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ABSTRACT

Microbiota, and the plethora of signalling molecules that they generate, are a major driving force that underlies a striking
range of inter-individual physioanatomic and behavioural consequences for the host organism. Among the bacterial
effectors, one finds peptidoglycan, the major constituent of the bacterial cell surface. In the steady-state, fragments of
peptidoglycan are constitutively liberated from bacterial members of the gut microbiota, cross the gut epithelial barrier and
enter the host system. The fate of these peptidoglycan fragments, and the outcome for the host, depends on the molecular
nature of the peptidoglycan, as well the cellular profile of the recipient tissue, mechanism of cell entry, the expression of
specific processing and recognition mechanisms by the cell, and the local immune context. At the target level, physiological
processes modulated by peptidoglycan are extremely diverse, ranging from immune activation to small molecule
metabolism, autophagy and apoptosis. In this review, we bring together a fragmented body of literature on the kinetics and
dynamics of peptidoglycan interactions with the mammalian host, explaining how peptidoglycan functions as a signalling
molecule in the host under physiological conditions, how it disseminates within the host, and the cellular responses to
peptidoglycan.
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INTRODUCTION

The human body is home to 100 trillion bacteria, of which more
than 95% reside in the large intestine. At least 40 000 bacterial

species are harboured throughout this distal portion of the gas-
trointestinal tract, together comprising ∼150 times more genes
than the human host (which contains, in turn, a relatively mod-
est number of ∼26 000 functional genes) (Frank and Pace 2008;
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Figure 1. Schematic representation of peptidoglycan structure with its modifiable sites and the minimal NOD1/2 Activating Motifs. Top: The archetypical structure

of peptidoglycan consists of long linear chains of the alternating sugar residues GlcNAc and MurNAc. These chains are in turn crosslinked via peptide chains, which
are typically synthesized with a pentapeptide core structure consisting of the amino acids L-Ala, D-Glu, mDAP or L-Lys, D-Ala, D-Ala. Variations in the amino acid
composition are common, particularly at position 3 of the peptide stem. Typical modification sites together with the respective chemical modifications are represented

as coloured areas on the top panel. Bottom: The chemical structures of the minimal NOD1 (iE-DAP, Tri-DAP and M-Tri-DAP) and NOD2 (MDP and M-Tri-Lys) activating
motifs are represented, originating from either DAP-type (left) or Lys-type (right) peptidoglycan. GlcNAc, N-acetylglucosamine; MurNAc, N-acetylmuramic acid; D-Glu,
D-glutamic acid; D-Ala, D-alanine; L-Ala, L-alanine; L-Lys, L-lysine; mDAP, DL-2,6-diaminopimelic acid.

Qin et al. 2010). There is huge inter-individual variability regard-
ing the composition of the host gut microbiome. Much in the
same way as genetic and environmental variability accounts for
striking inter-individual physioanatomic and behavioural differ-
ences, the gut microbiota composition is thought to significantly
influence host physiology and behaviour. Accordingly, whilst the
precise composition of a microbiome is specific to each indi-
vidual, microbiome profiling has revealed ‘clusters’ specific to
groups of individuals in both health and disease (Karlsson et al.
2013; Scher et al. 2015). Due to this inextricable and complex role
as a mediator of host physiology, the human intestinal micro-
biota has come to be recognized as a host ‘organ’ (Guarner and
Malagelada 2003; Bäckhed et al. 2005).

Variations in gut microbiota composition and gut microbiota-
derived products have been shown to influence a multitude of
mammalian host processes, including gastrointestinal, immune
and neuronal development and function. However, the vast
majority of this data is merely observational, and fails to pin-
point mechanistically how the microbiota and its molecular
products actually influence host physiology. Specifically, whilst
evidence clearly demonstrates that bacterial effectors dissemi-
nate from the gastrointestinal tract throughout the host organ-
ism, their view as constitutive signalling molecules is not yet

