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Recent studies claim a central role for Toll-like recep-
tor (TLR) ligands in stimulating autoimmune disease
by activation of antigen-presenting cells in the target
organ, but it is unclear if and how TLR ligands reach
target organs. Most evidence comes from rodent mod-
els, and it is uncertain whether this principle holds in
primates. Here we identify which cells contain pepti-
doglycan (PGN) in multiple sclerosis brain and in two
nonhuman primate experimental autoimmune en-
cephalomyelitis (EAE) models with different disease
courses: acute (rhesus monkey) versus chronic dis-
ease (marmoset). Because persistence of TLR ligands
in the central nervous system might be consequential
for disease progression, we also determined the ex-
pression of two major PGN-degrading enzymes, ie,
lysozyme and N-acetylmuramyl-L-alanine amidase.
Distinct phagocyte subsets, including granulocytes,
macrophages, and dendritic cells, contained PGN in
the brain and coexpressed the inflammatory cytokine
interleukin-12. The number of phagocytes carrying
PGN increased in acute and chronic EAE compared
with control animals, with the highest number of
PGN-containing cells in acute EAE brain. Lytic en-
zymes were scarcely expressed in monkey and mul-
tiple sclerosis brain, favoring PGN persistence. PGN
stimulated interleukin-12p70 release by leukocytes
from all three primate species. The presence of PGN

in the inflamed brain may have major implications
because TLR2/Nod ligation potentially promotes in-
flammation and disease progression. (Am J Pathol

2006, 169:1671–1685; DOI: 10.2353/ajpath.2006.060143)

The normal repertoire of human and nonhuman primates
contains significant numbers of potentially encephalito-
genic T cells.1–3 Under homeostatic conditions, these
cells are kept dormant by control mechanisms involving
regulatory Tr1 cells. Whether autoreactive Th1 cells or
regulatory Tr1 cells are induced depends on the matura-
tion state of the antigen-presenting cells (APCs), eg,
dendritic cells (DCs), in peripheral lymphoid organs.4–6

The development of autoimmune encephalomyelitis de-
pends on additional activation signals to central nervous
system (CNS)-infiltrating autoreactive T cells from resi-
dent APCs. Such additional signals can be provided by
CpG-Toll-like receptor (TLR)-9 interaction.7,8 Different
from mice, neither the myeloid DCs in the peripheral
compartment nor the resident brain APCs (microglia) of
humans9 or rhesus monkeys (J.J. Bajramovic, unpub-
lished data) express TLR9. Hence, data obtained in mice
on the disruption of tolerance by stimulation with CpG
oligonucleotides7,10,11 cannot be easily extrapolated to
primates (including humans). Therefore, we here investi-
gate alternative TLR ligands in the primate CNS.

Peptidoglycan (PGN) is a major cell wall component of
gram-positive bacteria, and we have shown that PGN has
strong proinflammatory effects in animal models of mul-
tiple sclerosis (MS).12 PGN stimulates the innate immune
system by binding to the Toll-like receptor (TLR)2/6, al-
though this concept has recently been challenged.13 Re-
cently identified intracellular PGN receptors are the Nod1
(Card4) and Nod2 (Card15) signaling receptors.14–16
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PGN can induce signal transduction via TLR2 and
Nod1/2 receptors within cells and via TLR2/6 in associa-
tion with CD14 on the cell surface. Activation of these
receptors results in the induction of cell maturation and
the production of several chemokines and proinflamma-
tory cytokines such as tumor necrosis factor-�, interleukin
(IL)-1, and IL-6.17–19

PGN is a complex structure formed by three-dimensional
cross-linked layers of glycan backbones with peptide bridg-
es.20 The glycan strands of PGN in all bacterial species are
composed of two alternating sugar residues, N-acetyl glu-
cosamine (GlcNAc) and N-acetyl muramic acid (MurNAc).
Stem peptides cross-link these glycan chains and differ
in composition between bacteria strains. PGN is di-
gested by enzymes with different substrate specificities
of which lysozyme and N-acetylmuramyl-L-alanine ami-
dase (NAMLAA) are the best characterized. Lysozyme is
present in granules of phagocytes21–23 and partially de-
grades PGN by hydrolyzing the bond between GlcNAc
and MurNAc, resulting in solubilized PGN. We have
previously identified and functionally characterized
NAMLAA,24–27 which was recently shown to be identical
to the PGN recognition protein long form (PGRP-L),28–30

NAMLAA is expressed by neutrophilic granulocytes but
not by monocytes and resting macrophages under nor-
mal conditions. PGN is cleaved by NAMLAA/PGRP-L
between the MurNAc residue and the first L-alanine of the
stem peptide.

Because of its complex structure, PGN is highly resis-
tant to degradation under physiological conditions. Re-
cently, it was shown that PGN-induced responses were
comparable in macrophages from NAMLAA/PGRP-L-de-
ficient and wild-type mice.31 Most likely, several PGN-
degrading enzymes are necessary for complete PGN
degradation. In vitro studies clearly show that the com-
bined degradation of PGN by lysozyme and NAMLAA
reduces the proinflammatory potential of PGN.26 Be-
cause macrophages and DCs contain lysozyme but lack
NAMLAA, incomplete PGN degradation may result in the
persistence of intracellular bioactive PGN.

We have proposed that PGN may act as a costimulating
factor for the development of autoimmune disease in the
absence of infection or bacterial replication. APCs redistrib-
ute PGN from the mucosa32–34 to secondary lymphoid
organs and to sites of chronic inflammation and may stim-
ulate autoimmune processes locally. We have previously
described PGN-containing APCs in sites of chronic inflam-
mation in multiple sclerosis MS brain tissue,35 rheumatoid
arthritis synovial tissue,36,37 and bowel wall tissue of pa-
tients with Crohn’s disease.38 In rodent animal models, PGN
has been shown to facilitate development of autoimmune
disease. Injection of PGN derived from different bacterial
strains can induce chronic arthritis and colitis in susceptible
rodents.39,40 Moreover, we have demonstrated that PGN
induces DC maturation and contributes to the development
of mouse experimental autoimmune encephalomyelitis
(EAE), an animal model for MS.12

