasis in the spinal cord of mice with EAE
including migration of macrophages/microglia to sites
of tissue damage, the efficient walling off of the lesion
and the clearance of tissue debris that in turn likely
limits the extent of damage. These findings have sig-
nificant relevance for our understanding of the patho-
genesis of MS. Our previous work has shown that Axl
and a deleterious soluble form of Axl are upregulated
in MS lesions, and that the soluble form of Axl nega-
tively correlates with expression of the TAM receptor
ligand Gas6 [5]. The data further suggest that increas-
ing the availability of Gas6 in MS lesions may lead to
enhanced Axl activation resulting in the arrest of
lesion enlargement thus favoring remyelination and
repair of tissue damage.
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