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Abstract

Mutations of the CLA/3 gene lead to juvenile neuronal ceroid lipofuscinosis (JNCL), an autosomal
recessive lysosomal storage disorder that causes progressive neurodegeneration in children and
adolescents. There is evidence of immune system involvement in pathology that has been only
minimally investigated. We characterized bone marrow stem cell-derived antigen presenting cells
(APCs), peritoneal macrophages, and leukocytes from spleen and blood, harvested from the
CIn3”~ mouse model of INCL. We detected dramatically elevated CD11c surface levels and
increased total CD11c protein in C/n37~ cell samples compared to wild type. This phenotype was
specific to APCs and also to a loss of CLN3, as surface levels did not differ from wild type in
other leukocyte subtypes nor in cells from two other NCL mouse models. Subcellularly, CD11c
was localized to lipid rafts, indicating that perturbation of surface levels is attributable to
derangement of raft dynamics, which has previously been shown in C/n3 mutant cells.
Interrogation of APC function revealed that C/n3~~ cells have increased adhesiveness to CD11c
ligands as well as an abnormal secretory pattern that closely mimics what has been previously
reported for C/n3 mutant microglia. Our results show that CLN3 deficiency alters APCs, which
can be a major contributor to the autoimmune response in JNCL.
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1. Introduction

Juvenile neuronal ceroid lipofuscinosis (JNCL), or Batten disease, is an autosomal recessive
lysosomal storage disorder that causes progressive neurodegeneration in children and
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adolescents. It is caused by mutation of the CLN3 gene, which encodes a protein product of
the same name (CLN3). Patients present around age 5, typically with visual deterioration,
followed by blindness, behavioral, cognitive, and psychiatric disturbances, progressive
motor dysfunction, seizures, and eventually death in the third decade of life (1). The signs
and symptoms of disease come from the extensive loss of neurons seen in multiple brain
regions, the magnitude of which correlates with widespread proliferation and activation of
glial cells (2—4). The pathogenesis of JINCL is not well-characterized, however, nor is the
role of the CLN3 protein. While CLN3 has been extensively implicated in intracellular
trafficking, potentially involving the endosomal/lysosomal system and Golgi transport, its
function remains incompletely understood [reviewed by Cotman and Staropoli (2012)] (5).

There is evidence of an autoimmune component in INCL. Patients and C/n37~ mice
produce IgG autoantibodies reactive to brain proteins (6—9). While there is no direct
evidence that autoantibodies are harmful in JNCL, 1gG deposition can be appreciated in
multiple brain regions in human autopsy and genetic mouse model specimens (9). Moreover,
administration of immunosuppressant drugs ameliorates the characteristic motor phenotype
of C/n3”~ mice and reduces glial activation (10). These discoveries have led to a clinical
trial of mycophenolate mofetil as a treatment for JINCL, which is currently in progress.

Immune cell abnormalities at the cellular level have been only minimally investigated;
although several lines of evidence suggest there is potential for cellular dysfunction.
Microglia are the resident mononuclear phagocytes of the central nervous system (CNS).
C/n3 mutant microglia, which show abnormal secretion of pro-inflammatory cytokines,
appear to contribute directly to neuronal loss (11, 12). Macrophages (M) have a secretory
defect that has not been well-defined, and they accumulate particularly large amounts of
lysosomal storage material (11—13). Also suggestive is the reliance of Mg and the other
primary antigen presenting cell (APC), the dendritic cell (DC), rely heavily on processes in
which CLN3 and its interacting partners and associated regulatory proteins are implicated.
Shwachman-Bodian-Diamond Syndrome protein (SBDS), myosin Ilb, and Cdc42 variably
regulate endocytosis of extracellular antigens and subsequent trafficking through the
endosomal/lysosomal system, polarization, migration, and chemotaxis, and are needed for
normal hematopoiesis (14—27). Of particular interest is the possibility of leukocyte
dysfunction in JNCL via perturbation of surface protein homeostasis; surface protein
abnormalities have been described in CLN3-deficient cells, including a reduction of lipid
raft membrane microdomain associated proteins, inappropriate Na*/K* ATPase subunit
composition, and decreased surface expression of rho GTPase activating protein
ARHGAP21 (24, 28-30).

Immune cells rely on the proper repertoire of surface proteins to mediate interactions with
other cells and the environment, with altered levels affecting leukocyte function in a variety
of autoimmune diseases (31—38). The B2-integrins are a leukocyte specific family of
adhesion molecules comprised of a common CD18 beta subunit that binds to one of four
alpha subunits—CD11a, CD11b, CD11c, and CD11d. While all heteromers function
primarily in adhesion-based processes, CD11b and CD11c have additional roles in
phagocytosis and inflammatory signaling [reviewed by Mazzone and Ricevuti (1995) and
Tan (2012)] (39, 40). CD11c is of particular interest as an overall increase in CD11c is
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observed in chronic inflammation and in autoimmune diseases associated with autoantibody
production (i.e. multiple sclerosis and rheumatoid arthritis) (31, 41—47). It serves as the main
dendritic cell marker and is also found on microglia, subsets of M¢ and neutrophils, and on
limited numbers of natural Killer cells and lymphocytes (46, 48—51).

With this in mind, we hypothesized that CLN3 deficiency might be associated with an
aberrant phenotype in APCs, potentially through alteration of cell surface proteins and
subsequent perturbation of downstream function. We characterized surface proteins as well
as function for APCs from wild type mice and the C/73”~ mouse model of JINCL, which
recapitulates several neuropathological and behavioral phenotypes of human JNCL patients
(52). We looked at DCs and M¢ derived from culture of bone marrow stem cells—BM-DCs
and BM-Mo, respectively—as well as elicited peritoneal M¢ and a wider variety of
leukocytes harvested from blood and spleen. We also set out to better characterize potential
secretory defects in APCs to the extent this has previously been done in microglia. We
believe that a better understanding of the mechanisms underlying potential immune
dysfunction in JNCL will further the development of more targeted immunotherapies and
also help elucidate further the function of CLN3.

2. Materials and Methods

2.1. Mice

All experiments used the C/n37~ (CIn32¢¥1-6) mouse model of juvenile Batten disease
inbred on the C57BL/6J background (52). PotI”~and Tppl™~ mice, mouse models of
infantile and late infantile Batten disease, respectively, were assessed for CD11c in the
comparative NCL mouse model study only (53, 54). Control animals were the C57BL/6J
strain. Mice were male and aged 70 to 120 days as younger mice lack a fully developed
immune system that includes impaired function of both lymphocytes and APCs [see Adkins,
Leclerc et al. (2004) for review] (55). Injections and euthanasia procedures were in
accordance with the NIH Guide for the Care and Use of Laboratory Animals (56) and
approved by the institutional animal care and use committee for Sanford Research, Sioux
Falls, South Dakota.