In this study, we examined EAE in rhesus monkeys
(Macaca mulatta)41 and marmoset monkeys (Callithrix jac-
chus)42 to further investigate the relevance of PGN in
autoimmune encephalomyelitis. These nonhuman pri-

mates are outbred and are genetically and immunologi-
cally closely related to humans.43 On immunization with
myelin components marmoset monkeys develop EAE
with a similar pathology and disease course compared
with that of MS patients. EAE-affected rhesus monkeys
develop large lesions in the brain, which contains abun-
dant numbers of neutrophils.44 This severe inflammatory
necrosis is associated with an acute disease course. In
contrast, marmosets develop a relapsing-remitting or
primary-progressive disease course with perivascular le-
sions and demyelinated areas containing mainly macro-
phages, T cells, and B cells in the CNS. The fundamen-
tally distinct clinical and pathological presentation of EAE
might represent different forms of human encephalomy-
elitis. Rhesus monkey EAE more closely resembles acute
disseminated encephalomyelitis, whereas marmoset EAE
resembles chronic MS.41,42,45

To address whether the TLR/Nod ligand PGN is carried
into primate brain, in this study we assessed whether the
presence, location, and numbers of PGN-containing cells
in brain tissue from rhesus monkeys with acute EAE
differs from marmoset monkeys with a chronic disease
course. In both models, we determined whether the num-
ber of PGN-containing cells in the brain was related to the
development of EAE. In addition, we identified the cell
types containing PGN in both human (primate) and non-
human primate brain. Because NAMLAA and lysozyme
are enzymes involved in PGN clearance, we assessed
whether these PGN-degrading enzymes were differen-
tially expressed in MS and nondemented control brain
tissues and in EAE-affected versus non-EAE-affected
monkey brain tissue. To obtain functional insight into the
role of PGN in rhesus monkey and marmoset EAE, we
assessed in vitro whether leukocytes from rhesus monkey
and marmoset monkeys are responsive to stimulation
with PGN from Staphylococcus aureus, known to precipi-
tate EAE in mice.

Materials and Methods

Nonhuman Primate Tissues

Brain tissue was obtained from marmosets and rhesus
monkeys raised at the Biomedical Primate Research
Centre (Rijswijk, The Netherlands), as described previ-
ously.44,46 Brain tissues used for this study had been
neuropathologically well characterized. All brain tissues
were obtained from previous studies; hence, no animals
were sacrificed solely for the purpose of the current
study. All experimental procedures with live animals had
been reviewed and approved by the institutional animal
care and use committee. EAE was induced in marmoset
monkeys by immunization with 20 mg of whole human
myelin or 0.1 mg of recombinant human myelin oligoden-
drocyte glycoprotein (rhMOG) emulsified in complete
Freund’s adjuvant (CFA). As adjuvant controls, two ran-
domly selected monkeys were immunized with 1 mg of
ovalbumin (Sigma Chemical Co., St. Louis, MO) in CFA, a
protocol used for induction of arthritis. EAE was induced
in rhesus monkeys by immunization with 0.32 mg of rh-
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MOG1-125, or 0.1 mg of MOG34-56 in CFA.44 As adjuvant
controls, rhesus monkeys (n � 2 monkeys) were immu-
nized with 3 to 5 mg of bovine type II collagen in CFA.47

Animals immunized with myelin antigen were examined
daily for clinical symptoms of EAE. We used the following
scoring system for disease: 0 � no clinical EAE signs;
0.5 � apathy, loss of appetite, and altered walking pat-
tern without ataxia; 1 � lethargy and/or anorexia; 2 �
ataxia, sensory loss/blindness; 2.5 � hemi- or parapare-
sis; 3 � hemi- or paraplegia; 4 � quadriplegia; and 5 �
death attributable to EAE. All rhesus monkeys immunized
with rhMOG1-125 (n � 7) developed a hyperacute disease
course, with a 24- to 48-hour time period from the onset to
full-blown disease.44 Rhesus monkeys that were immu-
nized with MOG34-56 in CFA developed a heterogeneous
disease course.41 The four monkeys that were included
in this study were asymptomatic at day 28 after immuni-
zation. These monkeys were challenged with MOG34-56 in
incomplete Freund’s adjuvant (IFA) (see Table 1, animals
8 and 9) or with an irrelevant peptide MOG4-26 in IFA
(Table 1, animals 6 and 7). After one or two homologous
challenges both monkeys developed acute clinical signs
of EAE within 7 days after challenge and were sacrificed.
The two rhesus monkeys challenged with irrelevant pep-
tide remained asymptomatic. From the 37 marmoset
monkeys that were immunized with myelin antigens, 28
developed EAE. In the other nine marmoset monkeys,
EAE development had been successfully blocked by
experimental treatment with new immunotherapeutic re-
agents. Details regarding immunogens, day of sacrifice,
and development of EAE for both marmoset and rhesus
monkeys are shown in Tables 1 and 2, respectively.

Brain Tissue Samples of MS Patients and
Nondemented Control Patients

Human autopsy brain tissue was provided by The Nether-
lands Brain Bank (Coordinator Dr. R. Ravid, Amsterdam,
The Netherlands). Information regarding MS patients and
nondemented control patients is shown in Table 4.

Staging of MS Brain Lesions

As described previously,48 brain lesions were character-
ized according to an internationally accepted staging sys-
tem based on inflammation and demyelination criteria.49,50

Preactive lesions are characterized by HLA-II-expressing
clusters of activated microglia cells and few perivascular
inflammatory cells. Preactive lesions do not contain phago-
cytic cells possessing myelin breakdown products or areas
of demyelination. Active lesions are characterized by demy-
elinated areas. Phagocytic cells in these areas contain my-
elin breakdown products, which can be visualized by oil red
O, a histochemical staining for neutral lipids. In these le-
sions, strong expression of HLA-II is present on perivascu-
lar and parenchymal macrophage.

Monoclonal Antibody 2E9 against PGN

2E9 is a murine monoclonal antibody (mAb) (IgG3) raised
against a pure fraction of PGN polysaccharides isolated
from normal human feces.51 The specificity of this mAb
has been extensively investigated and confirmed using
various assays as described previously.35,51

Immunohistochemistry

Immunohistochemical staining was performed as de-
scribed,48 with slight modifications. Sections from mar-
moset and rhesus monkey tissues were fixed for 10 min-
utes at room temperature in 4% paraformaldehyde in
phosphate-buffered saline (PBS) with 0.02% (v/v) H2O2 in
PBS to eliminate endogenous peroxidase activity. Human
brain tissue sections were fixed for 10 minutes at room
temperature in fresh acetone containing 0.02% (v/v)
H2O2. Remaining endogenous peroxidase activity was
revealed by staining with 4-chloro-1-naphtol-phosphate
(Sigma), which results in a dark blue precipitate.

