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Neurobiology of Disease

Autonomic Denervation of Lymphoid Organs Leads to
Epigenetic Immune Atrophy in a Mouse Model of Krabbe
Disease

Francesca Galbiati,' Veronica Basso,” Ludovico Cantuti,' Maria Irene Givogri,' Aurora Lopez-Rosas,! Nicolas Perez,
Chenthamarakshan Vasu,> Hongmei Cao,* Richard van Breemen,* Anna Mondino,’ and Ernesto R. Bongarzone'
Departments of ' Anatomy and Cell Biology, 2Microbiology and Immunology, and 3Surgery, College of Medicine, and “Medicinal Chemistry and
Pharmacognosy, College of Pharmacy, University of Illinois at Chicago, Chicago, Illinois 60612-7308, and *Lymphocyte Activation Unit, San Raffacle
Scientific Institute, Milan 20132, Italy

Lysosomal 3-galactosylceramidase deficiency results in demyelination and inflammation in the nervous system causing the neurological
Krabbe disease. In the Twitcher mouse model of this disease, we found that neurological symptoms parallel progressive and severe
lymphopenia. Although lymphopoiesis is normal before disease onset, primary and secondary lymphoid organs progressively degener-
ate afterward. This occurs despite preserved erythropoiesis and leads to severe peripheral lymphopenia caused by reduced numbers of T
cell precursors and mature lymphocytes. Hematopoietic cell replacement experiments support the existence of an epigenetic factor in
mutant mice reconcilable with a progressive loss of autonomic axons that hampers thymic functionality. We propose that degeneration
ofautonomic nervesleads to the irreversible thymic atrophy and loss of immune-competence. Our study describes anew aspect of Krabbe
disease, placing patients at risk of immune-related pathologies, and identifies a novel target for therapeutic interventions.
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Introduction

Krabbe disease or globoid cell leukodystrophy (GLD) is charac-
terized by progressive demyelination of the nervous system and
the formation of multinucleated macrophages cells (globoid
cells) (Bullard and Southard, 1906; Suzuki, 2003), followed by
early death. Deficiency of 3-galactosylceramidase (GALC) causes
the cellular storage of galactosylsphingosine (psychosine) and
lactosylceramide in GLD (Wenger et al., 2001).

GLD is more frequent in infants than in adults (Hagberg et al.,
1970; Crome et al., 1973), and it has remained without a defini-
tive long-term cure. Gene therapy, enzyme replacement, and cell
therapy have been tested in animal models of the disease as well as
in patients with varied results (Umezawa et al., 1985; Hooger-
brugge et al., 1989; Krivit et al., 1995; Wu et al., 2000, 2001; Luddi
et al.,, 2001; Luzi et al., 2005; Yagi et al., 2004; Dolcetta et al.,
2006). Recently, transplantation of hematopoietic stem cells
(HSCs) in asymptomatic or presymptomatic neonates and in-
fants has become the preferred therapy in many cases of Krabbe
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(Krivit etal., 1995; Krivit et al., 1998; Escolar et al., 2005). Of note,
studies of hematopoietic replacement in Twitcher mice have
shown that whereas this therapy significantly prolongs survival
and improves symptomology, it does not cure them. The reason
for this limitation remains unknown.

Of central relevance for the success of hematopoietic cell ther-
apies, the immune-competence of the host has to be adequate to
allow full engraftment of donor cells and the subsequent ability to
generate all immune-cell types. In the case of Krabbe disease,
whether GALC deficiency and/or psychosine accumulation exert
direct effect on the physiology of the immune system remains to
be defined. In this study, we addressed this question by examin-
ing the functionality of the Twitcher immune system before dis-
ease onset and during disease progression.

Materials and Methods
Animals. For the Twitcher colony, breeder Twitcher heterozygous mice
(C57BL/6], twi/+; Jackson Laboratories, Bar Harbor, ME) were main-
tained under standard housing conditions with approval of the Animal
Care and Use Committee. Treated and untreated mice were allowed to
survive as long as humanely possible. When a mouse reached a moribund
condition, it was killed.For the CD45.1 colony, C57BL/6] congenic mice
carrying the CD45.1 allele were kept under standard housing conditions
and used either as marrow donors for Twitcher transplant or as recipients
for Twitcher bone marrow. Where indicated, mice were tail-bled, and the
cells were analyzed by flow cytometry. DNA was extracted from clipped
tails of newborn mice at postnatal day 1 (P1) to P2 and used for PCR
genotyping as described previously (Sakai et al., 1996; Dolcetta et al.,
2006).