2.2. Bone marrow cultured cells

Bone marrow stem cells were cultured as previously described in RPMI 1640 medium with
2.05 mM L-glutamine supplemented with 1 pg/ml amphotericin B, 50 1U/ml penicillin, 50
ug/ml streptomycin, 10% heat-inactivated fetal bovine serum (FBS), and 20 ng/ml
granulocyte macrophage-colony stimulating factor (GM-CSF) (Life Technologies, Carlsbad,
CA) (57). For cells cultured beyond 8 days, GM-CSF was reduced to 10 ng/ml. Where
indicated, cells were stimulated on day 8 of culture with addition of toll-like receptor (TLR)
ligands lipopolysaccharide (LPS) (100 ng/ml) (Sigma-Aldrich, St. Louis, MO) or poly I:.C
(PIC) (50 pg/ml) (Sigma-Aldrich). Cells were harvested on days 10 to 12 of culture by
fraction — non-adherent and lightly adherent cells comprised the dendritic cell fraction,
while firmly adhered cells dislodged with a cell scraper comprised the Mo fraction. Mixed
bone marrow cultured cell (BMCC) populations included both adherent and non-adherent
fractions. Previous research has demonstrated the fractions are distinct populations, although
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phenotypes overlap somewhat (57—59). Our own experiments consistently showed nearly
100% CD11b positivity and slightly less CD11c positivity in all bone marrow populations
(some data not shown). A previous study indicates that few neutrophils should be present
(57), consistent with our observation based on morphology.

2.3. Elicited peritoneal M¢

Peritoneal Mo were elicited with Bio-Gel P100 and harvested as previously described (60).
Cells were seeded into 6-well tissue culture plates, 2.5 x 108 cells per well, with some
activated by priming with 10 ng/ml interferon-y (IFN-y) (Novus Biologicals, Littleton, CO)
for 6 hours followed by addition of 100 ng/ml LPS or 50 ug/ml PIC (LIy=IFN-y + LPS;
Ply=IFN-y + PIC). Cells were harvested 48 to 96 hours later by first vacuuming off any non-
adherent cells (including any residual, non-apoptosed B1 lymphocytes) and then detaching
adherent Mo by incubating in 6 mM ethylenediaminetetraacetic acid (EDTA) in phosphate
buffered saline (PBS) at 37° C for 10 minutes.

2.4. Splenocytes

Mice were euthanized and spleens excised and macerated with a 5 ml syringe plunger in 10-
cm dishes with PBS. Cell suspensions were transferred to 50 ml conical tubes, avoiding
larger debris, and washed with PBS. Red blood cells were lysed by resuspending the cell
pellet in 9 ml of molecular grade water. After 25 seconds, 1 ml of 10x PBS was added to the
tube followed by 30 ml of 1x PBS. The suspension was filtered through a 40 um cell strainer
and then washed again with PBS.

2.5. Peripheral blood cells

Syringes (1 ml) were prepared by flushing with heparinized saline (1000 U/ml), leaving a
residual of 10 pl. Mice were euthanized, the chest cavity opened, and blood withdrawn from
the right ventricle. Samples were refrigerated at 4° C for 2 to 4 hours followed by pelleting
of cells by centrifuging for 10 minutes at 200 x g. Red blood cells were lysed and the cells
filtered and washed as described above.

2.6. Gene expression

Day 10 and 11 wild type or C/n37~ mixed BMCCs, with or without activation by LPS for
24 hours or 48 hours, were harvested as described above, washed three times with PBS, and
the cell pellet snap frozen on dry ice. Total RNA was isolated with the Maxwell 16 LEV
simplyRNA Cells Kit (Promega, Madison, WI) on a Maxwell 16 Instrument (AS2000)
(Promega), according to the manufacturer’s instructions. Quantification and assessment of
RNA integrity was performed on an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa
Clara, CA). Relative integrity numbers (RIN) for all samples were >7.0. Reverse
transcription to cDNA and real-time quantitative PCR (qPCR) were performed as previously
described (61). TagMan hydrolysis assays (Life Technologies) included the following: C/n3
(Mm00487021_m1), /tgam (Mm00434455_m1), /fgal (Mm00801807_m1), /fgax
(Mm00498698_m1), /tgbZAMm00434513 m1l), B2m (Mm00437762_m1), Gapdh
(Mm99999915 g1), Gusb (Mm00446962_g1) and Hgprt (Mm01318741_g1). The latter four
served as housekeeping genes. There were at least 2 biological replicates per group, with
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four technical replicates per biological replicate. C/n3 expression was assessed in wild type
cells only.

Light Cycler 480 software version 1.5 (Roche Diagnostics, Indianapolis, IN) was used to
analyze raw data with the second derivative method (Cq). Cq values for all samples had a
standard deviation of < 0.11. No template controls indicated no nucleic acid contamination.
All assays had PCR efficiencies of 0.90 to 0.99, determined with calibration curves and
calculated with the following equation: PCR efficiency = 1071/s1oPe _ 1 Expression levels
were normalized to housekeeping genes before calculating relative expression of target
genes with REST-MCS software. C/n3expression was calculated as relative expression
levels compared to 24 hour unstimulated samples. Statistical significance was determined
with 2-way ANOVA to look at differences by day of culture and length of time of LPS
stimulation. For assessment of integrin subunit gene expression, relative expression levels
were calculated for each time point as compared to unstimulated wild type samples. Two-
way ANOVA assessed factors genotype and stimulation (unstimulated vs. LPS stimulated).
Post-hoc pairwise comparisons for all experiments are reported for Fisher’s least squares
difference (LSD). Statistics were generated with SYSTAT 13 v13.1 (SYSTAT Software, Inc.
San Jose, CA). Graphs were made with GraphPad Prism 5 (GraphPad Software, Inc., La
Jolla, CA).

2.7. Fluorochrome-conjugated antibody staining

Cell populations were stained with fluorochrome-conjugated primary antibodies to proteins
of interest in PBS/0.5% BSA, followed by live/dead staining with Fixable Viability Dye
eFluor 780 (eBioscience). After washing, cells were read immediately on the flow cytometer
or fixed with IC Fixation Buffer (eBioscience) according to the manufacturer’s instructions
before reading. Cells were assessed with a Guava easyCyte 8HT Flow Cytometer (EMD-
Millipore, Billerica, MA) or a BD Accuri C6 (BD Biosciences, San Jose, CA). Data were
analyzed with FlowJo v7.6.5 (Tree Star, Inc., Ashland, OR) using compensation matrices
generated from single stain controls and/or compensation beads (BD CompBead anti-rat/
hamster Ig, «, BD Biosciences). Outcome measures included the percent of cells in the
sample gating positively for specific markers (i.e. %CD19) and the intensity of fluorescence
signal of positive cells (median fluorescence intensity, MFI). Statistics were calculated with
SYSTAT 13 v13.1 (SYSTAT Software, Inc). The Student’s ¢-fest was used to compare
means. Dunn-Sidak corrected Pvalues were used to reduce the risk of type I errors where
appropriate (62). Two-way analysis of variance (ANOVA) was used to look at effects of
several factors and their interaction. With multiple ANOVAs within the same experiment,
uncorrected Pvalues were reported but the alpha level was adjusted according to the
Bonferroni method (alpha level = 0.05/# of tests) (63). We performed post-hoc testing with
Fisher’s LSD and maintained adjusted alpha levels when determining significance.