PGN-containing cells were demonstrated by staining
with mAb 2E9-biotin. The specificity of the murine mAb
2E9, raised against normal human feces PGN polysac-
charides, has been well documented previously.35,51

mAb 2E9 recognizes PGN-containing cell wall fragments,
such as lysozyme-solubilized cell walls of different gram-
positive bacteria.35,51 NAMLAA-containing cells were de-
tected by staining with biotinylated monoclonal mouse
anti-human NAMLAA-biotin IgG1 (AAA4) as described
above.27 mAb AAA4, raised against human serum ami-
dase, specifically recognizes NAMLAA.27,30 Lysozyme-
containing cells were detected by staining with poly-
clonal rabbit anti-human lysozyme antibody (Ab-1;
Neomarkers, Fremont, CA), followed by biotinylated don-
key anti-rabbit antibody (Amersham Biosciences, Buck-
inghamshire, UK). Incubations with secondary and ter-
tiary reagents were done for 1 hour at room temperature.
Specific staining for PGN, NAMLAA, and lysozyme was
revealed by peroxidase-linked avidin (DAKO, Glostrup,
Denmark) and 3-amino-9-ethylcarbazole (Sigma) as
chromogen, resulting in a bright red staining.

Nuclei were counterstained by hematoxylin. As nega-
tive controls, the primary antibody was omitted, and iso-
type-matched control antibodies of irrelevant specificity
were used. The controls did not display binding activity in
tissue of monkeys and MS patients. Reactive human
tonsil sections were included in each staining procedure
as positive control tissue. Sections were evaluated by two
independent observers.

Immunofluorescent Double Labeling

A double-staining procedure was used to determine
which cell types contain PGN and NAMLAA. In brief, all
tissues were fixed with acetone, as described above. To
reduce autofluorescence, slides were incubated with
0.1% sodium borohydride (Sigma) in MQ and 0.3 mol/L
glycine (Sigma) in PBS. PGN-containing cells were de-
tected with mAb 2E9-fluorescein isothiocyanate (FITC)
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and NAMLAA-containing cells with mAb AAA4-FITC.
mAbs CD11b (Leu-15, macrophages, microglia, DCs,
granulocytes), IL-12p40/p70 (BD Biosciences, San Jose,
CA), and CD83 (DC) (HB15a; Immunotech, Marseille,
France) were conjugated to Zenon AF594 (Molecular
Probes Europe, Leiden, The Netherlands) according to
the manufacturer’s instructions. Neutrophils were de-
tected by staining with mouse anti-neutrophil elastase
mAb (NP57, DAKO) followed by anti-mouse Ig-TRITC
(DAKO). Because the available antibodies against hu-
man macrophage did not cross-react with rhesus mon-
key and marmoset macrophage, we were unable to de-
termine the exact percentage of macrophage within the
population of PGN-containing cells. However, the combi-
nation of CD11b, CD83, and neutrophil elastase as mark-
ers still allowed for a confident estimate of macrophages/
microglia, DCs, and granulocytes. Histochemical staining
for lipids was performed with 0.3% Sudan black B (BDH
Laboratory Supplies, Poole, UK) in 70% ethanol, thereby
reducing autofluorescence.

Quantitation of PGN-Containing Cells

The number of PGN-containing cells in the parenchyma
and infiltrates of brain tissue derived from marmoset and
rhesus monkeys were quantitated by two independent
observers. The maximum number of PGN-containing
cells in the infiltrates was determined per tissue section.
The number indicates the mean number of two tissue
sections, quantified by two independent observers. The
surface area of the section was determined using a VI-
DAS-RT image analysis system (Kontron Elektronik
GmbH/Carl Zeiss, Weesp, The Netherlands). Area mea-
surements were performed using a 1.6-fold magnification
objective. The frequency of PGN-containing cells in the
brain parenchyma was calculated by dividing the num-
ber of PGN-containing cells in the tissue section by the
surface area of the section.

Peptidoglycan

Soluble PGN (sPGN) from Staphylococcus aureus was
prepared by gel-permeation chromatography.52 The
content of LPS in sPGN was assessed to be �15 pg/mg
(acceptable background values), using a TLR4/MD2-
transfected HEK293 cell line, with IL-8 production as a
read-out. sPGN induced dose-dependent production of
IL-8 by TLR2-transfected HEK293 cells (PGN �g/ml; IL-8
pg/ml, 20 �g/ml; 421 pg/ml, 10 �g/ml; 363 pg/ml, 5
�g/ml; 184 pg/ml, 2.5 �g/ml; 84 pg/ml, 1.25 �g/ml; 20
pg/ml, 0.6 �g/ml; 5 pg/ml, 0;0). There was no LTA con-
tamination as revealed by high-pressure liquid chroma-
tography analysis. At present, purification and identifica-
tion of biologically active components in sPGN are being
performed and may reveal other TLR2 agonists, as de-
scribed by Travassos and colleagues.13

Stimulation of Peripheral Blood Mononuclear
Cells (PBMCs) and IL-12p70 Enzyme-Linked
Immunosorbent Assay

Blood samples from rhesus monkeys and marmoset mon-
keys were collected as described previously, using lithium-
heparin-precoated tubes.53 PBMCs were isolated by Ficoll
(LSM Lymphocyte Separation Medium; ICN Biomedicals,
Aurora, OH) and cells were cultured in 25 mmol/L HEPES-
buffered RPMI 1640 (Life Technologies, Glasgow, UK) sup-
plemented with 10% fetal calf serum (ICN Biomedicals),
penicillin, and streptomycin (Invitrogen, Paisley, UK), Glu-
tamax (Invitrogen), and �-mercaptoethanol (Invitrogen).
sPGN was sonicated for 20 minutes and immediately
added to the culture. Cells were seeded (4 � 105/well in 0.5
ml) with or without sPGN (range 1 to 5 to 10 �g/ml) in 48-well
plates (BD-Falcon, Franklin Lakes, NJ) for 21 hours. Super-
natants were harvested and diluted 1:1 in PBS/1% bovine
serum albumin (Sigma) and stored at �20°C for further
analysis. According to the manufacturer’s instructions, con-
centration of IL-12p70 was determined by using monkey-
specific IL-12 enzyme-linked immunosorbent assay kits (U-
Cytech, Utrecht, The Netherlands).