Irradiation and bone marrow transplant. Twitcher, their wild-type lit-
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termates, and C57BL/6] CD45.1 mice (5 d after birth) were subjected to
a sublethal whole body irradiation from a '*’Cs source of gamma rays
using a Gilardoni Rad Gil Irradiator. Mice were put in a wheel and kept in
a prone position during irradiation treatment. The animals received a
total dose of 6.2 gray by two cycles of 4.1 min 200 kW (3.1 gray each).
Donor mice, C57BL/6] CD45.1 (8—12 weeks of age), and Twitcher mice
(26 d of age) were killed and bone marrow cells were obtained by flushing
tibiae and femora with 0.9% saline using a 10 ml syringe (30 G needles).
Cells were then filtered with a 44 um cell strainer (BD Bioscience, San
Diego, CA) to remove debris and centrifuged at 1500 rpm for 5 min. The
pellet was incubated for 10 min at 4°C with lysing buffer (155 mm am-
monium chloride, 10 mm potassium bicarbonate, 0.1 mm EDTA, pH 8)
to eliminate red blood cells. Bone marrow cells were counted, and 10 X
10° cells were resuspended in 50 ul of saline and injected intraperitone-
ally in 6-d-old recipient mice. Treated mice were returned in the original
cage with the mothers, and no additional supportive care was given.

White and red blood cell count. Two hundred microliters of whole
blood, obtained by tail-bleeding of the mice, were collected in tubes
containing 40 ul of EDTA (45 mg/ml). Blood samples were processed for
counts using a Sysmez KX-21N hemocytometer.

Cell death in vitro analysis. The apoptotic effect of psychosine on
mouse thymocytes and splenocytes was tested using mitochondrial-
specific dye Tetramethyl-rhodamineethylester (TMRE). Splenocytes or
thymocytes were plated in a 96-well, U-bottom tissue culture plate (2 X
10° cells/well) in complete medium consisting of Roswell Park Memorial
Institute 1640 supplemented with 2 mm L-glutamine, 15 mm HEPES, 1
mM sodium pyruvate, 5 X 10.5 M 2-mercaptho-ethanol, 100 U/ml peni-
cillin, 0.1 mg/ml streptomycin, | pg/ml fungizone, and 10% FBS. Various
concentrations of psychosine (200 nM to 25 um) were added to wells in
triplicate and incubated for 24 h at 37°C. After incubation, cells were
washed once using complete medium and incubated in 2.5 nwm final
TMRE solution in 10 mm HEPES for 30 min at 37°C. Cells were washed
twice and resuspended in PBS containing 0.5% BSA. Stained cells were
analyzed using FACScalibur (Becton Dickinson, Mountain View, CA)
and then analyzed using CellQuest software.

Flow cytometry analysis. Mice were killed at P15, P30, P40, and P80.
Blood, peripheral lymph nodes (LNs), spleen, thymus, and bone marrow
were collected by intracardiac bleeding or surgical resection. LN, spleen,
thymus, and bone marrow were homogenized into single-cell suspen-
sions, and blood samples were depleted of red blood cells by cell lyses
(Lonza, Walkersville, MD). Viable cells were enumerated by Trypan
Blue-assisted counts. The cells were then incubated with a blocking
buffer (5% rat serum and 95% culture supernatant of 2.4G2 anti-FcR
monoclonal antibody (mAb)-producing hybridoma cells) for 20 min at
room temperature to saturate the FcRs. Cells from LNs, spleen, and
blood cells were stained for CD4, CD8, B220, and CD11b. Thymocytes
subpopulations were detected by staining with anti-CD4, anti-CD8, anti-
CD25, and anti-CD44 mAbs. Bone marrow precursor cells were identi-
fied by staining for CD11b, Ter 119, SCA-1, and GR-1 (all from BD
PharMingen, San Diego, CA). Samples were collected at FACScalibur
(Becton Dickinson) and then analyzed using CellQuest software.

Gene expression analysis. RNA was extracted with TRIZOL and retro-
transcribed with ¢cDNA synthesis Superscript (Invitrogen, San Diego,
CA). Real-time PCR analysis was performed on a Bio-Rad iCycler4 with
the Bio-Rad Sybr Green Supermix. The relative comparison between the
samples was done with the AACt method using glyceraldehyde-3-
phosphate dehydrogenase gene (GAPDH) as a housekeeping gene. The
primers were designed with the Beacon Designer software (Bio-Rad) and
the Perlprimer software (Livak and Schmittgen, 2001), tested on Blast to
avoid nonspecific binding. Serial dilutions of the cDNA were used to
calculate efficiency and correlation coefficient. Primers were used only
when equal at least to 93% and 0.991, respectively). The following prim-
ers were used: Bl-adrenergic receptor, forward 5-TCGGCGTTGG
TGTCCTTCC, reverse 5-TGACGAAATCGCAGCACTTGG; f2-
adrenergic receptor, forward 5-CGTCAACTCTGCCTTCAATCCTC,
reverse 5-GTAGTCCGTTCTGCCGTTGC; and GAPDH, forward
5-TGCCACTCAGAAGACTGTGG,  reverse  5-TTCAGCTCTGG
GATGACCTT.
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Immunohistology procedures. Tissue was cryosectioned and processed
for diamino-benzidine-light and confocal fluorescence immunocyto-
chemistry as described previously (Givogri et al., 2006). The antibodies
used were the following: anti-CD4, CD8, and CD11c (BD PharMingen),
anti-tyrosine hydroxylase (TH; Chemicon, Temecula, CA), and anti-
choline acetyl-transferase (ChaT; Chemicon). Hematoxylin staining was
performed on cryosections with Hematoxylin QS (Vector Laboratories,
Burlingame, CA). Sections were observed through an Olympus Optical
(Tokyo, Japan) confocal microscope and in a Zeiss (Oberkochen, Ger-
many) upright microscope with Nomarski optics. To quantify TH+ fi-
bers in the thymic cortex, 10 serial sections (20 wm each) per thymus
were stained as described above. The number of TH+ nerve endings
were counted in 0.1 mm? area (three areas per section). Counting was
performed in two thymuses per genotype at P20 and P30.