Antibodies used included the following: phycoerythrin (PE)-conjugated Armenian hamster
anti-mouse CD11c (clone N417, #12-0114, eBioscience, San Diego, CA), Alexa Fluor 488-
conjugated Armenian hamster anti-mouse CD11c (clone N417, #53-0114, eBioscience),
allophycocyanin (APhC)-conjugated Armenian hamster anti-mouse CD11c (clone N417,
#17-0114, eBioscience), APhC-conjugated rat 1gG2a K anti-mouse CD11a (clone M17/4,
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#17-0111, eBioscience), Alexa Fluor 488-conjugated rat IgG2b K anti-mouse CD11b (clone
M1/70, # RM2820, Life Technologies), fluorescein isothiocyanate (FITC)-conjugated rat
IgG2a K anti-mouse CD18 (clone M18/2, #11-0181, eBioscience), eFluor 660-conjugated
rat IgG2a K anti-mouse F4/80 (clone BM8, #50-0141, eBioscience), FITC-conjugated rat
IgG2a K anti-mouse CD19 (clone eBiolD3, #11-0193, eBioscience), FITC-conjugated rat
IgG2a K anti-mouse CD4 (clone GK1.5, #11-0041, eBioscience), peridinin-chlorophyll
protein (PerCP)-Cy5.5-conjugated rat IlgG2a K anti-mouse CD8a (clone 53-6.7, #45-0081,
eBioscience), APhC-conjugated Armenian hamster anti-mouse CD3 (clone 145-2C11,
#17-0031, eBioscience), eFluor 660-conjugated rat IgG2a K anti-mouse B220/CD45R
(clone RA3-6B2, #50-0452, eBioscience), PerCP-Cy5.5-conjugated rat IgG2a K anti-mouse
CD14 (clone Sa2-8, #45-0141, eBioscience), and FITC-conjugated rat anti-mouse MHCI|I
(I-A/I-E) (clone M5/114.15.2, #11-5321, eBioscience).

2.8. CD11c comparative NCL mouse model study

Two experiments were conducted. In the first, day 10 unstimulated mixed BMCCs cultivated
from C/n3”~and PptI~~ mouse models and wild type mice were compared for mean
CD11c MFI with one-way ANOVA, with post-hoc Fisher’s LSD for pairwise comparisons.
In the second, day 10 unstimulated mixed BMCCs from the 7pZ~~ mouse model and wild
type mice were compared for mean CD11c MFI using a Student’s #-fest. The graph
represents both experiments, showing fold expression relative to wild type, with wild type
set at 1, calculated with the following formula (mean CD11c MFI mouse model/ mean
CD11c MFI wild type).

2.9. Fluorescence-based immunocytochemistry

Cells from BM-M¢, BM-DCs, and peritoneal Mg, were stimulated as described above with
LIy or LPS, respectively, and incubated on coverslips at 37° C for 24 to 36 hours. Cells were
fixed to coverslips with 4% paraformaldehyde in Dulbecco’s Phosphate Buffered Saline
(DPBS) with calcium and magnesium for 10 minutes. Prior to staining, coverslips were
blocked with blocking buffer (5% goat serum, 1% BSA, and .01% sodium azide in PBS) for
1 hour at room temperature. Colocalization studies, with the exception of lipid raft labeling
(i.e. cholera toxin B and anti-caveolin-1 antibody) required intracellular staining such that
blocking buffer was supplemented with 0.5% Triton-X 100.

Primary antibodies were diluted to appropriate concentrations in blocking buffer, 1:200 for
all except CD11b (1:500): purified Armenian hamster anti-mouse CD11c, clone N417,
14-0114 (eBioscience), rat anti-mouse CD11b, clone M1/70, ab8878 (AbCam, Cambridge,
MA), mouse anti-mouse GM-130, clone 25, BDB610822 (BD Biosciences), rabbit anti-
mouse EEA-1, clone C45B10, 3288S (Cell Signaling, Danvers, MA), rabbit anti-mouse
Rab11, clone D4F5, 5589S (Cell Signaling), rabbit anti-mouse EPS-15, clone D3K8R,
12460S (Cell Signaling), mouse anti-mouse caveolin-1, clone 125, 610406 (BD
Biosciences), and FITC conjugated Cholera toxin B (CTB), C1655 (Sigma-Aldrich).
Coverslips were incubated with the primary antibodies overnight at 4° C. Coverslips then
were washed three times with PBS and incubated for 1 to 2 hours at room temperature with
fluorophore-conjugated secondary antibodies (2 pug/ ml, with 0.5% Triton-X 100 for
intracellular staining), which included DyL ight 488-conjugated goat anti-Armenian hamster
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1gG, 405503 (Biolegend, San Diego, CA), AlexaFluor 594-conjugated chicken anti-rat 1gG,
A21471 (Life technologies), AlexaFluor 647-labeled goat anti-mouse IgG, A21235 (Life
technologies), AlexaFluor 488-conjugated donkey anti-rabbit 19G, A21206 (Life
technologies), and DyLight™ 649-labeled goat anti-Armenian hamster 1gG, 405505
(Biolegend).

Coverslips were mounted onto slides with 10% Mowiol mounting medium [Mowiol 4-88
(Sigma-Aldrich), glycerol, water, 0.2M Tris HCI] and allowed to dry overnight at room
temperature before storage at 4°C. Control coverslips contained wild type or C/n3”" cells
pooled from multiple individuals and were incubated with secondary antibody only.
Coverslips were imaged with the Nikon Alsi confocal microscope (Nikon Inc., Melville,
NY). The plane capturing the largest area of cell surface was selected for analysis of surface
staining, while multiple planes (i.e. z-stacks) were visualized for intracellular staining. All z-
stacks were captured at 0.5 um depth intervals. NIS-Elements AR software (Nikon Inc.) was
used to characterize surface staining and colocalization and prepare images.

Surface staining of integrin subunits was assessed by auto-selecting ROIs corresponding to
whole cells for all images associated with each coverslip. For control coverslips, cells were
auto-selected where possible or random ROIs were drawn manually. The ROl mean
intensities were averaged for each image. The average ROIs for all images were then
averaged per coverslip for final values. Final values were compared between wild type and
Cin3" cells by stimulation condition and surface protein with the Student’s test. A one-
tailed #test was used to assess CD11c surface staining as previous data indicated CD11c
would be higher in C/n3™~ cells. Two-tailed £tests were used for CD11b and CD18.
Interactions between genotype and stimulation (i.e. LPS or Lly) could not be assessed as
optimal imaging required that laser settings be changed between stimulated and
unstimulated samples.

For colocalization studies, the colocalization tool was used to generate Pearson’s correlation
coefficients, which are insensitive to differences in channel intensity (64). Values can range
from —1.0 to 1.0, with = 0.5 indicating significant colocalization (65). The average of
individuals produced the average Pearson’s R by group. Where Pearson’s R for both
genotypes indicated significant colocalization, differences between C/n3~and wild type
cells were calculated with a Student’s #test for mean correlation coefficients.

Statistics were generated with SYSTAT® 13 v13.1 (SYSTAT Software, Inc.) with additional
graphing using GraphPad Prism 5 (GraphPad Software, Inc.). Image formatting was
performed in Adobe Photoshop CC (Adobe Systems Incorporated).