Statistical Evaluation

Statistical evaluation was performed using SPSS 11 soft-
ware (SPSS, Chicago, IL). The Mann-Whitney U-test was
used to analyze differences. A value of P � 0.05 was
considered statistically significant.

Results

Presence of TLR/Nod Ligand in CNS Correlates
with Infiltration

Brain tissues of rhesus monkeys and marmoset monkeys
were stained for PGN and NAMLAA- and lysozyme-con-
taining cells. Animals were divided into different groups,
based on immunization procedure and development of
clinical EAE (Table 1, rhesus monkeys; and Table 2,
marmoset monkeys). In agreement with previous find-
ings,41,44 large infiltrates were found in rhesus monkey
EAE brain tissue compared with smaller infiltrates in mar-
moset EAE brain tissue (Figure 1, A–C). As expected, a
positive correlation was found (r � 0.67 rhesus monkey
and r � 0.43 marmoset) between the size of infiltrates
and the maximum number of PGN-containing cells in
infiltrates. The following two sections describe the as-
sessment of PGN, NAMLAA, and lysozyme in rhesus
monkey and marmoset brain tissue.

Elevated Numbers of Cells Containing PGN and
NAMLAA in the Infiltrates and Parenchyma of
Rhesus Monkeys with EAE

Infiltrates

As expected, infiltrates were absent in brain tissue of
rhesus monkeys (n � 2) immunized with collagen in CFA
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as an adjuvant reference group without CNS involvement
(Table 3). In one of two rhesus monkeys immunized with
myelin antigens, but without EAE, one infiltrate (medium/
large size) was present in the brain with only a few
PGN-containing cells (Table 3). In contrast, animals with
clinical EAE had many PGN- and NAMLAA-containing
infiltrates, with high numbers of positive cells in the infil-
trates (Figure 1C; Figure 2, A and B; and Table 3). There
was no clear correlation between the severity of EAE
(Table 2) and the number of PGN- and NAMLAA-contain-
ing cells (Table 3). The maximum number of PGN-con-
taining cells in these rhesus monkey brain infiltrates was
much higher compared with the maximum number found
in infiltrates of marmoset EAE brain tissue, which can be
explained by the differences in size of the infiltrates (Fig-
ure 1D, Table 3).

Parenchyma

A significantly higher number (P � 0.05) of PGN-con-
taining cells was found in the parenchyma of EAE brain
tissue compared with non-EAE brain tissue (Figure 1E). In
contrast to NAMLAA expression in the infiltrates, only a
few NAMLAA-containing cells were present in the paren-
chyma of rhesus monkey brain tissues. Taken together,
brain tissue of rhesus monkeys with EAE contains large
infiltrates with abundant numbers of PGN-containing cells
and high numbers of NAMLAA-expressing cells. The
number of NAMLAA-expressing cells is consistent with
the abundant number of neutrophils present in these
lesions. In contrast, only occasional lysozyme-expressing
cells were present near blood vessels.

Elevated Numbers of Cells Containing PGN in
the Infiltrates and Parenchyma of Marmoset
Monkeys with EAE

Infiltrates

As in rhesus monkeys with EAE, the number of PGN-
containing cells in infiltrates of marmoset monkeys with EAE
was significantly higher (P � 0.05) than in animals without
EAE (Figure 1, B and D). One of two control marmosets
immunized with ovalbumin in CFA had two small infiltrates in

the brain, which did not contain PGN. In seven of nine
marmosets immunized with myelin antigens but without
EAE, brain infiltrates (of medium size, number 2.9 � 2 per
section) were present with a few PGN-containing cells (1 �
0.8 per infiltrate). In 25 of 27 marmosets with EAE, brain
infiltrates (3.3 � 2.6 per section) were present with a modest
number of PGN-containing cells (10.5 � 12.5 per infiltrate).
In all marmoset groups a similar frequency of PGN-contain-
ing cells (13.7 � 17.5 per 100 mm2) was present in the brain
parenchyma (Figure 1F).

Parenchyma

Few cells within perivascular infiltrates expressed
NAMLAA in EAE and non-EAE marmoset tissues (Figure
2C). No NAMLAA-containing cells were detected in the
parenchyma of the brain. In brain tissue of marmoset
monkeys we could not detect lysozyme-containing cells,
whereas positive cells were found in human tonsil tissue.
These data indicate that the antibody we used against
human lysozyme is most likely not cross-reactive with
marmoset lysozyme. In summary, these data show that
PGN-containing cells are present in a significantly higher
number in brain infiltrates of EAE marmoset monkeys
compared with non-EAE marmoset monkeys, whereas
NAMLAA is only scarcely expressed.

Various Phagocytic Subsets Contain PGN and
NAMLAA in Monkey Brain Tissue

PGN is present within macrophages/microglia, DCs, and
granulocytes in MS brain tissue.35 The cell types contain-
ing PGN and NAMLAA in marmoset and rhesus monkey
EAE brain tissue were identified by double staining for
CD11b (macrophages, microglia, DCs, granulocytes),
CD83 (DC), and neutrophil elastase (neutrophils). EAE-
affected brain tissues from marmoset (n � 3) and rhesus
monkeys (n � 2) were selected based on representative
numbers of PGN- and NAMLAA-containing cells.

PGN was mostly present in CD11b� cells in both rhe-
sus monkey (84 to 87%) and marmoset (88 to 100% of
PGN-containing cells) EAE brain tissue (Figure 3, A and
B, respectively). Many neutrophils (62 to 65%) and also

Table 1. Rhesus Monkey-Derived Brain Tissues

Animal Immunogen Clinical EAE Day of sacrifice EAE score

1, 2 Collagen II � 100 0
3, 4 phMOG4-26,1� boost phMOG34-56 � 138 0
5 phMOG34-56, 2� boost phMOG34-56 � 112 5
6a phMOG34-56, 1� boost phMOG34-56 � 35 5
7 rhMOG1-125 � 24 4
8 rhMOG1-125 � 17 4
9a rhMOG1-125 � 18 4
10 rhMOG1-125 � 39 3
11 rhMOG1-125 � 32 4
12 rhMOG1-125 � 35 2.5

rhMOG1�125, recombinant peptide representing the complete extracellular N-terminal domain of human MOG; phMOG34�56, synthetic peptide
representing an extracellular N-terminal domain of human MOG.

aBrain tissues that were used for double staining.
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DCs (16%) in rhesus monkey brain contained PGN. PGN
was not detected within DCs in marmoset brain tissue.
The number of PGN- and NAMLAA-containing granulo-
cytes in marmoset tissues could not be determined be-

cause the available antibodies against human granulo-
cytes did not cross-react with marmoset granulocytes.

