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A Structure-Activity Relationship for Induction
of Meningeal Inflammation by Muramyl Peptides
Margaret Burroughs, Eva Rozdzinski, Sibyl Geelen, and Elaine Tuomanen
Laboratory of Molecular Infectious Diseases, The Rockefeller University, New York, 10021

Abstract

Components of bacterial peptidoglycans have potent biological
activities, including adjuvant effects, cytotoxicity, and induc-
tion of sleep. Mixtures of peptidoglycan components also in-
duce inflammation in the lung, subarachnoid space, and joint,
but the structural requirements for activity are unknown. Using
a rabbit model for meningitis, we determined the biological ac-
tivities of 14 individual muramyl peptides constituting > 90%
of the peptidoglycan of the gram-negative pediatric pathogen
Haemophilus influenzae. Upon intracisternal inoculation, most
of the muropeptides induced leukocytosis in cerebrospinal fluid
(CSF), influx of protein into CSF, or brain edema, alone or in
combination. The disaccharide-tetrapeptide, the major compo-
nent of all gram-negative peptidoglycans, induced CSF leuko-
cytosis and protein influx at doses as low as 0.4 ,gg (0.42 nM).
Modification of the N-acetyl muramic acid or substitution of
the alanine at position four in the peptide side chain decreased
leukocytosis but enhanced brain edema. As the size of the muro-
peptide increased, the inflammatory activity decreased. Muro-
peptides carrying the diaminopimelyl-diaminopimelic acid
cross-link specifically induced cytotoxic brain edema. These
findings significantly expand the spectrum of biological activi-
ties of natural muramyl peptides and provide the basis for a
structure-activity relationship for the inflammatory properties
of bacterial muropeptides. (J. Clin. Invest. 1993.92:297-302.)
Key words: meningitis * peptidoglycan * central nervous system
inflammation * blood brain barrier permeability * cell wall

Introduction

Under the age of 5 years, bacterial meningitis is most com-
monly caused by Haemophilus influenzae, Streptococcus pneu-
moniae, or Neisseria meningitidis. In all three instances, antibi-
otic-induced bacterial killing leads to the rapid release of bacte-
rial components into the environment of the host and strongly
enhances the inflammatory response and tissue damage ( 1, 2).
It is generally accepted that this inflammatory response is di-
rected at endotoxin in the case of gram-negative pathogens and
at cell wall components, such as peptidoglycan and teichoic
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acid, in the case of the pneumococcus ( 1, 3, 4). More recently,
significant inflammatory activity has also been ascribed to the
purified peptidoglycan of gram-negative bacteria, including H.
influenzae (2, 5). For both gram-positive and gram-negative
pathogens, these inflammatory peptidoglycans are mixtures of
numerous complex muropeptides. The ability of individual
muropeptides to incite the various aspects of inflammation in
either gram-positive or gram-negative disease is undefined.
Having recently determined the complete structure of the pep-
tidoglycan of H. influenzae (6), we sought to generate the first
structure-activity profile for the inflammatory activities of indi-
vidual muropeptides comprising a complete bacterial pepti-
doglycan.

The gram-negative cell wall is composed of a peptidoglycan
backbone of repeating N-acetylglucosamine-N-acetylmuramic
acid units linked by a family of over 15 different types of pep-
tide side chains (6, 7). Each bacterial species has a unique
pattern of amino acids in the peptide side chains. Gram nega-
tive peptidoglycan is further decorated by covalently bound
lipoprotein and noncovalently bound peptidoglycan-asso-
ciated proteins (8). The insoluble cell wall macromolecule is
assembled and continuously manicured by a set of enzymes
that are the targets of the f3-lactam family of antibiotics. The
products of this dynamic process, the muropeptides, are re-
leased into the environment during growth and antibiotic-in-
duced bacterial killing (2, 9). Thus, both the intact cell wall
macromolecule and its soluble muropeptides are potential in-
flammatory mediators.

Bacterial cell wall and its muropeptide subcomponents
have potent activities in biological systems. The adjuvant effect
of muramyl dipeptide is well characterized ( 10). The 1,6-anhy-
dro-muramyl tetrapeptide has been shown to promote slow
wave sleep, kill ciliated cells, and promote arthropathic
changes ( 1 1-15 ). Wehave shown that H. influenzae cell wall,
purified peptidoglycan, or a mixture of soluble muropeptides
incite inflammation in the subarachnoid space of rabbits (2,
5). These components have a particularly high specific activity
for the production of brain edema. The inflammatory activity
of these muropeptides appears to be sensitive to structural mod-
ifications, since altered muropeptides characteristic of pepti-
doglycan from ampicillin resistant H. influenzae have en-
hanced inflammatory bioactivities (2). These observations
suggest that individual muropeptides might provoke some or
all aspects of inflammation in the subarachnoid space.