2.10. Western blotting

Unstimulated and LPS-stimulated day 12 BMCCs were harvested by fraction. Cells were
resuspended in 150 pl denaturing cell lysis buffer [50 mM Tris-HCI, 250 mM NaCl, 5 mM
EDTA, 10 mM NaF, 0.5 mM NazVOy, 50 uM ZnCL,, 0.1% SDS, 1mM DTT, HALT
protease inhibitor single-use cocktail (Thermo Fisher Scientific), Phosphatase Inhibitor
Cocktail A and Phosphatase Inhibitor Cocktail B (Santa Cruz Biotechnology, Dallas, TX)],
vortexed for 20 seconds in 1 second pulses and then placed on dry ice to freeze for increased
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protein yield. After freezing, tubes were thawed and immediately placed on ice to rest for 30
minutes. Tubes then were centrifuged at 4°C for 10 minutes at 14,000 x g and the
supernatant stored at —80°C until needed. Protein concentrations were quantified using the
Pearce 660nm Protein Assay according to the manufacturer’s instructions (Thermo Fisher
Scientific), and read on a SpectraMax M5 plate reader (Molecular Devices, Sunnyvale, CA).

Total protein lysate was run on 10% Mini-PROTEAN TGX Precast Gels (Bio-Rad), 55 ug
protein/well for 10-well gels (LPS-stimulated samples) and 35 pg protein/well for 12-well
gels (unstimulated samples), alongside the Fisher BioReagents EZ-Run Prestained Rec
Protein Ladder (Thermo Fisher Scientific). Proteins were transferred to Immobilon-P PVDF
transfer membrane (EMD-Millipore), blocked for 1 hour in 5% non-fat dry milk in Tris-
buffered saline supplemented with 0.1% Tween-20 (TBST), and then incubated overnight at
4°C in primary antibody against CD11c (rat IgG2B CD11c Mab clone 435421, #MAB6950,
R&D Systems, Minneapolis, MN) 2 ug/ml, on a rotating platform. After washing with
TBST, membranes were incubated with secondary antibody for 1.5 hours (ECL horseradish
peroxidase-conjugated sheep anti-rat 1gG, #NA935, GE Healthcare, Piscataway, NY) at
1:5000 dilution in 5% milk. After washing, bands were developed with Luminata Forte
Western HRP Substrate (EMD-Millipore) for 4 minutes. Imaging was performed on a UVP
Biospectrum 800 (UVP, LLC, Upland, CA).

After imaging, antibody was removed with Restore PLUS Western Blot Stripping Buffer
(Thermo Fisher Scientific). Membranes then were probed for GM130, with processing as
described above. Anti-GM130 primary antibody (mouse IlgG1 GM130 clone 25,
#BDB610822, BD Biosciences) was diluted 1:200, and anti-mouse secondary diluted 1:2000
(ECL horseradish peroxidase conjugated sheep anti-mouse 1gG, #NA931, GE Healthcare).
Immunoreactive bands were quantified with densitometry in Image J (NIH, Bethesda, MD).
Values used for analysis were derived by dividing the integrated density of the band for the
protein of interest by the integrated density of the band for the loading control for each lane
(integrated density protein of interest/ integrated density loading control) and then averaging
this value within each genotype and treatment group. Samples were compared within gels
only. Graphs were created with GraphPad Prism 5 (GraphPad Software, Inc).

2.11. Adhesion assays

Wild type and C/n3~" elicited peritoneal M and day 10 BMCCs by fraction were harvested
as described above. Black, opaque 96-well polystyrene plates were prepared by incubating
overnight with 100 pl of ligand per well — 100 ug/ml fibrinogen in saline, 0.2 pg/ml poly-
D-lysine (PDL) in water, or 1% BSA in PBS. After incubation, wells were washed twice
with PBS and then incubated for 1 hour with PBS/1% BSA to block nonspecific protein
binding to the polystyrene surface. A volume containing 30,000 cells in RPMI supplemented
with 1% BSA was added to each well. Four to five technical replicates were plated per
individual for each ligand. Four to five negative wells not seeded with cells were included
for each ligand. Plates were incubated for 30 minutes at 37°C. Hoechst 33342 (BD
Pharmingen, San Jose, CA) in PBS (1pg/ml final concentration) was added to all wells and
plates incubated for 10 minutes at 37°C. The number of cells per well was assessed by
reading the intensity of Hoechst staining by well on a SpectraMax M5 plate reader

Biochim Biophys Acta. Author manuscript; available in PMC 2017 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hersrud et al.

Page 9

(Molecular Devices) (9 reads; excitation: 350 nm, emission: 461 nm). Results were
calculated for each ligand by subtracting the average of negative wells from the values of the
experimental wells. The net experimental well fluorescence values were averaged for all
technical replicates by individual to produce the total adhesion values. Statistics were
generated with SYSTAT 13 v13.1 (SYSTAT Software, Inc.), with graphs created with
GraphPad Prism 5 (GraphPad Software, Inc). The Student’s #-festwas used to compare mean
total adhesion by genotype. P values were Dunn-Sidak adjusted to control for type I errors
(62).

2.12. Cytokine/chemokine secretion

3. Results

Day 10 BMCCs were plated in triplicate per individual (n = 5, wild type; n = 5, CIn37"), 1 x
10° cells per well, in two 96-well v-bottom plates in RPMI with or without LPS (final
concentration 100 ng/ml). Plates were incubated for 24 hours at 37°C. The medium from
each triplicate was pooled in 1.5 ml tubes and stored at —80°C until needed. Cytokines were
assessed using the MILLIPLEX MAP Mouse Cytokine/ Chemokine Luminex kit (EMD-
Millipore; kit# MPXMCYTO-70K) according to the manufacturer’s instructions. Samples
were diluted with RPMI (1:3 for unstimulated cells, 1:5 for LPS-stimulated cells) for
analytes at concentrations above the maximum detectable level. Plates were read on
Luminex 100/200 System (Luminex Corporation, Austin, TX). Analyte concentrations were
derived with xPONENT software (Luminex Corporation), which compares the average
intensity of secondary antibody per bead by well for technical replicates to the average
intensity of secondary antibody per bead by well for the prepared standard. Where analytes
were undetectable, the value for that sample was set to zero. Data were analyzed with
SYSTAT 13 v13.1 (SYSTAT Software, Inc.). Analytes were assessed with a Student’s #-fest.
Multivariate testing was not possible due to multi-colinearity among dependent variables.
Genotypic differences in cytokine secretion were calculated by cell fraction and LPS
stimulation (groups: BM-Mg, no LPS; BM-DCs, no LPS; BM-M¢, LPS; BM-DCs, LPS).
Within each group, Pvalues were Dunn-Sidak adjusted, with adjusted values requiring an
alpha level of 0.017, to account for each sample being included in analyses from 3 groups
(62).