In rhesus monkey EAE brain tissue, NAMLAA was
mostly expressed by neutrophils (43 to 80% of NAMLAA-

Figure 1. PGN-containing cells are present in rhesus monkey and marmoset brain. We assessed whether EAE development is associated with elevated numbers
of PGN-containing cells in the brain and whether the number of PGN-containing cells differs in brain tissue from rhesus monkeys with acute EAE compared with
marmoset monkeys with chronic EAE. Left column, rhesus brain tissue; right column, marmoset brain tissue. Significantly higher numbers of cells in infiltrates of
marmoset EAE brain tissue (D) contain PGN when compared with control brain tissue. C: Many PGN-containing infiltrates are present in rhesus EAE brain tissue.
Significantly elevated numbers of PGN-containing cells are present in the parenchyma of rhesus (E) but not in marmoset (F) EAE brain tissue, compared with
control brain tissue. Many cells in infiltrates of rhesus EAE brain tissue (A) (animal 6) and a modest cell number in infiltrates of marmoset EAE brain tissue (animal
10) contain PGN (B, D). Difference in frequency of PGN-containing cells likely reflects the distinct CNS pathologies in marmoset versus rhesus, with high
abundance of neutrophils in rhesus monkeys with EAE. Note in E the maximum number of PGN-containing cells in infiltrates of marmoset monkeys is
demonstrated, whereas for rhesus monkey brain tissue the maximum number of PGN-containing cells in infiltrates is depicted in Table 3. Scale bars � 100 �m.
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containing cells), to a lesser extent by CD11b� cells (25
to 48%) and by some DCs (7 to 8%). NAMLAA in mar-
moset EAE brain tissue was occasionally expressed by
CD11b� cells (0.5 to 1%), but not by DCs. Comparing the
number of CD11b� PGN-containing cells with CD11b�

NAMLAA-containing cells suggests that PGN and NAM-
LAA are generally present in different cells, ie, PGN is
mostly present in cells that express CD11b, whereas
NAMLAA is mostly expressed in CD11b� cells. Further-
more, PGN may persist intracellularly in brain infiltrates
because of the restricted expression or lack of lysozyme
and/or NAMLAA, occurring both in rhesus and marmoset
monkeys with EAE.

Restricted Expression of NAMLAA and
Lysozyme in MS Brain

Previously, the number of PGN-containing cells was de-
termined in MS and non-MS control brain tissue.35 To
determine whether PGN persistence in MS brain is asso-
ciated with the expression of PGN-degrading enzymes,
we assessed whether NAMLAA- and lysozyme-contain-
ing cells are also localized at sites of inflammation in MS
brain and in control brain tissue. Subsequently, we de-
termined whether expression of NAMLAA and lysozyme
in MS brain parallels the expression in marmoset and

Figure 2. Restricted NAMLAA expression in MS and monkey EAE-affected brain. A and B: In rhesus EAE brain tissue (animal 6), many perivascular infiltrates are
present with a moderate to high number of NAMLAA-containing cells. C: In marmoset EAE brain tissue (animal 10) some NAMLAA-containing cells are localized
near blood vessels. D: Foamy macrophages in active MS brain lesions (sample 97-160) express NAMLAA. E: Expression of NAMLAA is restricted to a certain
subpopulation of foamy macrophages. F: Occasionally, perivascular cells also express NAMLAA in MS brain tissue (sample 00-082). Scale bars � 100 �m.

Table 2. Marmoset Monkey-Derived Brain Tissues

Animal Immunogen Clinical EAE Day of sacrifice
Mean EAE

score � SD (range)

1 OVA � 49 0
2 OVA � 49 0
3 None � n.a. 0
4 None � n.a. 0
5 to 8 MOG � 53 to 155 0
9 to 20 MOG � 44 to 112 2.3 � 1 (0 to 3)
9a MOG � 49 1.8
10a MOG � 49 1.9
12 MOG � 67 2.5
19 MOG � 67 2.5
20 MOG � 44 0
21 to 25 Myelin � 86 0
26 to 41 Myelin � 41 to 93 2.4 � 1.2 (0 to 3.5)
36a Myelin � 77 0

aBrain tissues that were used for double staining; n.a., not applicable.
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rhesus brain tissue. In MS brain (n � 30 lesions from n �
9 patients) with different lesion stages (Table 4), a few to
a moderate number of NAMLAA-containing cells were
found. These cells had a foamy macrophage appearance
and were localized within active lesions (Figure 2D).
Within the same active lesions, many NAMLAA-negative
foamy cells were also present, indicating that myelin-

phagocytosing cells do not all or continuously produce
NAMLAA (Figure 2E). Occasionally, some NAMLAA-con-
taining cells were present near blood vessels (Figure 2F).
Preactive perivascular infiltrates and parenchymal areas
of the brain did not contain NAMLAA. NAMLAA-contain-
ing cells were absent in nondemented control brain tis-
sues (n � 2 patients). Lysozyme-containing cells were

Table 3. High Numbers of PGN-Containing Cells in Rhesus Monkey EAE Brain Tissue

Animal Immunogen EAE Infiltrate size

PGN-infiltrates NAMLAA-infiltrates

/total
infiltrates PGN cells

/total
infiltrates NAMLAA cells

1 Collagen II � � 0/0 0 0/0 0
2 Collagen II � � 0/0 0 0/0 0
3 aphMOG34-56 � � 0/0 0 0/0 0
4 aphMOG34-56 � ��/��� 1/1 2 0/0 0
7 rhMOG1-125 � � 1/1 1 0/0 0
5 bphMOG34-56 � �� 6/13 27 1/13 5
8 rhMOG1-125 � ��/��� 2/3 50 0/3 0
9 rhMOG1-125 � �� 15/22 54 12/22 13

10 rhMOG1-125 � ��� 9/9 151 9/9 25
11 rhMOG1-125 � ��� 11/11 264 5/11 50
6 bphMOG34-56 � �� 32/32 173 25/32 50

12 rhMOG1-125 � ��� 10/10 �300 10/10 100

rhMOG1-125, recombinant peptide representing the complete extracellular N-terminal domain of human MOG; phMOG34-56, synthetic peptide
representing an extracellular N-terminal domain of human MOG. Infiltrate size: �, small; ��, medium (�30 cells); ���, large (�100 cells).

aBooster with phMOG4-26.
bBooster with phMOG34-56.