Definitive structural assignment has been ascertained for
17 individual muropeptides from H. influenzae, representing
96% of the total peptidoglycan (6). The major monomer, a
disaccharide tetrapeptide (Tetra) composed of N-acetylglucos-
amine-N-acetylmuramic acid with a peptide side chain of Ala-
Glu-Dap-Ala, represents more than 30% of the bacterial pepti-
doglycan; 27% of the peptidoglycan is a dimeric form of the
same molecule. Variations of these two structures include 1,6-
anhydro-muramyl derivatives, amino acid substitutions for the
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Table I. Ability of Individual Muropeptides to Provoke Meningeal Inflammation

Muropeptide Structure Dose* Leukocytest Protein influxi Brain edemall

GM-Ala-Glu-Dap
GM-Ala-Glu-Dap-Ala
GM..-Ala-Glu-Dap-Ala
GM-Ala-Glu-Dap-Asp/Ser
GM-Ala-Glu-Dap-Gly
GM-Ala-Glu-Dap

Ala-Dap-Glu-Ala-GM
GM-Ala-Glu-Dap 1.5 56±37

Ala-Dap-Glu-Ala-GM (Anh)
GM-Ala-Glu-Dap-AlaTetra-tetra

Tetra-Tetra (Gly)

Tetra-tetra (Anh)

Tetra-tetra
(dap-dap)

Tetra-tetra"n
(dap-dap)

Tetra-tetra-tetra

Ala-Dap-Glu-Ala-GM
GM-Ala-Glu-Dap-Gly

Ala-Dap-Glu-Ala-GM
GM-Ala-Glu-Dap-Ala

Ala-Dap-Glu-Ala-GM (Anh)
GM-Ala-Glu-Dap-Ala

Ala-Dap-Glu-Ala-GM
GM-Ala-Glu-Dap-Ala

Ala-Dap-Glu-Ala-GM'
GM-Ala-Glu-Dap-Ala

2.0 20±8

4.0 64±55

2.0 85±26

1.0 83±8

2 34±20

Ala-Dap-Glu-Ala-GM

Tetra-tetra-tetra
(Anh)

GM-Ala-Glu-Dap-Ala
GM-Ala-Glu-Dap-Ala 1.0 36±6 0.40±0.14' 391±8

Ala-Dap-Glu-Ala-GM

GM(Anh)-Ala-Glu-Dap-Ala

* ,g of muropeptide found in 100 ,g of peptidoglycan. * Mean±SDexpressed in cells/Ml CSF at 6 h. § mgprotein/ml CSF(mean±SD) accu-

mulated from 0 to 6 h. 11 Mean±SDof values expressed as g H20/100 g dry brain wt at 6 h. ' P < 0.00 1 compared to control value.
Ir Nonreduced muramic acid.

alanine in position four of the peptide chain, or truncation of
this alanine. In this report, we assign specific bioactivities to
over a dozen individual muramyl peptides derived from a

gram-negative peptidoglycan. Wethen derive a structure activ-
ity relationship for three parameters of meningeal inflamma-
tion: leukocytosis in cerebrospinal fluid (CSF),' influx of pro-
tein into CSF, and brain edema.

Methods

Experimental procedures
Preparation of muropeptides. Muropeptides were prepared from strain
H. influenzae MAPby an adaption of the method of Glauner (7, 16),
as described in detail elsewhere (6). Briefly, crude cell wall from 10

1. Abbreviations used in this paper: Ala, alanine; CSF, cerebrospinal
fluid; dap, diaminopimelic acid.

liters of culture was precipitated in boiling 10% SDS, digested with
alpha amylase (Sigma Chemical Co., St. Louis, MO)and pronase (Cal-
biochem-Novabiochem Corp., La Jolla, CA) and reprecipitated in boil-
ing SDS. The purified protein-free peptidoglycan was digested with
Streptomyces globisporus muramidase (Miles Scientific, Naperville,
IL), reduced with sodium borohydride, and subjected to reverse phase
HPLCat room temperature using a gradient from 0 to 15% methanol
in phosphate buffer under established conditions (17). Individual
muropeptides were desalted by HPLCusing a gradient from 0 to 50%
acetonitrile in 0.05% trifluoroacetic acid/water and evaporated until
dry. The structural assignments of the individual muropeptides have
been previously determined by fast atom bombardment mass spec-
trometry/tandem mass spectrometry, and amino acid analysis (Ta-
ble I) (6).