3.1. CIn3 gene expression in bone marrow cultured cells (BMCCs)

We first investigated expression of C/n3in wild type cells to confirm that BMCCs are a
relevant model for studying the effects of absent or mutated CLN3. C/n3transcript levels
were assessed with gPCR in unstimulated, mixed BMCCs or after stimulation with
lipopolysaccharide (LPS) for 24 or 48 hours. C/n3was expressed by cells in all groups.
Main effects were significant for both day [F(1,4) = 30.505, £=.005] and LPS stimulation
[F(1,4) = 31.455, P=.005]. Graphing of the interaction effect [F(1,4) = 31.761, P=.005]
revealed that C/n3expression was significantly increased 24 hours after LPS activation
compared to all other groups, which did not differ from each other (Fig. 1).
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3.2. Characterization of surface proteins on APCs

We characterized surface levels of the f2-integrin alpha subunits (CD11a, CD11b, and
CD11c) and the common beta subunit (CD18) in wild type and C/n3”~ BM-DCs, BM-Mgo,
and peritoneal Mg, with or without prior stimulation with toll-like receptor (TLR) ligands.
Surface proteins first were assessed with flow cytometry. Preliminary testing indicated that
endogenous fluorescence was not a confounding factor at the voltage used for fluorescence-
conjugated antibody detection (data not shown). Dramatically increased CD11c surface
levels and a higher percentage of CD11c+ cells were detected in C/n3”~ samples compared
to wild type samples for all cell types, (Fig. 2, supplementary Table 1). Stimulation with
TLR ligands decreased CD11c surface expression in both wild type and C/n37" cells;
however, levels were reduced to very low to undetectable levels in wild type cells, while
LPS-stimulated C/n3~~ cells maintained surface levels greater or equivalent to those on
unstimulated wild type cells (Fig. 2A, C and E, supplementary Fig. 1, supplementary Table
1). In turn, fewer wild type cells were CD11c positive, while the rate of CD11c positive
CiIn3™~ cells remained unchanged (Fig. 2B and F, supplementary Table 1). Follow-up
studies with fluorescence-based immunocytochemistry confirmed that /73~ BM-DCs,
BM-M¢, and peritoneal M¢ have markedly elevated surface expression of CD11c (Fig. 3,
supplementary Fig. 2 and 3). Assessment of control coverslips stained with secondary
antibody only indicated that neither non-specific staining nor endogenous fluorescence was
a confounding factor in analyses (Fig. 3A).

To determine if the CD11c phenotype was specific to the C/n37~ INCL mouse model, levels
of CD11c on unstimulated mixed BMCCs from two additional NCL mouse models were
assessed with flow cytometry. CD11c surface expression, quantified as median fluorescence
intensity (MFI), did not significantly differ from wild type samples when compared to the
infantile NCL model, PotZ~~ mouse [mean(SD): PptI™~, 433.30(34.05); wild type,
393.00(23.27)]; or the late infantile NCL model, 7pp2™~, mouse [mean(SD): 7pp1,
74.13(1.012); wild type, 71.65(9.405)]. Graphing shows relative CD11c surface expression
normalized to wild type with fold expression of C/n3”~ samples (Fig. 4). As the phenotype
does not extend to other NCL mouse models, these results indicate that increased CD11c
found on the surface of C/n3™~ cells is not a general feature of NCL disease and likely is
more specifically related to the loss of CLN3 function.

We also discovered a phenotype for CD11b. Surface levels were reduced on C/n37~ BM-
DCs, BM-Mg, and peritoneal Mo, compared to wild type cells as assessed with flow
cytometry (supplementary Fig. 4, supplementary Table 1). Genotypic differences, however,
were more subtle than those reported for CD11c. Fluorescence-based immunocytochemical
staining showed reduced surface CD11b on C/n37~ cells only in LPS-stimulated samples
(Fig. 3B, supplementary Fig. 2, 3 and 5). Microscopy might not have been sensitive enough
to detect the subtle differences in surface levels on unstimulated samples.

No consistent effects of genotype or any interaction effects were detected for surface levels
of CD11a, CD18, or other proteins (F4/80, CD86, CD14, CD40, MHCI, CD43, GR-1,
MMR) (data not shown). Notably, we report no significant genotypic differences in MHCII
surface levels [LPS-stimulated mixed BMCCs, mean(SD): wild type, 290.250(36.918),
CiIn37",318.400(17.126)].
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3.3. Characterization of immune cells in spleen and blood

We next investigated whether the CD11c and CD11b phenotypes extended to /n vivo APCs
harvested from blood and spleen. CD11c was increased on C/n3~~ mononuclear phagocytes
— CD14+ monocytes (CD14+ non-granulocytes) in the blood and F4/80+ M¢ in the spleen
(F4/80+ non-granulocytes) (Table 1, supplementary Fig. 6A, D). In spleen, CD11c on
F4/80+ M¢ segregated into high and low expressing populations, with genotypic differences
detected in the CD11c!®" population only (Table 1). No genotypic differences in surface
levels of integrins were detected on lymphocytes, neutrophils (GR-1" non-lymphocytes with
high side scatter), or splenic DCs (data not shown). We did not specifically identify DC
subtypes in blood as most CD11c+ cells are pDCs, DC precursors, or monocytes, and a high
degree of surface marker redundancy made definitive identification of these groups difficult
with our technical capabilities (66—68).

We additionally characterized CD11c on non-granulocytic leukocytes more generally, again
noting a natural division between CD11c!°% and CD11cM cells. Out of CD11c+ cells, a
significantly greater percentage were CD11c" in C/n37~samples compared to wild type
samples in both spleen and blood (Table 1). This would suggest a higher prevalence of
leukocyte subtypes known to be CD11cM in C/n37~ samples, or that levels of CD11c were
elevated on subtypes typically characterized as CD11c!®" such that they were included in the
CD11cNi population. In blood, CD11c was significantly increased on CD11cM C/n3™~ cells
compared to wild type cells (Table 1, supplementary Fig. 6C). A more general increase in
CD11c surface levels was also found for CD11c!oW cells in C/n37~ spleen samples
(supplementary Fig. 6E). Disparate findings for blood and spleen were not unexpected as
their leukocyte composition differs. Genotypic differences were not detected in other cell
surface proteins (CD3, CD4, CD8, CD11b, CD19, CD69, CD86, B220, F4/80, GR-1) (data
not shown). Altogether these data indicate that cells of M¢ lineage have higher levels of
CD11c and a greater percentage of cells with significantly elevated surface CD11c are
present in C/n3~~mice in vivo compared to wild type mice.

3.4. Mechanism of increased CD11c surface expression

Leukocytes contain CD11c in two compartments—the surface compartment and an
intracellular pool ready for mobilization (69, 70). As CLN3-deficient cells experience a
variety of trafficking defects, we hypothesized the increased surface CD11c could stem from
abnormal distribution whereby cells might traffic all synthesized protein to the surface,
failing to maintain intracellular stores. CD11c total protein levels assessed by Western
blotting, however, were increased in C/n37~ BM-DCs and BM-M¢ compared to wild type
cells in both unstimulated and LPS-stimulated conditions (Fig. 5), indicating that CD11c
expression was increased overall in C/n3~ samples and not merely redistributed to the
surface compartment.