Figure 3. PGN-containing cells in rhesus monkey and marmoset brain express CD11b. Double staining of brain tissue of rhesus monkeys (A, top) shows that 84
to 87% of PGN-containing cells (green) express CD11b (red). In brain tissue of marmoset monkeys (B, bottom), 88 to 100% of the PGN-containing cells expressed
CD11b.
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absent in all human brain tissues with the exception of
occasional intravascular cells. In the positive control tis-
sue, human tonsil, lysozyme-containing cells were
present, confirming that the absence of lysozyme in hu-
man brain tissue cannot be explained by failure of the
staining. In summary, NAMLAA was expressed by a sub-
population of cells with a foamy macrophage appear-
ance in active MS lesions and lysozyme was not ex-
pressed in MS and control brain.

Proinflammatory S. aureus-Derived sPGN
Stimulates IL-12p70 Production by Primate
PBMCs

Previously, we have demonstrated that sPGN, purified
from the pathogenic bacterium S. aureus, exerts proin-
flammatory effects on mouse bone marrow-derived
DCs.12 Moreover, sPGN efficiently induced EAE in mice,
when admixed with MOG35-55 encephalitogenic peptide
in IFA.12 To further substantiate the pathogenic relevance
of PGN, we determined whether highly purified S. aureus
sPGN, as used in our previously described mouse stud-
ies, can induce the prototypical Th1-promoting cytokine
IL-12 by nonhuman primate PBMCs. IL-12 is an important
proinflammatory cytokine in the development of murine
and nonhuman primate EAE.54–56 PBMCs from marmoset
monkeys (n � 2), rhesus monkeys (n � 2), and one
human donor, as an internal control, were stimulated with
different concentrations of S. aureus sPGN. As expected,
S. aureus sPGN induced IL-12p70 production by human
PBMCs in a dose-dependent way (Figure 4). Both rhesus

monkeys (n � 2) and the marmoset (n � 1) PBMCs also
produced elevated levels of IL-12p70 on sPGN stimula-
tion, in a dose-dependent manner (Figure 4). In conclu-
sion, in vitro sPGN from S. aureus induces a prototypical
proinflammatory cytokine thought to be crucially involved
in demyelinating disease. To determine whether this also
occurs during inflammation in the CNS, we determined
whether PGN-containing APCs in the brain also produce
IL-12p40/p70. Indeed, 95 to 100% of PGN-containing

Table 4. Clinical and Neuropathological Data of MS Patients and Controls

Case Sex
Age

(years)
pm time

(hour:minute)
Disease duration

(years)
Progressive

MS
Number of lesions

(n)/lesion stage

00/024 F 52 8:25 12 Yes (1) Preactive
(1) Active

demyelinating
00/82 M 34 �42:00 Unknown Unknown (4) Preactive
00/120 F 69 13:20 23 Yes (1) Preactive
01/018 F 48 08:10 9 Yes (2) Preactive

(1) Active
demyelinating

(1) Chronic inactive
97/123 M 46 03:45 23 Yes (1) Preactive

(3) Active
demyelinating

97/160* F 40 07:00 11 Yes (2) Preactive
(2) Active

demyelinating
98/176 M 83 07:05 52 Yes (1) Preactive
99/051 F 45 10:55 14 Yes (1) Preactive

(1) Active
demyelinating

(1) Chronic active
99/066 M 69 16:45 43 Yes (3) Preactive
96/013 F 68 10:30 n.a. n.a. Nondemented

control
No lesions

96/078 F 87 08:00 n.a. n.a. Nondemented
control

No lesions

*From this patient two different tissue samples were stained. pm, post-mortem; M, male; F, female; n.a., not applicable.

Figure 4. S. aureus-derived sPGN induces IL-12p70 production by marmoset
and rhesus monkey APCs. To demonstrate the functional potential of highly
purified PGN to induce proinflammatory cytokines, PBMCs from human
(n � 1), marmoset (n � 2), or rhesus monkeys (n � 2) were stimulated with
different concentrations of sPGN for 21 hours. Supernatants were harvested,
and IL-12p70 was determined by enzyme-linked immunosorbent assay.
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cells in both rhesus and marmoset brain produce IL-
12p40/p70 (Figure 5, A and B, respectively).

Discussion

This study demonstrates that phagocytes containing the
TLR/Nod ligand PGN are present in the brain of primates
with demyelinating disease. Recent studies in mouse
EAE models have shown that innate immune responses
within the CNS are important in the expression of auto-
immune disease. However, the species differences be-
tween TLR expression on CNS APCs in primates ham-
pers direct translation of this principle to MS. Therefore,
we used two distinct nonhuman primate EAE models to
bridge the immunological gap between the EAE mouse
and the MS patient. Bacterial components can stimulate
APCs to produce a plethora of proinflammatory cytokines
and chemokines and stimulate the development of anti-
gen-specific Th1 cells. Bacterial PGN, which stimulates
cells via extracellular and intracellular receptors (TLR and
Nod), can possibly activate APCs of the CNS. Proinflam-
matory PGN can be redistributed from the periphery into
sites of chronic inflammation, such as rheumatoid joints37

and MS brain.35 In relation to MS, we compared EAE-
affected rhesus monkeys, which develop an acute dis-
ease course with marmoset EAE monkeys, which de-
velop chronic EAE.41

We show here that in both monkey models for MS, EAE
development is associated with a significantly elevated
number of PGN-containing cells in the brain. EAE-af-
fected rhesus monkeys develop large brain lesions with
many PGN-containing cells, whereas EAE-affected mar-
moset monkeys develop infiltrates of medium size with a
modest number of PGN-containing cells. We do not claim
that PGN-containing APCs specifically traffic to the CNS
as a consequence of PGN properties. Instead we hypoth-
esize that PGN is always present in a certain percentage
of circulating APCs in the blood and that infiltrating APCs
therefore carry PGN to any site of inflammation in a Trojan
horse-like way. During EAE, these cells will therefore
accumulate in the CNS and subsequently contribute to or
even enhance autoimmune processes. We therefore hy-
pothesize a causal relation between the number of PGN-
containing cells and inflammation. The current data do
not illustrate in which stage(s) of the disease PGN-con-
taining cells exacerbate inflammation. The fact that PGN-
containing cells are present in perivascular cuffs in both
MS and EAE in nonhuman primates implies that these
cells can contribute to early disease processes. How-
ever, PGN-containing cells are also found within the brain
parenchyma, which is likely to be associated with more
advanced pathology. The persistence of PGN in MS and
monkey EAE brain tissue might be because of the re-
stricted expression of both NAMLAA and lysozyme. The