GALC activity and mass spectrometry determination of psychosine. Tis-
sue samples were weighed, homogenized, and processed for GALC en-
zyme activity as described previously (Dolcetta et al., 2006). Samples
were also extracted for psychosine. In brief, samples were extracted using
chloroform and methanol and then partially purified on a strong cation
exchanger column. After evaporation to dryness, each residue was dis-
solved in 200 ul of methanol containing 5 mm ammonium formate, and
10 ul aliquots were analyzed using liquid chromatography tanden mass
spectrometry (LC-MS/MS). The HPLC system consisted of Shimadzu
(Columbia, MD) LC-10Advp pumps with a Leap (Carrboro, NC) HTS
PAL autosampler. Psychosine was measured using a Waters XTerra 3.5
um, MS Cig, 2.1 X 100 mm analytical column. Positive ion electrospray
tandem mass spectrometry was performed using an Applied Biosystems
(Foster City, CA) API 4000 triple quadrupole mass spectrometer with a
collision energy of 29 eV for psychosine and 37 eV for the internal stan-
dard, lyso-lactosylceramide. The dwell time was 1.0 s/ion during multiple
reaction monitoring.

Electron microscopy. Thymuses were collected from P40 mice and then
fixed with 5% glutaraldehyde. Samples were processed for electron mi-
croscopy as described previously (Givogri et al., 2002) embedded in
Araldite, and ultrathin sections (60 nm) were collected on Formvar-
coated one-hole grids and stained with osmium tetroxide and lead ace-
tate. Samples were observed in a JEOL JEM 100cx II electron microscope.

Statistical analysis. Results are the average from three to five different
experiments and are expressed as mean = SE (SE). Data were analyzed by the
Student’s t test. p values <0.05 were considered statistically significant.

Results

Progressive loss of mononuclear cells in peripheral blood of
Twitcher mutants

The Twitcher mouse is a natural model for infantile GLD.
Twitcher mice are born normal, and until P15 are undistinguish-
able from control littermates. Thereafter, Twitcher mutants show
progressive inability to gain weight (Fig. 1 A). Evidence of neuro-
logical disease first appears at approximately day 20 when the
mice show progressive tremor and ataxia, culminating with death
at approximately P42 (Fig. 1 B). Several therapeutic strategies are
based on the use of HSC transplant. Despite this, no data are
available on the state of immune-competence of the Twitcher
mutant. To examine this, white blood cell (WBC) and red blood
cell (RBC) numbers were independently measured before and
after disease onset. Hematopoiesis appeared normal during early
life (P15), but not at later times, when the number of WBCs
progressively decreased to reach 9.2% of that of control mice at
the time of death (Fig. 1C). In contrast, the numbers of RBCs
were similar in Twitcher and wild-type mice at all ages considered
(Fig. 1 D).

GLD mice develop a progressive, age-related lymphoid

organ failure

To analyze the reasons for reduced WBC counts in Twitcher mu-
tants, primary and secondary lymphoid organs were analyzed. Al-
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though at P15 thymus, LNs and spleen of
Twitcher and wild-type mice appeared com-
parable (Fig. 2A), and mutant organs were
smaller at later ages (Fig. 2A). Total cell
counts per organ (cellularity) confirmed the
age-related alteration. Thymus, spleen, and
LN cellularity were normal in mutant mice
up to P15, but then they decreased by P30
and P40 (Fig. 2C-E). Bone marrow (isolated
from tibiae and femurs) and peripheral
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double positive (DP), and CD4 or CD8 0
single positive (SP) thymocyte subsets in-
creased between P15 and P40 in wild-type
thymuses (Fig. 3A-D). In contrast,
whereas numbers of DN, DP, and SP thy-
mocytes were comparable in Twitcher and
control littermates at P15, they progres-
sively decreased in mutant mice (Fig. 3A—
D). Thymus development appeared to be
hampered at the earliest stages, as shown by the decreased num-
ber of DN subsets (identified by the relative expression of CD44
and CD25) (data not shown). Thymic involution correlated with
peripheral lymphopenia, evidenced by reduced lymphocyte
counts in the spleen (Table 1) and lymph nodes (data not shown).
In the bone marrow, the number of B220+ B-lymphocytes in
Twitcher mice was 56 and 17% at P30 and P40, respectively (Table
1). In contrast, SCA-1 " hematopoietic stem cells and GR-1"
granulocytes were not statistically different in mutant bone mar-
row at P30 but were reduced to 31 and 34% of control values at
P40. In contrast, the number of Ter119 ™ erythroid progenitors
remained normal at all time points (Table 1). These data indicate
that disease progression in Twitcher mutants is paralleled by a
progressive loss of immune-competence, hampering the genera-
tion of lymphocytes but sparing that of erythroid cells.