well established. Among the plethora of such bacterial effec-
tors, one finds a major, specific constituent of bacterial cell sur-
faces, the peptidoglycan. Peptidoglycan is the main component
of the bacterial cell wall, comprised of long linear glycan strands
cross-linked by short peptide stems. The glycan strands con-
sist of repeating units of the disaccharide N-acetylglucosamine -
β(1,4)-N-acetylmuramic acid [GlcNAc-β(1,4)-MurNAC], while the
peptide stems are attached to the lactyl moiety of the N-
acetylmuramic acid residues, and are typically composed of
alternating L- and D-amino acids in the following order: L-Ala,
D-Glx, a di-amino acid [most often meso-diaminopimelic acid
(mDAP) or L-lysine], D-Ala, D-Ala (Fig. 1). Despite this common
main structure, the mature peptidoglycan is highly heteroge-
neous and species-specific. Contributing factors to this diversity
are the different degrees and patterns of crosslinking, the pres-
ence or absence of bridging peptides, variations in the type of
di-amino acid present, hydrolases acting on the different bonds
of the peptidoglycan, the presence of atypical amino acids and
the diversity of possible chemical modifications (Vollmer, Blanot
and De Pedro 2008).

Peptidoglycan is not only essential for the vast majority of
bacteria, it also comprises numerous different bioactive moi-
eties that can exert critical developmental, physiological and
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pathological effects on the mammalian host (Fig. 1). Despite
its essential and multifaceted role, and the way it has influ-
enced the evolutionary development of eukaryotic cell sig-
nalling systems, we are not yet able to exploit the many bio-
logical properties of peptidoglycan in order to modulate host
(patho)physiology. Reasons for this gap include the relative dif-
ficulty of isolating and working with pure peptidoglycan, its dif-
ferent composition depending on the source strains employed,
limited means for the unambiguous detection of peptidoglycan
in vivo, and mixed (sometimes conflicting) results regarding the
host response to peptidoglycan.

In order to exploit peptidoglycan species as bioactive
molecules with the aim of modulating host physiology, it is
imperative to lay down the foundations of how peptidoglycan
derived from our gut bacteria behaves inside the host organ-
ism. In other words, a mapping akin to that performed dur-
ing ADME (absorption, distribution, metabolism and excretion)
pharmacological studies on the possible fates of peptidoglycan
originating from our gut bacteria, is required as a foundation for
future peptidoglycan-mediated modulation of host physiology.
This review attempts to bring together a somewhat large but
fragmented body of literature on the kinetics and dynamics of
peptidoglycan interactions within the mammalian host. It is our
goal to highlight host- and peptidoglycan-specific factors gov-
erning such interactions, and to identify promising targets and
gaps in our understanding of how one may fully exploit pep-
tidoglycan in health and disease. A summary of host proteins
reported to bind peptidoglycan is presented in Table 1.

A NOTE ON TERMINOLOGY

‘Bacterial cell envelope’ is a term used to encompass all bacte-
rial components beginning at (and including) the cytoplasmic
membrane and ending at the bacterial cell surface. Within the
bacterial cell envelope, we find the peptidoglycan layer. The pep-
tidoglycan is often referred to as ‘the cell wall’. However, whilst
peptidoglycan is certainly the primary structure of the cell
wall, it is nevertheless one of many components. For example,
in Gram-positive bacteria, wall teichoic acids (WTA) are cova-
lently attached to the peptidoglycan layer, and are estimated
to comprise 27%–49% of the total cell wall mass in Lactobacil-
lus plantarum strains (Tomita et al. 2010). Furthermore, Gram-
positive bacteria possess lipoteichoic acids, which are anchored
in the cytoplasmic membrane, and extrude into the peptidogly-
can layer. Together, the teichoic acids contribute directly to the
physical properties of the cell wall and to the regulation of its
homeostasis. Other secondary cell wall structures are directly
linked to, or in intimate interaction with, the peptidoglycan
layer, including covalently anchored proteins, lipoproteins, S-
layer and capsule.

In this review, we will use the term ‘cell wall’ when referring
to phenomena that cannot be separated from, or are dependent
on, the presence of secondary components described above.
The term ‘peptidoglycan’ will refer specifically and exclusively
to the ‘naked peptidoglycan macropolymer’, whilst the term
‘muropeptides’ refers to its derivative fragments, the soluble
moieties typically generated by glycan hydrolysing enzymes.