Figure 5. IL12p40/p70 is expressed by PGN-containing cells in the brain of rhesus and marmoset monkeys. Double staining for PGN and IL-12p40/p70 of both
rhesus and marmoset brain tissue (A and B, top and bottom panels, respectively) shows that 95 to 100% of PGN-containing cells (green) express IL-12p40/p70
(red).
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fact that a TLR/Nod ligand is transported into the brain
during autoimmune encephalomyelitis and MS may have
major consequences for disease development and per-
petuation, as discussed below.

Implications of TLR Stimulation in Tolerance
Regulation by APCs

Under normal conditions, autoreactive T cells are under
tight control to prevent the development of autoimmune
disease. Even high numbers of activated autoreactive T
cells inside the target organ are not sufficient to induce
autoimmune disease.57 However, autoimmune disease
can develop once the autoantigen is presented by
resident APCs of the CNS to autoreactive T cells in
the presence of costimulation by TLR or CD40 li-
gands.10,57–59 Both in the periphery and at the inflamma-
tory site, immature APCs have a major role in the main-
tenance of T-cell tolerance to self-antigens. For example,
introduction of the PLP139-151 T-cell receptor transgene
into B10.S mice did not result in spontaneous EAE devel-
opment. However, when APCs from B10.S PLP139-151

T-cell receptor transgenic mice were activated by sys-
temic TLR ligand administration, 33% of these mice de-
veloped EAE.60 Moreover, TLR-induced activation of
CNS APCs promoted EAE development in C57BL/6
mice.7 It has recently been demonstrated that naı̈ve my-
elin-specific T cells become activated in inflamed CNS by
local APCs61 and can cause disease progression by
epitope spreading.62,63 By activation of local APCs, PGN
can possibly function as a trigger for T cells directed
against endogenous myelin epitopes and thereby con-
tribute to the perpetuation of demyelinating disease.

With respect to the nonhuman primate EAE models, we
show here a dose-dependent induction of IL-12p70 by
sPGN of peripheral blood leukocytes from both marmoset
and rhesus monkeys. Moreover, we demonstrate that
PGN-containing cells in brain tissue of rhesus and mar-
moset monkeys with EAE also produce IL-12p40/p70.
The p40 moiety of IL-12 is shared by the related family
member IL-23 and plays an important role in the devel-
opment of EAE.64 It was recently demonstrated that treat-
ment of EAE-affected marmoset monkeys with a mAb
against anti-IL-12p40 resulted in inhibition of lesion de-
velopment.65 Its importance is furthermore underscored
by the fact that mice with an astrocyte-targeted expres-
sion of IL-12p70 developed EAE after immunization with
CFA and toxin, without specific autoantigen in the emul-
sion.55 Thus, PGN may contribute to inflammation and
disease progression by promoting the production of Th1-
stimulating proinflammatory cytokines in the CNS and in
secondary lymphoid organs. Interestingly, in EAE-sus-
ceptible mouse strains, APCs have a higher activation
state compared with APCs from EAE-resistant stains.60 In
accordance, we are currently testing the hypothesis that
the more acute EAE in rhesus monkeys is attributable to
a higher sensitivity of rhesus monkey APCs to TLR/Nod-
induced activation than that of marmoset APCs. This
suggests that TLR/Nod genes may form a genetic sus-
ceptibility trait for acute demyelinating disease.

Activation of Resident and Infiltrated APCs by
TLR/Nod Ligation in the CNS

In MS,35 and rhesus monkey EAE brain tissue, PGN is
present within macrophages, DCs, and neutrophils, sug-
gesting that CNS-infiltrating phagocytes are responsible
for the transport of PGN into the CNS. In the chronic
marmoset EAE model, neutrophils are rarely found within
the CNS, and PGN is detected mostly within macro-
phages. PGN can induce proinflammatory signals
through ligation of TLR2,14,15,66 and/or Nod recep-
tors.16,67 It has been described that various TLRs are
expressed on resident APCs in the MS brain.9 PGN-
induced responses in murine astrocytes are TLR2-de-
pendent,68 and murine microglia produce numerous
proinflammatory cytokines and chemokines after PGN
stimulation.69,70 These data demonstrate that different
resident cell types in the brain produce proinflammatory
mediators on stimulation with PGN. In addition, blood-
derived PGN-containing, brain-infiltrating cells may lo-
cally produce proinflammatory mediators via TLR/Nod
signaling pathways. We are currently assessing coex-
pression of TLR and Nod by PGN-containing cells using
antibodies that became available recently.

Persistence of PGN in the CNS Is Related to
Restricted Expression of Degrading Enzymes

Previously, it was shown that radioactively labeled PGN
monomers accumulated over time in brain and intestine
of mice,71 and injected arthritogenic PGN was retained
for several weeks in spleen, liver, and synovial tissue of
rats.72 These data demonstrate that PGN can be trans-
ferred into and retained at inflammatory sites. To under-
stand the persistence of PGN in MS and monkey EAE
brain tissue, we determined the expression of NAMLAA
and lysozyme. These enzymes together are capable of
abolishing the proinflammatory capacity of PGN.26 Ly-
sozyme expression in macrophages can be strongly
down-modulated during brain disease as was previously
described for HIV-associated dementia.73

In the CNS of MS patients and EAE-affected monkeys,
one might expect many lysozyme-expressing cells, be-
cause infiltrates contain many phagocytosing cells and
lysozyme is known to be present within granules of
phagocytes.21–23 However, in this study, we could not
detect lysozyme-containing cells in infiltrates or in the
parenchyma of MS brain tissue. Occasional intravascular
cells containing lysozyme were found in nondemented
controls, in MS and in rhesus monkey EAE brain tissue,
which is in agreement with previous findings in MS brain
tissue.74,75 Also NAMLAA is expressed in a restricted
manner in MS- and EAE-affected marmoset brain,
whereas in EAE-affected rhesus monkeys many
NAMLAA-containing cells are present in the brain. Dis-
ease development in marmoset monkeys and MS pa-
tients is more chronic compared with rhesus monkeys,
which develop an acute encephalomyelitis accompanied
by large necrotic brain lesions with many neutrophils and
macrophages.41 These differences in pathology of MS,
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marmoset EAE, and rhesus monkey EAE most likely ac-
count for the different numbers of NAMLAA- and PGN-
containing cells. In conclusion, these findings show that
intracellular PGN persists in MS and monkey brain tissue.
Persistence of PGN correlates with the absence of NAM-
LAA- and lysozyme-expressing cells in MS- and EAE-
affected monkeys. Local conditions in the CNS may be
responsible for the restricted expression of these en-
zymes, and the subsequent absence of one of the two
enzymes may be responsible for the persistence of bio-
logically active PGN fragments.