Rabbit modelfor meningitis. The rabbit model was performed ac-

cording to an established protocol (3, 18). Specific pathogen-free, New
Zealand white rabbits (2 kg; Hare Marland, Nutley, NJ) were anesthe-
tized with Valium (2.5 mg/kg, s.c.; Hoffmann-La Roche Inc., Nutley,
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Control
Tri
Tetra
Tetra'r
Tetra (A/S)
Tetra (Gly)
Tetra-tri

Tetra-tri (Anh)

4.0
35.0

1.0
1.5
3.0
6.0

80± 12
37±19

662±245'
126±73
160±97
126±117
621±3901

0.01±0.12
0.55±0.2'
0.87±0.431
0.03±0.01
0.38±0.251
0.55±0.15'
0.81±0.19'

392±5
396±5
387±9
392±7
399±3'
385±8
402±4'

0.33±0.31'

20.0 145±120

394±8

0.38±0.2' 390±7

0.07±0.02

0.78±0.26'

0.17±0.14

0.04±0.02

1.2±0.201

390±8

391±8

398± 1'

404±2'

384±9



NJ), ketamine (35 mg/kg, i.m.; Aveco, Fort Dodge, IA), and xylazine
(5 mg/kg, i.m.; Miles Laboratories, Shawnee, KS), and a helmet of
dental acrylic was affixed to the calvarium. 24 h later, the rabbits were
anesthetized with ethyl carbamate (1.75 g/kg; Aldrich Chemical Co.,
Milwaukee, WI) and pentobarbital (15 mg/kg; Abbott Laboratories,
Abbott Park, IL) and placed in a stereotaxic frame. A spinal needle was
introduced into the cisterna magna and 300 Ml of CSFwas withdrawn.

For injection into rabbits, lyophilized, individual muropeptides
were resuspended in pyrogen-free water and adjusted to the desired
concentration in a volume of 200 Ml. Each muropeptide was initially
injected intracisternally into four rabbits at a dose corresponding to its
relative representation in 100 Mg of cell wall (Table I). This dose was
chosen since it induces a strong inflammatory response in this model
and a mixture of the individual muropeptides derived from 100 Mg of
intact wall has been shown to generate a similar inflammatory response
upon injection into the subarachnoid space (2). The monomer tetra-
peptide was further tested over a concentration range of 35 to 0.04 Mg
(32 to 0.04 nM). To allow comparison of specific activities between
components, all muropeptides were also tested on an equimolar basis
(0.3 to 0.4 nM). For five control animals, desalting buffer was evapo-
rated until dry, resuspended in water, and administered in a volume of
200 Ml.

Samples of CSFwere withdrawn at 2, 4, and 6 h after inoculation of
the muropeptide into the subarachnoid space. At 6 h, the rabbits were
killed with an overdose of pentobarbital, and the brains were harvested
to measure brain edema by comparing wet to dry wt (19, 20). The
brains were weighed, dried at 100°C for 7 d (the nadir of weight for
control animals), and weighed once more. Brain edema was calculated
using an established formula ( 19, 20). For all CSFsamples, leukocyte
density was measured using a counter (Coulter Electronics Inc., Hia-
leah, FL). CSFsamples were centrifuged at 10,000 g for 5 min and the
supernatant was stored at -70°C until assayed for protein concentra-
tion using the bicinchoninic acid method (BCA Kit; Pierce Chemical
Co., Rockford, IL). Significant differences in the means of these deter-
minations in groups of rabbits were determined using the Student's t
test.