A greater total amount of CD11c protein in C/n3~~ cells may result from overproduction of
protein or a failure of degradation. To explore potential changes in production, we
interrogated the first point of regulation for protein synthesis, transcription, by determining
the relative expression levels of integrin subunit genes for CD11c (/fgax) and CD11b (/tgam)
with gPCR. LPS stimulation significantly reduced transcript levels at both the 24 hour and
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48 hour time points in C/n3~~and wild type mixed BMCCs (Table 2). This concurs with
our finding of decreased B2-integrin surface levels on BMCCs after addition of TLR ligands.
No genotypic differences in CD11c transcript levels were detected, suggesting that increased
levels of CD11c on C/n3~ cells do not stem from increased expression of /fgaxand that the
cause is further downstream (Table 2). Interestingly, gene expression assays determined that
the CD11b phenotype likely is attributable to reduced /fgam transcripts in C/n3™" cells
compared to wild type cells (Table 2, supplementary Fig. 7).

To further characterize potential points of CD11c dysregulation, we investigated the cellular
localization of CD11c in bone marrow cultured cells with immunolabeling of CD11c and
proteins known to reside in specific surface and intracellular domains. We also looked at
whether localization differed between C/737~ and wild type cells. CD11c did not show
significant colocalization with GM130, Rab11, EEA-1, or EPS15, indicating that very little
protein is present in the Golgi, recycling pathway, early endosomes, or clathrin-coated pits,
respectively (see supplementary Table 2). CD11c colocalized with lipid raft markers in
unstimulated and stimulated cells, identified with cholera toxin B (CTB), which binds GM1
gangliosides, or with an antibody against raft protein caveolin-1 (71—73). The average
Pearson’s correlation coefficient for wild type and C/n37~ cells met the threshold for
positive colocalization, reflected by an overlap of signals in imaging (Fig. 6). Correlation
coefficients did not differ by genotype for unstimulated cells stained with CTB [mean(SD):
wild type, 0.532(0.021), C/n37~, 0.587(0.080), £ = .448] or stimulated cells stained with the
anti-caveolin-1 antibody [mean(SD): wild type, 0.713(0.034), C/n37", 0.745(0.043), P=.
412].

3.5. Adhesion assays

As CD11c functions primarily as an adhesion molecule, we speculated that increased surface
levels might enhance the adhesive properties of C/n37~ cells. An analogous situation is
found in Down’s syndrome with overexpression of the CD18 2 subunit gene (/7G2B,
chromosome 21), which upregulates surface CD11a (LFA-1) on patient lymphoblast cell
lines, increasing adhesiveness (74). We assessed the ability of BM-DCs and BM-M¢ to
adhere to several different ligands of varying specificity for B2-integrins. Fibrinogen is a
well-characterized ligand for both CD11b and CD11c. Coating with bovine serum albumin
(BSA) often is used to block non-specific binding to polystyrene plates. Our own
preliminary experiments, however, indicated that CD11c might mediate binding to BSA-
coated plates, as illustrated by a reduction in adhesion in the presence of blocking antibodies
(supplementary Fig. 8). Control wells were coated with poly-D-lysine (PDL), a positively
charged lysine polymer that non-specifically binds negatively-charged ions on the cell
membrane. No difference in adhesion to PDL was detected in BM-DCs (P=.717) or BM-
Mo (P=.627), indicating that results are not attributable to an error in the number of cells
aliquoted per well. In BM-M¢ samples, adhesion was significantly higher to BSA and
fibrinogen for C/n3~ cells compared to wild type with no difference in adhesion to PDL
(Fig. 7). Adhesion to BSA also was significantly higher for C/n37~ BM-DCs compared to
wild type cells, but no differences were detected for adhesion to fibrinogen (P = .362) (Fig.
7). This indicates that ligand binding potentially mediated by CD11c is greater in C/n3™~
samples, suggesting that increased CD11c might enhance adhesive properties.
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3.6. Cytokine/chemokine secretion

We next characterized secretion of cytokines and chemokines by BM-M¢ and BM-DCs.
Twenty-four hour culture medium of unstimulated and LPS-stimulated C/n3~~ and wild
type cells was assessed for concentrations of cytokines and chemokines. Without
stimulation, no significant genotypic differences in analyte concentration were detected for
BM-M¢ or BM-DCs (supplementary Tables 3, 4). When BM-M¢g were stimulated with LPS,
levels of IFN-vy, IL-1p, IL-17, IL-12p70, and IL-9, were significantly decreased in medium
collected from C/n3™~ cells compared to wild type medium (Table 3), a complement of
proteins similar to what was previously reported for C/n3 mutant microglia (12). No
genotypic differences in cytokine secretion were present in LPS-stimulated BM-DCs
(supplementary Table 5). These results indicate that broad defects in secretory function
likely extend to APCs of Mg lineage.

4. Discussion

This is the first study to describe an abnormal phenotype in CLN3-deficient peripheral
immune cells. Previous research has demonstrated reactive lymphocyte infiltration of the
CNS in the NCLs in response to brain insult (9, 75). Our discovery, however, is in
accordance with recent reports that, beyond the reactive gliosis observed in the NCL brain,
microglia appear to be functionally impaired. C/n3 mutant microglia manifest secretory
defects and influence the survival and morphology of wild type neurons in culture (11, 12).
These studies and ours emphasize the need to characterize dysfunction of non-neuronal cell
types to adequately understand JNCL pathology.

Our main finding is a robust increase in surface and total protein levels of the f2-integrin
family adhesion molecule CD11c in C/n37~ BM-M¢, BM-DCs, and peritoneal M¢. That
the phenotype did not extend to other NCL mouse models indicates it is not a general feature
of NCL disease and more likely is related to the loss of CLN3 function. In addition, the
phenotype largely spared other cell surface proteins, suggesting perturbation of a CD11c
specific regulatory pathway. We speculate that this could be the pathway involved in
reduction of surface CD11c, possibly via the same mechanisms mediating downregulation
after LPS stimulation. This is supported by our data showing that stimulation increases C/n3
expression in wild type cells, while CD11c surface downregulation is notably impaired in
CIn37~APCs. The LPS stimulation-associated pathways have not been defined in healthy
cells.

We did not fully characterize the specific mechanism underlying abnormal CD11c levels in
the context of CLN3 deficiency; however, our results suggest involvement of lipid rafts. In
healthy cells, lipid raft membrane microdomains stabilize cell surface proteins, facilitating
appropriate regulation of intracellular signal transduction pathways (76). That we localized
CD11c to rafts is compelling given that CLN3 also has been localized to rafts, and, in cells
with mutated or absent CLNS3, rafts are smaller and less stable, with altered surface levels of
some raft proteins and impaired caveolae-mediated endocytosis (28, 29, 77). Dysregulation
of rafts generally could lead to abnormal CD11c surface levels, or CLN3 might play a more
direct role in CD11c trafficking. That we did not detect genotypic differences in CD11a
lends support to the latter as CD11a has been localized to rafts in other studies (78).
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An increase in the total amount of CD11c protein indicates an increase in synthesis or
reduced degradation and not merely redistribution. Increased synthesis was not supported at
the level of transcription as no genotypic differences in CDZ1¢ mRNA expression was
detected. Blocking synthesis of nascent protein with the ribosome translocation inhibitor
cycloheximide seems not to have a marked effect on CD11c surface levels on mixed BMCCs
of either genotype (unpublished results), indicating that synthesis of new subunits does not
play a major role in regulating CD11c surface levels. That we did not find any CD11c in the
Golgi supports this notion, which was not unexpected as integrins tend to be recycled (79). It
is thus likely that increased CD11c in C/n37 cells is attributable to defects in degradative or
recycling pathways. Nonetheless, CD11c did not significantly colocalize to early
endosomes, or recycyling endosomes. Degradation would seem a promising candidate to
mediate CD11c perturbation given the broadly characterized lysosomal dysfunction (29, 80—
83). One would then expect altered expression of MHCII surface molecules, which are
heavily regulated by the lysosome, but genotypic difference in MHCII surface levels were
not detected. We hope that future studies tracking the life cycle of CD11c in wild type and
CIn3~~ mice with pulse chase experiments will clarify the point of dysregulation.