It should be noted that due to the difficulty in purifying pep-
tidoglycan from many bacteria (and in validating its purity), in
particular from Gram-positive and Mycobacteria, preparations
of peptidoglycan are frequently contaminated with secondary
cell wall components, many of which also function as Microbe
Associated Molecular Patterns (MAMPs) and are recognized by
Pattern Recognition Receptors (PRRs), in particular the Toll-like

receptors (TLRs). This includes peptidoglycan preparations that
are commercially available (Travassos et al. 2004). It is our hope
that other authors take care not to ascribe functions directly
to the peptidoglycan when the presence of ‘contaminants’ has
not been ruled out. For some studies, particularly in the field of
immunology, the qualifying term ‘cell wall’ may be preferable,
since it invites mechanistic validation studies that can reinforce
or clarify published data and hypotheses. Indeed, it is likely that,
in nature, host interactions with peptidoglycan begin with an
encounter between a host cell and bacterial ‘cell wall’. Hence,
the presence of these secondary cell wall fragments does not
bring into question the importance and validity of studies on
‘cell wall’ activities within the mammalian host, as these most
certainly confer important biological functions in association
with peptidoglycan fragments, under physiological conditions.

DISSEMINATION THROUGHOUT THE HOST

Every organism possesses a large reservoir of peptidoglycan, our
‘peptidoglycome’, originating from the commensal bacteria, par-
ticularly those residing in the host gut. We now know that pep-
tidoglycan from intestinal bacteria crosses the intestinal bar-
rier under physiological conditions. For instance, in a seminal
paper published in 2010, Clarke and colleagues demonstrated
that upon oral gavage with living bacteria containing 3H-meso-
DAP labelled peptidoglycan, the peptidoglycan released by these
luminal bacteria disseminated via the bloodstream and homed
to host organs where it triggered the priming of neutrophils
within the bone marrow (Clarke et al. 2010). However, most of
what we know regarding the behaviour of peptidoglycan inside
the host comes from much older studies.

The study of how peptidoglycan molecules behave and dis-
seminate inside the mammalian host was initiated forty years
ago. At the time, the main driving motivation was to under-
stand how and why peptidoglycan acts as a strong and tar-
geted adjuvant agent for vaccines (Azuma et al. 1971; Adam
et al. 1974). Of particular note, it was found that whilst pepti-
doglycan was very rapidly cleared from the host organism, its
effects were widespread and long-lasting. In addition, it was
found that peptidoglycan molecules and modified derivatives
had antitumor effects, and successful cases of tumor shrink-
age and remission were reported with the use of individual
muropeptides (Sparks et al. 1973; Azuma et al. 1978; Mclaughlin
et al. 1980). Unfortunately, for reasons that are hard to recon-
cile, most research and therapeutic use of muropeptides as vac-
cine adjuvants and antitumor agents was abandoned. In recent
years, however, there has been some revival in this field (Sun
et al. 2015). At the whole organism level, where does peptidogly-
can travel to once it reaches the systemic circulation? Decades
ago, in former Yugoslavia, research groups set out to establish
the metabolic fate of peptidoglycan inside the mammalian host
(Fig. 2) (Tomašić et al. 1980). In one description, the authors
employed the 14C-labellled peptidoglycan monomer GlcNAc-
MurNAC-L-Ala-D-isoGln-mDAP-D-Ala-D-Ala (MPP, a muropep-
tide containing the two sugars and the five stem amino acids)
and administered it intravenously to mice at varying doses (25–
500 μg, equivalent activity of 100,000–400,000 cpm/mg). It was
observed that most of this muropeptide would be excreted via
the urine, with 60–80% of the initially administered radioactiv-
ity recovered within the first hour, 4–8% within the next 3h and
2–7% in the following 18h. By labeling both one sugar ring and
one amino acid with 14C, it was possible to determine that
approximately 50% of the intravenously administered muropep-
tide was excreted unmodified. Intriguingly, approximately 20%
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lé

m
en

ço
n

an
d

H
ed

ig
er

20
13

;
N

ak
am

u
ra

et
al

.2
01

4)

SL
C

46
tr

an
sp

or
te

rs
(S

LC
46

A
2,

SL
C

46
A

3)
M

on
om

er
ic

m
u

ro
p

ep
ti

d
es

in
cl

u
d

in
g

M
D

P
an

d
D

A
P-

co
n

ta
in

in
g

an
h

yd
ro

-m
u

ro
p

ep
ti

d
e

m
on

om
er

s
(T

ra
ch

ea
lc

yt
ot

ox
in

;
T

C
T

)