Results

The ability of each of 14 muropeptides to induce leukocytosis,
blood-brain barrier permeability, and brain edema upon intra-
cisternal inoculation was tested. To maintain physiological rele-
vance, the initial characterization was carried out at a dose of
the muropeptide that represented the amount of the individual
component found in 100 tg of peptidoglycan, an amount previ-
ously documented as inflammatory. All but two of the muro-
peptides were active for one or more parameters of inflam-
mation (Table I). The nonreduced monomeric tetrapeptide
(Tetranr) and the dimeric Tetra-tetra(gly) were inactive. Only
two muropeptides induced leukocytosis, the major monomeric
tetrapeptide (Tetra) and the Tetra-tri dimer. In the case of the
Tetra, this activity showed a concentration optimum of 4 Mg
(Fig. 1, upper graph); higher doses produced accumulation of
protein in CSF without attendant leukocytosis (Fig. 1, lower
graph). Leukocytosis was always accompanied by protein in-
flux, a finding consistent with injury to the blood-brain barrier
associated with leukocyte recruitment.

Most of the muropeptides induced only influx of protein
into CSF. Included in this group were variants of the Tetra
monomer: Tri, Tetra (Gly), and the oligomeric muropeptides:
Tetra-tri (Anh), Tetra-tetra, Tetra-tetra (Anh), Tetra-tetra-
tetra, and Tetra-tetra-tetra (Anh). Two unusual Tetra-tetra
dimers containing diaminopimelyl-diaminopimelic acid (dap-
dap) crosslinks produced only brain edema. One muropeptide
produced a combination of the two inflammatory parameters:
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Figure 1. Effect of dose of Tetra on the ability to induce meningeal
inflammation at 6 h. Upper panel: leukocytosis (mean±SD); lower
panel: protein accumulation in CSF(mean±SD) from time 0 to 6 h.

Tetra (A/S). These individual activities indicate that a mix-
ture of these components in proportions relevant to the com-
position of the total cell wall would be expected to induce all
three of the cardinal features of meningeal inflammation.

To determine the structural features of the individual gly-
copeptides that determined biological activity, families of mu-
ropeptides were compared at equimolar concentrations. Fig. 2
illustrates the strong influence of the D-alanine in position four
of the peptide side chain on bioactivity. Only the major mono-
mer Tetra produced leukocytosis at 4 nMand this activity was
lost at 0.4 nM. All monomers induced approximately equiva-
lent protein influx at 4 nM but substitution of the terminal
alanine by aspartic acid, serine, or glycine caused a significantly
lower activity at 0.4 nM. In contrast, cleavage of the alanine to
create a tripeptide (Tri) resulted in greater protein influx at the
lower dose of 0.4 nM. Brain edema was not a strong effect of
these monomeric muropeptides (Fig. 2). However, the dose of
these monomeric muropeptides that produced the greatest pro-
tein influx (the tripeptide: 0.4 nMand Tetra Asp/Ser: 4 nM)
produced brain edema above the maximum of controls.

Multimeric forms of the Tetra monomer, the Tetra-tetra
and Tetra-tetra-tetra muropeptides, failed to induce protein
influx when compared to the monomer at 0.4 nM (Table II).
Loss of biological activity was also seen upon covalent linkage
of the Tetra and Tri active species to a Tetra-tri dimer. How-
ever, not all oligomers were inactive. The dimers containing
the diaminopimelyl-diaminopimelic acid cross-link were po-
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edema (mean±SDI of g water per 100 g of dry brain wt). Maximum of control values (bar) is derived from five animals receiving lyophilized
HPLCdesalting buffer alone. All mean values which fall above the bars are significantly different from controls at P < 01. In the middle panel,
all values at 4 nM are not significantly different, while the values for Tri, Tetra A/S, and Tetra Gly are significantly different (P < 0.01) from
Tetra at the 0.4 nMdose.

tent inducers of brain edema (Table I; 0.5 nM). This indicated
that the involvement of the D-alanine in a cross-link to a neigh-
boring peptide side chain inhibited bioactivity while the dap-
dap cross-link created a uniquely cytotoxic species.

Alterations in the structure of the glycan backbone also
affected the bioactivities of the muropeptides in the subarach-
noid space. The ability to induce leukocytosis or brain edema
was sensitive to the state of reduction or hydration of the N-
acetyl muramic acid at positions one and six. Whencompared
at 0.5 nM, the nonreduced disaccharide tetrapeptide (Tetranr)
produced brain edema (398±1 g water/ 100 g of dry brain wt)
while the fully reduced Tetra did not (388±5 g water/ 100 g of
dry brain wt) (P < 0.01). The nonreduced Tetra-tetra dimer
also showed a slightly greater ability than the reduced dimer to
cause brain edema (404±1 vs. 398±2 g water/ 100 g of dry
brain wt). Dehydration to create a 1,6-anhydro linkage on the
dimer imparted the ability to produce protein influx: when
compared at 0.2 nM, Tetra-tetra produced no influx (0.02±0.2
mg/ml) while the Tetra-tetra(Anh) produced 0.3±0.08 mg/
ml (P < 0.01). Thus, changes in the glycan backbone en-
hanced the incidence and degree of brain edema and protein
influx.