P15 P20

Figure 1.

Atrophy of GLD thymus comprises caspase-3-mediated
apoptosis and increased intracellular vesicle abnormalities

To better understand the progressive and nonselective reduction
in thymic subsets, we analyzed thymic cell death by caspase-3
detection. Figure 4, A and E, shows that apoptotic cells (red flu-
orescence for caspase 3 active fragment) were more frequently
found in P15 Twitcher cortex (Fig. 4A) and medulla (Fig. 4 E) than
in the corresponding regions of the wild-type thymuses (Fig. 4 B, F).
Double labeling using anti-CD4 (Fig. 4A,B,E,F), anti-CD8 (data
not shown), and anti-CD11c¢ (Fig. 4C, D, G,H ) showed caspase 3 in
CD4™" (Fig. 4A,E), CD8* (data not shown), and CD11c™ (Fig.
4C,G) Twitcher cells. Comparable results were obtained at P40 (data
not shown).

Microscopy examination of the atrophic Twitcher thymus re-
vealed abundant abnormalities in thymic cells. Hematoxylin stain-
ing showed that the thymic cortex was progressively reduced and
almost absent in Twitcher thymus by P40 (data not shown). Electron

P30 P40 P45 P15 P20 P30 P40 P45

Postnatal days

GALC deficiency reduces circulating lymphocytes but not erythrocytes. 4, B, Body weight and survival curves show
that the deficiency of GALC prevents Twitcher mutant mice (TWI) to gain normal weight (4) and to survive beyond 48 d (B). C, D,
Blood counts during postnatal developmentindicate that Twitcher mice develop a progressive lymphopenia (C), whereas red blood counts
remain unaffected at all times (D). Data are expressed as the mean == SE from 4 —10 mice for each group per time point.

microscopy showed that P40 Twitcher thymus contained numerous
abnormal membranous inclusions (Fig. 4]), which were not found
in control samples (Fig. 4L). High-resolution electron microscopy
revealed that these inclusions were multilamellar giant bodies (Fig.

4K).

Psychosine accumulates in GLD thymus in a

nonprogressive manner

Next, we studied the accumulation of psychosine in the thymus
by mass spectrometry. Figure 5A shows that thymus GALC activ-
ity was absent in the Twitcher mutant, although progressively
increased in wild-type littermates over the first weeks of age.
Figure 4, B and C, shows representative LC-MS-MS chromato-
grams from wild-type (Fig. 5B) and Twitcher (Fig. 5C) P40 thy-
muses. Psychosine level was instead higher in mutant samples,
accumulating to a concentration of ~0.3 nM, which is approxi-
mately fivefold higher than that found in wild-type thymuses
(Fig. 5D). Psychosine did not progressively accumulate in the
mutant thymus, remaining between 0.2 and 0.3 nm during the
entire postnatal life.

Because psychosine has been depicted as a potent neurotoxin,
we evaluated the hypothesis that this sphingolipid might contrib-
ute to death of thymocytes, causing thymic atrophy. Thymocytes
were prepared from P15 wild-type and Twitcher thymuses and
cultured in the presence and absence of psychosine. In culture,
Twitcher thymocytes survived as well as wild-type cells (data not
shown). When cultures were supplemented with psychosine, this
neurotoxin only caused Twitcher and wild-type thymocytes death
when its concentration reached 25 uM (Fig. 5E), whereas at lower
concentrations, it did not affect cell viability. Together, these re-
sults indicate that thymic involution in Twitcher mutants is asso-
ciated with abnormal thymic cell death, which however cannotbe
explained by psychosine accumulation.
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bone marrow precursors do not transfer dis-
ease (data not shown). Furthermore, trans-
planted mice revealed comparable numbers
of circulating WBCs and RBC:s (Fig. 6 B,C),

:ml suggesting that Twitcher HSC can normally
develop into GALC-sufficient recipients. In
contrast, Twitcher mice transplanted with
wild-type HSC had a significant delay in dis-
ease progression, as expected and survived to
an average of 80 * 3 d (n = 3-5), they
showed deterioration in their health toward
the end of their lives, which included tremor,

T T 1 ataxia, and growing weakness (data not

P15 P30 P40 shown). Disease progression was again par-

alleled by a rapid decay of WBC after P40

(Fig. 6 B). At the time of death, WBC counts
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X 250 - x 100 - mal at any time of the study (Fig. 6C), as in the
2 200 | 2 g case of not-transplanted Twitcher mutants.
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& 100 - 3 404 with thymic atrophy in transplanted

50 20 Twitcher mice (Fig. 6 D). DN, DP,CD4 *
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50 7 —e—wr 5 - —e—WT with wild-type recipients (Fig. 6 D). Sim-