PGN as a Co-Factor in MS and EAE

PGN-containing cells may stimulate autoimmune-medi-
ated processes both in the CNS and in the secondary
lymphoid organs. Figure 6 models this notion, including
the acquisition of PGN by APCs at different mucosa and
their migration to both secondary lymphoid organs and
the CNS. Although PGN or PGN fragments may also gain
access to these tissue compartments in soluble form, this
seems less plausible for intact PGN because this is such
a large particulate structure. Although there is much ev-

Figure 6. Proinflammatory PGN as a co-factor in MS and EAE. This figure models the concepts and findings of this study in relation to key references supporting
the numbered items. The four relevant anatomical compartments are shown from top to bottom. Sources of PGN are the normal mucosal flora, notably from the
gut (1) and infection (2), mimicked by adjuvant administration in EAE induction (3). The uptake of gut compounds by DC extending protrusions throughout the
gut epithelium has been demonstrated recently by several groups.33,34,76 Studies by us and others have demonstrated the presence of PGN in secondary lymphoid
organs (4),77–79 including within DCs,12 as well as the proinflammatory action in human spleen.80 Migration of APC-containing PGN through the circulation (5)
has also been documented.81,82 Our current and previous35 studies have confirmed the presence of PGN in the CNS of primates with MS and EAE (6). Finally,
it has been demonstrated in vitro that TLR/Nod ligands stimulate microglia83–85 in vitro to produce inflammatory cytokines.
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idence from independent studies for all features of the
model in Figure 6, a causal functional relationship be-
tween PGN and disease activity is hard to establish. To
this end, we recently demonstrated that PGN stimulates
autoimmune-mediated processes in mouse EAE devel-
opment. Adding purified PGN from S. aureus to IFA and
MOG35–55 was a sufficient proinflammatory stimulus to
break to T-cell tolerance.12 Taken together, given the
persistence of PGN in APCs in the CNS during autoim-
munity, and the stimulatory capacity of PGN in EAE de-
velopment, prevention of PGN trafficking and activity may
diminish the effects of autoimmune disease in humans.
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72. Zhang X, Rimpilainen M, Šimelyte E, Toivanen P: Enzyme degradation
and proinflammatory activity in arthritogenic and nonarthritogenic Eu-
bacterium aerofaciens cell walls. Infect Immun 2001, 69:7277–7284

73. Sun B, Rempel HC, Pulliam L: Loss of macrophage-secreted ly-
sozyme in HIV-1-associated dementia detected by SELDI-TOF mass
spectrometry. AIDS 2004, 18:1009–1012

1684 Visser et al
AJP November 2006, Vol. 169, No. 5



74. Ulvestad E, Williams K, Mork S, Antel J, Nyland H: Phenotypic differ-
ences between human monocytes/macrophages and microglial cells
studied in situ and in vitro. J Neuropathol Exp Neurol 1994,
53:492–501

75. Adams CW, Poston RN, Buk SJ: Pathology, histochemistry and im-
munocytochemistry of lesions in acute multiple sclerosis. J Neurol Sci
1989, 92:291–306

76. Niess JH, Brand S, Gu X, Landsman L, Jung S, McCormick BA, Vyas
JM, Boes M, Ploegh HL, Fox JG, Littman DR, Reinecker HC: CX3CR1-
mediated dendritic cell access to the intestinal lumen and bacterial
clearance. Science 2005, 307:254–258

77. Schrijver IA, Melief MJ, Eulderink F, Hazenberg MP, Laman JD:
Bacterial peptidoglycan polysaccharides in sterile human spleen in-
duce proinflammatory cytokine production by human blood cells.
J Infect Dis 1999, 179:1459–1468

78. Gilbart J, Fox A: Elimination of group A streptococcal cell walls from
mammalian tissues. Infect Immun 1987, 55:1526–1528

79. Stimpson SA, Esser RE, Cromartie WJ, Schwab JH: Comparison of in
vivo degradation of 125I-labeled peptidoglycan-polysaccharide frag-
ments from group A and group D streptococci. Infect Immun 1986,
52:390–396

80. Schrijver IA, Melief MJ, Markusse HM, Van Aelst I, Opdenakker G,
Hazenberg MP, Laman JD: Peptidoglycan from sterile human spleen
induces T-cell proliferation and inflammatory mediators in rheumatoid
arthritis patients and healthy subjects. Rheumatology 2001,
40:438–446

81. Lehtonen L, Eerola E, Oksman P, Toivanen P: Muramic acid in pe-
ripheral blood leukocytes of healthy human subjects. J Infect Dis
1995, 171:1060–1064

82. Sartor RB, Bond TM, Compton KY, Cleland DR: Intestinal absorption
of bacterial cell wall polymers in rats. Adv Exp Med Biol 1987,
216A:835–839

83. Jack CS, Arbour N, Manusow J, Montgrain V, Blain M, McCrea E,
Shapiro A, Antel JP: TLR signaling tailors innate immune responses in
human microglia and astrocytes. J Immunol 2005, 175:4320–4330

84. Kielian T, Mayes P, Kielian M: Characterization of microglial re-
sponses to Staphylococcus aureus: effects on cytokine, costimula-
tory molecule, and Toll-like receptor expression. J Neuroimmunol
2002, 130:86–99

85. Kielian T, Esen N, Bearden ED: Toll-like receptor 2 (TLR2) is pivotal for
recognition of S. aureus peptidoglycan but not intact bacteria by
microglia. Glia 2005, 49:567–576

A TLR/Nod Ligand in CNS Disease in Primates 1685
AJP November 2006, Vol. 169, No. 5