Discussion

The major muropeptides from the peptidoglycan of H. influen-
zae are representative of the peptidoglycan components of
most gram-negative pathogens (6, 7). When challenged with
mixtures of these muropeptides intracisternally, animals de-
velop signs and symptoms that mimic natural meningitis, in-
cluding CSFleukocytosis, increased blood-brain barrier perme-
ability, and brain edema (2, 5, 21 ). This is similar to the inflam-
matory response evoked by mixtures of gram-positive
peptidoglycan components that contain similar glycopeptides
(with lysine substituted for diaminopimelic acid) as well as
teichoicated species (3, 4). When released through cell wall
turnover or during antibiotic-induced autolysis, muropeptides
constitute a library of biologically active molecules that contrib-
ute to the pathophysiology of bacterial meningitis. Three pa-
rameters of inflammation characteristic of meningitis were
studied here. The ability to induce leukocytosis in CSFimplies
induction of changes in vascular endothelial cells so as to re-
cruit leukocytes across the blood-brain barrier in a CDl 8-de-

pendent manner (22). Accumulation of protein in CSF is re-
garded as a marker of enhanced blood-brain barrier permeabil-
ity, which can be increased sufficiently so as to lead to
vasogenic brain edema. Alternatively, brain edema occurring
in the absence of enhanced vascular endothelial permeability
indicates cytotoxic effects directly on neuronal or glial cells.
Natural gram-negative muramyl peptides were able to pro-
foundly derange each of these parameters of inflammation and
thereby constitute a family of biological effector molecules
with potent activities in the subarachnoid space. These activi-
ties significantly expand the biological properties ascribed to
muramyl peptides.

The most abundant species in all gram-negative peptidogly-
cans, the monomeric disaccharide tetrapeptide (Tetra), dis-
played the highest specific activity for leukocytosis, suggesting
that its abundant release during cell wall turnover and bacterial
killing would be sufficient to incite inflammatory changes. The
only other muropeptide to induce leukocytosis was the Tetra-
tri component. Previous studies have shown that the bioactiv-
ity of peptidoglycan derived from ampicillin resistant H. in-
fluenzae is greater than that of sensitive strains and that this
property co-transforms with changes in peptidoglycan struc-
ture (2, 6). This enhanced activity can now be ascribed, at least
in part, to the greater amount of the proinflammatory Tetra-tri
muropeptide present in the peptidoglycan of resistant strains.

The ability of the Tetra muropeptide to induce leukocytosis
and the Tri to induce protein influx did not increase in a linear

Table II. Comparison of the Influence of Muropeptide Size
on Inflammatory Activity in the Subarachnoid Space

Muropeptide Leukocytosis* Protein influx Brain edema

Tetra 322±169 0.68±0.2 388±5
Tetra-tetra 80±41* 0.20±0.2* 386±6
Tetra-tetra-tetra 19±8* 0.10±0.1* 394±4
Tri 137±53 1.21±0.2 399±1
Tetra-tri 57±37*f 0. 19±0.2*f 387±7S

* Units are as defined in Table I. All comparisons were made upon
injection of 0.3-0.4 nMof muropeptide. t P < 0.001 vs. Tetra. s P
< 0.001 vs. Tri.
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fashion with increasing dose, indicating a concentration opti-
mumexists for some inflammatory properties of muropep-
tides. This is not exhibited by all parameters of inflammation
for a given muropeptide, in that protein influx induced by the
Tetra followed a more conventional linear curve with dose.
This suggests that it is not the physical state of the muropeptide
that is altered with concentration, as has been shown for lipid-
containing molecules such as endotoxin. At this time, no expla-
nation for this behavior is apparent. One hypothesis is based on
the observation that pneumococcal cell wall binds to a receptor
on endothelial cells, which triggers production of an inhibitory
substance from the eukaryotic cells, which prevents further at-
tachment of bacteria (23). It is conceivable that as the dose of
some muropeptides increases, the production of an antagonist
from the eukaryotic cells may be accelerated and thereby may
inhibit the net inflammatory activity.