—o—Twi —o—TWiI ilarly, the number of B220", CD4™,

N 4 9 Ly 4 1 CD8*, and CD11b ™" cells in the spleen

X 30 x 3. of Twitcher recipients was sevenfold,

Fy 2 fourfold, threefold, and fourfold less, re-

f_g 20 1 f_S 2 spectively, than those found in control

3 104 3 14 recipients. These results indicate that the

= 5\§\u = progressive atrophy of Twitcher lym-

0 T T . 0 . ,  phoid organs is mainly caused by epige-

P15 P30 P40 P15 P30 P40 netic defects affecting thymic function

rather than a cell autonomous defect of

Figure2. GALCdeficiencyis accompanied by atrophy of lymphoid organs. 4, The pictures show a whole-mount comparison of lymphoid precursors and cannot be pre-

primary and secondary lymphoid organs from Twitcher (T) and wild-type (W) littermate mice during postnatal age. Mutant mice
showed a progressive atrophy of thymuses, lymph nodes, and spleens, which coincided in time with the appearance of neurolog-
ical symptoms. B—F, Organ cellularity decreases during disease. Organ cellularity was defined by Trypan Blue negative cell counts
of femurs- and tibiae-derived bone marrow cells (B); axillary, mesenteric, and inguinal pooled lymph nodes (E); 500 .l of
peripheral blood (F); and intact thymus () and spleen (D). Twitcher mice (TWI) showed reduced cell numbers in the thymus,
lymph nodes, and spleens between 15 and 30 d of age and remained lower than controls afterward. Bone marrow and blood cell
numbers decreased in Twitcher mice starting from 30 d of age, indicating that these two compartments are affected during the
late stage of the disease. Data are expressed as the mean = SE from three to five mice for each group per time point.

Hematopoietic stem cell transplantation improves survival of
GLD mice but is unable to prevent immune atrophy
To determine whether the reduction in circulating leukocytes could be
attributed to a cell autonomous defect of Twitcher hematopoietic pre-
cursors, Twitcher CD45.2™ bone marrow cells were transplanted into
5-d-old congenic CD45.1 " sublethally conditioned wild-type recipi-
ents. Wild-type CD45.1 " donor HSCs were also transplanted into
CD45.2" Twitcher and CD45.2 " wild-type conditioned recipients as
controls. Analysis of chimerism showed that immune-reconstitution
was similar, with an average engraftment of donor-derived cells of
~75% (Fig. 6A).

Wild-type mice transplanted with Twitcher or wild-type HSC did
not show any sign of health deterioration, suggesting that Twitcher

vented by HSC cell therapy.

Epigenetic thymic dysfunction in GLD
mice is associated to a progressive loss
of sympathetic fibers and deregulated
expression of B-adrenergic receptors
Innervation of thymus by nonmyelinated
sympathetic and parasympathetic nerves
has been shown to be important for thy-
mus function and to maintain T cell maturation. To examine
whether thymic innervation was affected in the mutant, we ana-
lyzed thymic TH expression by confocal microscopy, the key en-
zyme in the synthesis of norepinephrine, which has been used
previously to study axonal endings from sympathetic motorneu-
rons in the thymic cortex (Fig. 7A-F). We found that at P7, both
GLD and wild-type thymuses did not differ significantly in the
density and distribution of TH ™ fibers (data not shown). How-
ever, at P15, GLD thymuses showed less TH ™ fibers within the
thymic cortex (Fig. 7A) compared with age-matched wild-type
tissue (Fig. 7B). P30 GLD thymuses had scarce TH ™" axons
throughout the cortex with TH expression still detectable in some
T cells (Fig. 7C,D). TH expression in the GLD thymic cortex was
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minimal at P40 (Fig. 7E). In contrast, age- A DN B
- DP
matched wild-type thymuses showed pro- 18 1 —e=WT 450 1 —e—wT
fuse innervation within the thymic cortex 16 { —=TwWi 400 { —o—TwWI
(Fig. 7F). We also studied whether cholin- <, 14 | ©, 350 1
ergic innervation (the other main innerva- % 12 1 300 1
tion type in the thymus) was affected dur- = 10 ] = 250 1
ing disease. Similar to noradrenergic fiber (-o’ (83 ] % fgg ]
loss, we found that the mutant thymushad 2 z
. . . 4 1 100 A
reduced cholinergic fibers, detected by im- 5 | 50
munohistochemistry for ChaT (Fig. 0 . . , . . 0 . . - ; ,
7G,H). Morphometry counting con- P15 P30 P40 P15 P30 P40
firmed the reduction of TH+ fibers in the
cortex of GLD thymuses (Fig. 7I). At P30, C cD4 D cD8
. . __Eno 45 1 —e—wT 147 —e—wr
the GLD thymic cortex contained ~50%
404 —o—TwW 124 ——Twi
less fiber than the age-matched control. © 351 &
Finally, we investigated whether the 2 3| © 101
loss of sympathetic axons had any effecton & 25 o 81
the expression of B-adrenergic norepi- 8 20 1 3 &
nephrine receptors in the mutant thymus. 2 151 2 4]
We quantitatively measured the expres- 10 1 5]
sion of the receptor transcripts by real- g ] §
time PCR. Figure 7] shows that expression P15 P30 P40 P15 P30 P40

of both receptors was drastically down-
regulated in the GLD thymus from early
age. This weak sympathetic tone in the
mutant thymus preceded organ atrophy,
which occurred between P30 and P40 (Fig.
2A).

Figure 3.