Beyond simple surface upregulation, the CD11c phenotype of C/n37" cells is associated
with increased adhesion compared to wild type cells. This concurs with a previous report
that CD11c enhances the adhesive properties of macrophages to more efficiently localize
them to atherosclerotic plaques, while CD11¢-KO mouse monocytes are less able to form
strong adhesive interactions with the endothelium /7 vivo (47). We do have preliminary data
indicating that 3D migration of LPS-stimulated C/n37~ BM-DCs is impaired, while no
differences were detected in unstimulated BM-DCs (unpublished data). This could indicate
that functional consequences are most critical if CD11c remains on the surface when
normally it would be completely absent (i.e. wild type LPS-stimulated cells have little to no
CD11c, but C/n3”~ LPS-stimulated cells maintain significant surface levels). Follow-up
studies are needed to replicate findings and extend investigation to M.

Our data show that C/n37~ BM-M¢ have reduced cytokine secretion compared to wild type
cells after LPS stimulation, which might suggest that CLN3-deficient cells are actually less
inflammatory. C/n3 mutant microglia also show reduced cytokine secretion after LPS
stimulation (12). Endogenous inflammatory stimuli (C6 ceramide and neuronal lysate),
however, induces an exaggerated cytokine secretion response by C/n3 mutant microglia (12).
We speculate that, similarly to C/n3mutant microglia C/n37~, BM-M¢ may increase
cytokine secretion with exposure to appropriate endogenous stimuli /7 vivo, inciting
systemic inflammation. We will need to conduct further testing of BM-M¢ and peritoneal
Mg using C6 ceramide and neuronal lysate to determine if activity is dichotomous as in
microglia. We also will need to explore the mechanism underlying abnormal secretion and if
it is directly related to C/n3 mutation.

Our /n vivo studies demonstrated a greater percentage of cells with significantly elevated
surface CD11c in C/n3”~ mice compared to wild type mice. It is possible that this increase
confers a pro-inflammatory state on affected mice as studies have demonstrated an
association between increased cell surface levels of CD11c and inflammation and
autoimmunity. CD11c is upregulated on APCs in the inflammatory processes of metabolic
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syndrome and polycystic ovarian syndrome, while CD11¢-KO mice have attenuated adipose
tissue inflammation and insulin resistance (41—45, 47, 84). High numbers of CD11c" NK
cells secrete pro-inflammatory cytokines and predict relapse in MS patients (31, 46, 85).
Monocytes and neutrophils isolated from rheumatoid arthritis patients also have increased
CD11c, with elevated levels suggesting a pro-inflammatory phenotype (37, 86). The
mechanism underlying the association of elevated CD11c with inflammation is not known.

There is mounting evidence that the immune system is abnormal in many neurodegenerative
lysosomal storage diseases. Patients with Fabry disease have increased incidence of a range
of autoimmune disorders, while immune cell dysfunction of various types has been reported
in models of Gaucher disease, mucopolysaccharidosis I, and Niemann Pick type C, to name
a few (87—91). Potentially important is the predisposition to infection of children with
Gaucher disease (92). It has long been known that peripheral inflammation exacerbates
neurodegeneration, suggesting that a simple inflammatory state, whether through primary
immune dysfunction or infection, could accelerate disease (93). The use of anti-
inflammatories in mouse and cell models of lysosomal storage disorders have supported this
notion, although there is no evidence this extends to patients (94—96). Currently, there is no
indication that children with NCL are at risk for infection outside that conferred by
immobility; however, this has not been systematically studied. Use of the anti-inflammatory
Flupirtine has conferred little to no benefit in children with NCL (97), making it more likely
that the beneficial phenotypic changes in the C/n37~ mouse model after immunosuppression
did not stem purely from reduced inflammation. Trials of immunosuppression in JNCL
patients are still underway and should help determine if the immune system’s role is robust
enough to warrant directed therapy.

This study lays the foundation for further understanding of the role of APCs in the
pathophysiology of JINCL. While much is still unknown, we speculate that CLN3 deficiency
could facilitate an environment where APCs with increased adhesive properties have
prolonged contact with the cells they activate in the setting of increased concentrations of
pro-inflammatory cytokines, priming the body for autoimmunity. Activated lymphocytes
then migrate into the CNS and destroy neural tissue. Determining the pathological
significance of APC subtypes could potentially lead to immunotherapy with monoclonal
antibodies that specifically target the offending cells. In addition, as the function of CLN3
remains elusive, our discovery is additionally useful in establishing a consistent, measurable
CLN3-deficient phenotype in an easily obtainable cell population. This is an important tool
that can be used to investigate the cellular function of CLN3, as well as to test the efficacy of
novel pharmaceutical treatments in cellular assays.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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GM-CSF
IFN-y
JNCL
LPS
LSD
LUTs
MFI
Mo
NCL
PBS
PDL

PE

PerCP

antigen presenting cells
allophycocyanin
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juvenile neuronal ceroid lipofuscinosis
lipopolysaccharide

least squares difference

lookup tables

median fluorescence intensity
macrophages

neuronal ceroid lipofuscinosis
phosphate buffered saline
poly-D-lysine

phycoerythrin

peridinin-chlorophyll protein
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Highlights

«  CIn37~ antigen presenting cells were interrogated for phenotypic differences.

«  CD11c surface levels are elevated on C/n3~~ antigen presenting cells.
e CD11c localizes to lipid rafts known to be abnormal in CLN3-deficient cells.

«  Cytokine secretion is altered in LPS-stimulated C/n37~ bone marrow
macrophages.

«  LPS-stimulated C/n37" antigen presenting cells have increased adhesive
properties.
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Fig. 1. Relative gene expression of CIn3 in wild type mixed bone marrow cultured cells with or
without stimulation with lipopolysaccharide

Wild type mixed bone marrow cultured cells (BMCCs) were harvested on days 10 and 11 of
culture, with or without 24 or 48 hours of stimulation with lipopolysaccharide (LPS),
respectively. C/n3transcript levels were assessed with real-time quantitative PCR and
normalized to housekeeping genes. Gene expression is reported relative to day 10
unstimulated samples. LPS stimulation for 24 h significantly increased C/n3expression. P
values are derived from post-hoc pairwise comparisons using Fisher’s LSD. Columns and
bars represent mean £ S.E.M. (n=2, all groups).
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Fig. 2. Flow cytometric analysis of CD11c surface expression in wild type and CIn3™~ bone
marrow macrophage, bone marrow dendritic cell, and elicited peritoneal macrophage samples,
unstimulated or stimulated with TLR ligands