The proinflammatory activities of the muropeptides were
highly dependent on variations in the structures of the individ-
ual components (Fig. 3). While most species induced influx of
protein, the ability to induce leukocytosis and brain edema
appeared to vary inversely. The presence of D-alanine at posi-
tion four of the peptide side chain was required for induction of
leukocytosis. Substitution by aspartic acid, serine, or glycine
decreased leukocytosis and protein influx, while truncation of
the tetrapeptide to a tripeptide enhanced protein influx and
brain edema. Involvement of the alanine in a cross-link creat-
ing the major dimer and trimer also reduced bioactivity.

The third amino acid in the peptide chain, diaminopimelic
acid, also appeared to be important to bioactivity, since engage-
ment in a dap-dap cross-link characterized components pro-
ducing only brain edema. The absence of concomitant protein
influx suggests that these components induce cytotoxic rather
than vasogenic brain edema. The number of dap-dap cross-
links is a highly regulated characteristic of peptidoglycan, being
particularly increased in slowly growing and nongrowing E.
coli (24). The slow rate of growth characteristic of pathogens in
the nutrient-poor CSFindicates that these dap-dap-containing
muropeptides may be important cytotoxins during meningitis.
It should be noted that cytotoxicity for ciliated cells is de-
creased by dap-dap cross-linkage (12). In addition, the pres-
ence of lysine instead of diaminopimelic acid abolishes ciliated
cell cytotoxicity ( 12) but it is known that mixtures of muro-
peptides from gram-positive bacteria that all contain lysine at
position three are highly inflammatory in the subarachnoid
space ( 1, 4). These differences indicate that important struc-

brain edema leukocytosis protein influx

G 1 ,6 anhydro 1$

ala

crosslink

asp, ser or gly
delete ala
crosslink

t +

+ +

+ +

Figure 3. Schematic representation of the structure/activity relation-
ship of muropeptides for the induction of brain edema, leukocytosis,
and protein influx into CSF. Direction of arrow indicates increase,
decrease, or no effect on activity.

Table III. Comparison of the Influence of Structural Variations
Within Bacterial Muropeptides on Bioactivity

Site of variation

Peptide chain

Bioactivity lys vs. dap Ala N-acetylmuramic acid Reference

CSF leukocytosis - + - this study
CSFprotein influx - + + this study
Brain edema - + + this study
Ciliated cell toxicity + + - 10
Sleep - - + 11, 12
Immunoadjuvant - - + 8

+ denotes that a change in this position affects the indicated bioac-
tivity.

tural specificity exists between cytotoxic effects of muropep-
tides in different organs (Table III).

The 1,6-anhydro linkage is present in tracheal cytotoxin
and the sleep peptide ( 12-14) and appears to activate muro-
peptides for the induction of vasogenic brain edema. All of
these bioactivities share the commonfeature that they involve
induction of IL- 1 from the target cells ( 13, 25). This may sug-
gest related ligand-receptor interactions for these diverse bio-
logical effects.

When the structural requirements for activity of muramyl
peptides in several biological systems are compared, the pat-
tern for induction of inflammatory parameters in brain ap-
pears to be unique (Table III). The ability to induce leukocyto-
sis was the most sensitive to any change in the peptide side
chain. The ability to induce brain edema was activated by
changes in peptide positions three or four and by reduction or
1,6-anhydro modification of the N-acetylmuramic acid. The
ability to enhance vascular permeability as measured by pro-
tein influx into CSFwas the single parameter studied that was
least affected by structural variation. The presence of the dap-
dap link or increase in size of the muropeptide to a multimer
consistently attenuated this activity.

This work provides the first detailed structure-activity pro-
file for the bioactivities of the major components of gram-nega-
tive peptidoglycans in the subarachnoid space. The unique in-
flammatory profile of the individual muropeptides suggests
that each muramyl peptide interacts with host defenses in a
specific and individual manner. Based on the differential in-
flammatory properties defined here, the variation in the
amounts and structures of the peptidoglycan subcomponents
of each bacterial species can be predicted to produce different
species-specific constellations of inflammatory effects. These
are most readily apparent in the different patterns of inflamma-
tion caused by isogenic f lactam-resistant vs. sensitive H. in-
fluenzae, which differ in their peptidoglycan composition by
the amounts of two highly inflammatory muropeptides (2, 6).
In this context, the individual muropeptides constitute a code
for disease.
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