Discussion

Two new and major aspects of the pathophysiology of Krabbe
disease are reported here. First, we found that GLD progression
results in the atrophy of primary lymphoid organs, with the thy-
mus and later the bone marrow being severely and irreversibly
affected. This results in peripheral lymphodepletion, rendering
the Twitcher mice immune-incompetent after the onset of the
neurological disease. Second, we found that as GLD mice experi-
ence progressive lymphoid atrophy, autonomic innervation of
these organs is reduced.

GLD, a neurological disease

compromising immune-competence

GLD is conventionally regarded as a neurological disease, because
its cardinal feature, demyelination, is associated with a rapid pro-
gressive neurodegeneration of the nervous system. In the
Twitcher mouse, a bona fide mouse model for infant variants of
GLD, dysfunction of lymphoid organs was acquired progres-
sively. By day 15 of life, the immune phenotype of control and
Twitcher mutants was comparable, with thymuses and peripheral
lymphoid organs of similar size, and a normal representation of
immature and mature lymphocyte subsets in the mutant. How-
ever, cellularity in the mutant thymus and spleen rapidly de-
creased with disease onset, reaching 25-30% of control tissues by
30 d of age. This involution was followed by a rapid decrease in
the number of mature peripheral T cells, and a reduction in cel-
lularity of other peripheral lymphoid tissues. By the time of
death, mutant mice showed complete failure to maintain normal
thymic and lymphoid function, acquiring a state of immune-
incompetence. These results introduce a new level of complexity
in the pathophysiology of Krabbe disease where thymic function
first and peripheral lymphoid organ function later, are pro-
foundly compromised. We propose that the impairment of im-
mune functions may contribute to worsening disease evolution

Postnatal days

GALC deficiency prevents normal thymocytes development. A-D, Thymocyte representation and distribution was
evaluated by flow cytometry analysis of (D4, (D8 double negative (DN) (), (D4, (D8 double positive (DP) (B), or (D4 (C) or (D8
(D) single positive cells. DN, DP, (D4, and (D8 thymocyte subsets decreased during disease progression in the Twitcher mice (TWI).
Data are expressed as the mean == SE from three to five mice for each group per time point.

in GLD individuals, weakening their ability to resist viral infec-
tions, allergies, and/or tumor formation.

Cell autonomous and epigenetic mechanisms contributing to
immune deficiency in GLD

The substrates for the GLD-encoded enzyme, GalCer, and psy-
chosine are sphingosine-rich galactolipids, which likely accumu-
late in membrane lipid microdomains where they exert a pleio-
tropic function (Simons and Ikonen, 1997; Brown and London,
1998). For instance, the clustering of GalCer within rafts facili-
tates bacterial and viruses such as HIV-1 initial cell adhesion
(Bhat et al., 1991; Harouse et al., 1991; Fantini et al., 2000).
Sphingolipids also displace cholesterol from rafts (Megha and
London, 2004; Yu et al., 2005; Megha et al., 2006) altering signal-
ing through the membrane. Thus, abnormal sphingolipid catab-
olism or accumulation in lipid microdomains might result in a
cell autonomous defect accounting for GLD hematopoietic stem
cells compromised functionality (i.e., proliferation, migration,
and maturation). Furthermore, because psychosine directly de-
regulates some specific protein kinase C isozymes (Hannun and
Bell, 1987), activates phospholipase A2 (Giri et al., 2006), and
modifies mitochondrial membrane potential (Tapasi, 1998) and
peroxisomal activity (Khan et al., 2005), its accumulation within
thymic stromal tissue or in T cells might also directly interfere
with cell survival. Of note, a recent study reported that psycho-
sine favors proinflammatory cytokine secretion by peripheral
blood mononuclear cells derived from Krabbe patients (Formi-
chi et al., 2007; Pasqui et al., 2007). Our findings showing that
lymphopoiesis but not erythropoiesis is impaired in Twitcher
mutants appear to support the possibility that GALC mutation
exert a diverse effect depending on the cell type. Although we
found that psychosine levels were higher in the thymus of
Twitcher mutants when compared with control mice as soon as
P5, thymic development was preserved until P15. In addition,
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Table 1. Cell type composition in bone marrow and spleen

J. Neurosci., December 12, 2007 - 27(50):13730-13738 = 13735

Bone marrow Spleen
Wild type Twitcher Wild type Twitcher |
B220 B220
P15 7314 6.5+ 15 P15 63.6 =83 496 £79
P30 8817 49 £14 P30 80.2 = 10.0 261 +29
P40 54+17 09*05 P40 115+ 100 82+13
SCA-1 (D4
P15 0.9 £0.1 0.7 £0.1 P15 45+04 35104
P30 23%02 20+0.1 P30 203 +32 8608
P40 25+03 0803 P40 216 0.2 35110
GR-1 D8
P15 22+02 24+03 P15 23+03 2004
P30 6.9 £ 06 6.0 = 0.5 P30 9.4 +14 45+03
P40 73+09 2511 P40 9.6 £03 1.6 = 0.5
TER-119 D11b
P15 7.7 £ 0.6 7.8 0.1 P15 30+03 2706
P30 191 +17 171+13 P30 55+03 1203
P40 139+22 MN1*=19 P40 55+04 0.2£0.1