CIn3~~ and wild type bone marrow dendritic cells (BM-DCs), bone marrow macrophages
(BM-Mo), and peritoneal macrophages (M) staining negatively for Fixable Viability Dye
eFluor 780 were assessed for expression of CD11c with flow cytometry, with or without 24
hours of stimulation by toll-like receptor (TLR) ligands lipopolysaccharide (LPS) or poly
I:C (PIC). Mo were pre-primed with IFN-y (LIy or Piy). (A, C, E) CD11c surface level was
characterized by the median fluorescence intensity (MFI). (B, D, F) The percentage of
CD11c positive cells was characterized by positive gating compared to isotype controls.
Statistical significance was determined by 2-way ANOVA with genotype and stimulation as
factors, with Pvalues shown derived from post-hoc pairwise comparisons using Fisher’s
LSD. Columns and bars represent mean + S.E.M. (n=3, all groups for peritoneal M¢; n=5,
all groups for BM-DC and BM-Mg except PIC-stimulated C/n37~ BM-Mo, n=4).
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Fig. 3. Fluorescence-based immunocytochemical analysis of CD11c surface expression on
CIn3™~ and wild type bone marrow macrophages (BM-Mg), bone marrow dendritic cells (BM-
DCs), and peritoneal macrophages (M¢), with or without 24 hours of stimulation by
lipopolysaccharide (LPS)

To detect surface expression cells were immunofluorescently labeled for CD11c and CD11b

without membrane permeabilization and imaged with confocal microscopy using a 60x
objective. M¢ were pre-primed with IFN-y (LIy or Piy). Control coverslips were stained
with secondary antibody (2°) only. The average mean fluorescence signal intensity for
individual cells was compared by genotype, with statistical significance determined with the
one-tailed Student’s ftest and Dunn-Sidak adjusted P values shown (A). Columns and bars
represent mean + S.E.M. (n=3 for unstimulated wild type and C/n37~ BM-M¢ and BM-
DCs; n=2 for LPS-stimulated wild type and C/n3”~ BM-M¢ and BM-DCs and all Mo
groups). Representative confocal images show surface expression of CD11c and CD11b on
wild type and C/n37~ BM-Mg, with and without LPS stimulation (B). Merged images
compare distribution of CD11c and CD11b on the cell surface. Scale bar = 50 microns.
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CD11c

Fold Expression

Fig. 4. Comparative study of CD11c surface expression across NCL mouse models assessed with
flow cytometry
Mixed bone marrow cultured cells from wild type mice and three mouse models of neuronal

ceroid lipofuscinoses (NCLs) staining negatively for Fixable Viability Dye eFluor 780 were
assessed for CD11c surface expression as determined by median fluorescence intensity
(MF1) with flow cytometry. Models identified are infantile NCL (PptZ™~, n=4), late infantile
NCL (7pp1™~, n=3), and juvenile NCL (C/n37~, n=9). Results are shown as the ratio of
CD11c MFI for each mouse model relative to wild type (n=2), set at 1. Columns and bars
represent mean + S.E.M.
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Fig. 5. CD11c total protein levels are significantly elevated in unstimulated and LPS-stimulated
CIn3™/~ bone marrow macrophages and bone marrow dendritic cells compared to their wild type
counterparts

Total protein levels of CD11c were assessed in C/n3~ and wild type (WT) bone marrow

cultured cells with Western blot. Day 12 bone marrow macrophages (BM-M¢) and bone
marrow dendritic cells (BM-DCs), were harvested, unstimulated or 48 hours after addition
of lipopolysaccharide (LPS). Total protein lysate was interrogated for levels of CD11c
protein (top band in B, C, and D) with GM130 as the loading control (bottom double band in
B, C, and D). Densitometric analysis of CD11c protein expression is shown (A). Band
intensities were quantified by densitometry and the ratio of integrated densities of CD11c to
GM130 was calculated. Columns and bars represent mean = S.E.M. For unstimulated
samples, statistical significance was determined by 2-way ANOVA with genotype and
fraction as factors, with reported P values for post-hoc Fisher’s LSD (n=2, all groups). For
LPS-stimulated samples, statistical significance was determined with the one-tailed
Student’s ttest (n= 3 wild type BM-Mg; n=2 C/n37~ BM-M¢; n=2 wild type BM-DCs; n=3
CIn3”~ BM-DCs). Representative Western blots are shown (B-D).
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Fig. 6. Localization of CD11c to lipid rafts in unstimulated or LPS-stimulated CIn3™/~ and wild
type bone marrow cultured cells assessed by fluorescence-based immunocytochemistry

CIn37~ and wild type bone marrow cultured cells (BMCCs) were assessed for surface
CD11c and lipid raft markers with fluorescence-based immunocytochemistry without
membrane permeabilization, and imaged with confocal microscopy using a 100x objective
lens. Representative images are shown. Unstimulated mixed BMCCs were labeled with an
anti-CD11c antibody (green fluorescence, A, D) and lipid raft binding cholera toxin B
(CTB; red fluorescence, B, E). LPS-stimulated BMCCs were labeled with antibodies against
CD11c shown in green (G, J) and lipid raft protein caveolin-1 shown in red (H, K). Yellow
in the merged images indicates colocalization. Scale bar = 10 microns.
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Fig. 7. Significantly increased adhesion of CIn3™~

macrophages and bone marrow dendritic cells
Day 10 bone marrow macrophages (BM-M¢) and bone marrow dendritic cells (BM-DCs)

from C/n3”~ and wild type mice were assessed for adhesion to polystyrene plates coated
with bovine serum albumin (BSA), fibrinogen (Fib), or poly-D-lysine (PDL). Wells were
loaded with 30,000 cells per sample, with five technical replicates, incubated for 30 minutes,
and then stained with Hoechst 33342 solution. The outcome variable, fluorescence,
characterized the intensity of Hoechst staining measured with a fluorescence plate reader
and is proportional to the number of fluorescently labeled cells adhered to ligand. Columns
and bars represent mean + S.E.M (n=6 for all wild type groups; n=5 for all C/n37~ groups).
Means for C/n3”~ and wild type cells were compared with the Student’s #test. Reported 2
values were Dunn-Sidak corrected.

compared to wild type bone marrow
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Table 2

Two-way ANOVA tables assessing effects of genotype and lipopolysaccharide stimulation on 32-integrin
subunit gene expression in C/n3”~and wild type mixed bone marrow cultured cells.

Subunit, gene F-ratio df Pvalue
CD11c, itgax
24 hours
genotype 0.005 16  0.945
stimulation 39.395 16  0.001

genotype x stimulation 2.012 16  0.206

48 hours
genotype 0.478 16 0515
stimulation 196.333 16 <.0001

genotype x stimulation 2.251 16 0.184

CD11b, itgam

24 hours

genotype 2201588 1,6 <.0001
stimulation 253.009 16 <.0001

genotype x stimulation ~ 128.628 1,6 <.0001

48 hours
genotype 628.928 1,6 <.0001
stimulation 284380 1,6 <.0001

genotype x stimulation  174.628 1,6 <.0001

Significant results in bold. df = degrees of freedom. Genotype = wild type vs. CIn3™"~, F-ratio = mean square of the factor/ mean square of error.
The larger the F-ratio value, the greater the likelihood that the difference between the means is due to something other than chance alone.
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