Profile of the cellular phenotypes in bone marrow and spleen of Twitcher and wild-type mice. We used the following immunephenotypic markers: B220 for B-lymphocytes, SCA-1 for haematopoietic stem cells, GR-1 for granulocytes, Ter119
for erythroid progenitors, and (D11b for macrophages. Data are expressed as the mean == SE of at least three mice of each group at each time point.

cortex - cortex

imedulla

o e

cortex

Figure 4.

bilayered membranes (K, arrowheads). Scale bar: (in J, L) T wm.

psychosine-related toxicity was observed in vitro assay only at
concentrations higher than those found in vivo. Thus, an increase
of psychosine concentration within developing thymocytes does
not appear to directly correlate with the immune phenotype of
Twitcher mutants. Accordingly, transplantation of GLD HSC in
normal congenic recipients allowed normal lymphopoiesis. Al-
though it remains to be determined whether enzyme cross-
correction by host cells mitigate the GALC deficiency of donor
Twitcher cells (Neufeld and Fratantoni, 1970; Kondo et al., 2005;
Givogri et al., 2006), the finding that GLD recipients of normal

Apoptosis and ultrastructural changes during GLD thymic atrophy. A-1, Apoptotic cell death was studied by activa-
tion of caspase 3 in Twitcher (TWI) and wild-type (WT) littermates at P15 (4, B, E, F) and P30 (C, D, G, H ). Caspase 3-positive cells
(red) were numerous in (D4 positive (green) T cells in the Twitcher thymic cortex () and medulla (E), respectively, controls.
Caspase 3 was also active (green) in (D11c (red) stromal cells in the Twitcher thymic cortex (€) and medulla (G). / shows the
background staining in P30 thymus. J-L, Transmission electron microscopy of ultrathin sections of Twitcher (J, K') and wild-type
thymus (L) showed ultrastructural changes in thymic cells with abundant multilamellar giant bodies (J, asterisks), composed of

congenic HSC became progressively lym-
phopenic, is rather indicative of the exis-
tence of epigenetic factors contributing to
thymic involution in GLD. Although we
do not propose lymphoid atrophy as caus-
ative for GLD, we believe it is an additive
pathological factor contributing to a very
complex and rapidly degenerating
phenotype.

Autonomic denervation of the

GLD thymus

We found that loss of autonomic tone pre-
cedes and possibly accounts for the initia-
tion of thymic involution. The nervous
system exerts a significant influence on
immune organs by direct innervation
(Besedovsky and Sorkin, 1977; Elenkov et
al., 2000; Wrona, 2006) and by the action
of hormones such as somatotrophin
(Savino et al., 2002). Primary (bone mar-
row and thymus) and secondary (lymph
nodes and spleen) lymphoid organs are
highly innervated by nonmyelinated sym-
pathetic projections from central motor
neurons and release neurotransmitters,
including acetylcholine (Tominaga et al.,
1992; Rinner et al., 1999). Most of sympa-
thetic axons in the thymus originate from
postganglionic neurons located in the su-
perior cervical and stellate ganglia (Bul-
loch and Pomerantz, 1984; Nance et al.,
1987). Tracing analysis indicates that thy-
mic sympathetic outflow directly starts in neurons from the tho-
racic spinal cord, brainstem, caudal raphe nucleus, and hypothal-
amus (Trotter et al., 2007). Furthermore, the neurotransmitter
norepinephrine (Singh and Owen, 1976; Felten et al., 1987; Mo-
raleetal., 1992; Tsao etal., 1996; Kurz et al., 1997; von Patay et al.,
1998, 1999) is found in the thymus, and thymic cells express both
B1- and B2-adrenergic receptors (Morale et al., 1992; Kurz et al.,
1997; von Patay et al. 1999) able to modulate maturation of T
precursor cells and influence the thymic microenvironment.

.
medulla
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Figure 5.  Determination of psychosine in GLD thymus. A, The GLD thymus lacks GALC activ-

ity. The enzyme was active in wild-type (WT) thymus from embryonic day 16 (E16) to P40. Data
are expressed as the mean == SE from three thymuses per time point. B, €, LC-MS-MS chro-
matograms showing the absence of psychosine in wild-type thymus (B) and the presence of the
neurotoxin in Twitcher thymus (C). Lactosyl-sphingosine was used as an internal standard (IS).
D, Quantification of psychosine during the postnatal development of the wild-type and Twitcher
thymuses. Data are expressed as the mean == SE from two to three thymuses for each time point
per genotype. E, The effect of psychosine on thymocytes survival was studied in vitro using
wild-type thymocytes from P15 mice. Cultures were exposed to different amounts of the sphin-
golipid for 1d before mitochondrial membrane potential was determined as described. Data are
expressed as the mean percentage of cell death == SE from two cultures per dose.

Thus, a link between the brain and the thymus is supported at
different levels. We found that the GLD thymus presents a pro-
gressive and irreversible depletion of cathecolaminergic (TH ™)
and cholinergic (ChaT ™) axons, comprising fibers innervating
the thymic cortex and medulla, detectable as early as P15 and
complete toward the fifth week of life. Thymic denervation was
accompanied by reduced expression of both B1- and B2-
adrenergic receptors and increased apoptosis, suggesting that
sympathetic tone participates in maintaining normal expression
of adrenergic receptors. The early and progressive loss of sympa-
thetic tone in GLD lymphoid organs likely accounts for thymic
involution and for the failure of normal congeneic bone marrow
cells to reconstitute Twitcher thymic function. By the time donor
cells entered in the organ, the GLD thymus innervation was al-
ready compromised, possibly resulting in a microenvironment
unable to support T cell maturation.

The relevance of sympathetic tone on the function of the thymus
has been speculated for several years. Atrophy of thymus and spleen
has been observed in various other diseases, which cause neurologi-
cal degeneration. For example, mouse models of motor neuron dis-
ease like the wasted mouse (Kaiserlian et al., 1986) and the MND2
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Figure 6.  Hematopoietic stem cell transplantation supports the existence of an epigenetic

defect hampering thymic development in GLD mice. A, Transplantation of bone marrow-
derived cells was performed between Twitcher (TWI) and wild-type congenic mice to test for
epigenetic defects. Donor cell engraftment was measured in the blood at P40 and P75 and in the
bone marrow (BM) at P75. Chimerism was similar in each of the three groups of transplanted
mice, with an average engraftment of ~75%. B, C, WBC counts were comparable in wild-type
mice transplanted with either wild-type or Twitcher bone marrow cells but reduced in Twitcher
mice transplanted with wild-type bone marrow. This suggests that the lymphopoiesis in the
Twitcher mutant is affected by a noncell autonomous defect. D, E, Cellular composition of
thymus (D) and spleen (E) after BM transplant. Normal numbers and distribution of thymocytes
subsets were observed in mice that received wild-type or Twitcher bone marrow cells. In con-
trast, transplanted Twitcher mice showed a severe reductionin the number of DN, (D4, (D8, and
DP thymic cells (D) and B220, (D4, (D8, and (D11b (E) splenocytes. Data are expressed as the
mean = SE from three to five mice for each group. *p << 0.01; **p << 0.05 versus wild-type
recipient of wild-type transplanted cells.

mouse (Jones et al., 1993), which develop dysfunction of spinal mo-
tor neurons and of cerebellar dysfunction and ataxia, like the stag-
gerer mouse (Trenkner and Hoffmann, 1986), and models of exper-
imental axonal loss (hemilateral vagotomy and administration of
guanethidine) (Kendall and Al Shawaf, 1991; Antonica et al., 1996;
Gulati et al.,, 1999), reveal progressive immunodeficiency resulting
from hypoplasia and abnormal maturation of lymphoid organs. Al-
though a review of the published bibliography and consultation with
pediatric neurologists failed to provide observation on thymic devel-
opment in newborn children with Krabbe disease before and after
disease onset, children affected by spinal muscular atrophy
(Ryniewicz and Pawinska, 1978) or by ataxia-telangiectasia (Peter-
son et al., 1964) show evidence of lymphoid organs atrophy and
impaired cellular immunity.
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Figure7. Progressive axonal loss from autonomic fibers in the atrophied GLD thymus. A-D,

Confocal immunohistochemistry of TH (green) showed reduced innervation of norepinephrine
fibers in the Twitcher (TWI) cortex at P15 (4) and P30 (€), when compared with age-matched
controls (B, D). A (D4 counterstaining (red) was used. E-H, Light microscopy immunohisto-
chemistry for TH (E, F) and ChaT (G, H) in P40 thymuses showed reduced expression of TH ()
and ChaT (@) inthe aged TWIthymus. /, The density of TH+ fibers was quantified and expressed
as the number of TH-+ fibers per 0.2 mm 2 of thymic cortex at P20 and P30. Data averages two
independent experiments. p << 0.05 versus wild type. J, Fold changes in expression of norepi-
nephrine receptors (31 and 32) was quantified by real-time PCR in RNA isolated from thy-
muses at P7 and P15. Data are normalized to the expression of the GAPDH housekeeping gene
and compared with values obtained in age-matched wild-type tissues (the expression of which
equals a value of 1). Data average two independent experiments. p << 0.05 versus wild type.
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Degeneration of thymus and lymphoid tissue in GLD has not
been investigated previously, possibly because GLD has always
been considered a myelin disorder. Although not addressed in
this study, in a parallel investigation, we also found evidence of a
cell autonomous defect affecting several types of neurons along
the neuroaxis of the GLD model (M. I. Givogri and E. R. Bongar-
zone, unpublished observations. Because autonomic axons are
mostly unmyelinated, our results provide evidence that axonal
neuropathy in GLD might also occur independent from demyeli-
nation. Together, these findings indicate a crucial role for axonal
function in the regulation of various visceral functions, including
thymus and secondary lymphoid organs and also at the base for
other diseases such as diabetes (Razavi et al., 2006). At this time,
we cannot exclude that both epigenetic (loss of autonomic inner-
vation of lymphoid organ) and cell autonomous (GALC defi-
ciency in hematopoietic precursors) contribute to disease pro-
gression. Better defining this issue will be critical for the
development of appropriate therapeutic options.
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