Pe
p

ti
d

og
ly

ca
n

tr
an

sl
oc

at
io

n
ac

ro
ss

la
te

-e
n

d
os

om
e

or
en

d
ol

ys
os

om
e

m
em

br
an

es

(P
ai

k
et

al
.2

01
7)

Pl
at

el
et

-a
ct

iv
at

in
g

fa
ct

or
re

ce
p

to
r

(P
A

Fr
)

Ph
os

p
h

or
yl

ch
ol

in
e-

d
ec

or
at

ed
ce

ll
w

al
lf

ra
gm

en
ts

Pe
p

ti
d

og
ly

ca
n

tr
an

sl
oc

at
io

n
ac

ro
ss

th
e

p
la

sm
a

m
em

br
an

e,
sh

u
tt

li
n

g
to

ly
so

so
m

al
tr

af
fi

ck
in

g

(C
u

n
d

el
le

t
al

.1
99

5;
R

in
g,

W
ei

se
r

an
d

Tu
om

an
en

19
98

;
Y

os
h

im
u

ra
et

al
.1

99
9a

;
R

ij
n

ev
el

d
et

al
.2

00
4;

Fi
ll

on
et

al
.

20
06

;M
cL

au
gh

li
n

et
al

.2
00

6;
Ec

ke
ls

et
al

.2
00

9;
Lo

h
,G

ao
an

d
Tu

om
an

en
20

17
)

C
D

14
In

so
lu

bl
e

an
d

so
lu

bl
e

D
A

P-
ty

p
e

p
ep

ti
d

og
ly

ca
n

Im
m

u
n

e
ac

ti
va

ti
on

ch
ar

ac
te

ri
ze

d
by

N
F-

κ
B

in
d

u
ct

io
n

(G
u

p
ta

et
al

.1
99

6;
D

zi
ar

sk
i,

Ta
p

p
in

g
an

d
To

bi
as

19
98

;
D

zi
ar

sk
ie

t
al

.2
00

0)
Ly

so
zy

m
e

Po
ly

m
er

ic
p

ep
ti

d
og

ly
ca

n
G

ly
ca

n
ch

ai
n

te
tr

as
ac

ch
ar

id
e

cl
ea

ve
d

to
G

lc
N

A
c-

β
-(

1,
4)

-M
u

rN
A

c
d

is
ac

ch
ar

id
es

H
yd

ro
ly

si
s

of
th

e
gl

yc
os

id
ic

bo
n

d
s

be
tw

ee
n

N
-A

ce
ty

lm
u

ra
m

ic
ac

id
(M

u
rN

A
c)

an
d

N
-A

ce
ty

lg
lu

co
sa

m
in

e
(G

lc
N

A
c)

,
h

yd
ro

ly
si

s-
in

d
ep

en
d

en
t

an
ti

m
ic

ro
bi

al
ac

ti
vi

ty

(S
h

ar
on

19
67

;H
am

m
er

et
al

.
19

87
;C

ro
ss

et
al

.1
98

8;
Ib

ra
h

im
,

M
at

su
za

ki
an

d
A

ok
i2

00
1)



Bastos et al. 5

Ta
b

le
1.

C
on

ti
n

u
ed

Pe
p

ti
d

og
ly

ca
n

bi
n

d
in

g
p

ro
te

in
M

in
im

al
bi

n
d

in
g

m
oi

et
ie

s
id

en
ti

fi
ed

B
io

lo
gi

ca
lr

ol
es

R
ef

er
en

ce
s

N
O

D
1

D
ip

ep
ti

d
e

γ
-i

E-
D

A
P

an
d

la
rg

er
m

es
o-

D
A

P
co

n
ta

in
in

g
m

on
om

er
s

(G
ra

m
-n

eg
at

iv
e

ba
ct

er
ia

,s
om

e
G

ra
m

-p
os

it
iv

e
ba

ct
er

ia
su

ch
as

Li
st

er
ia

an
d

B
ac

ill
u

s)

Im
m

u
n

e
ac

ti
va

ti
on

ch
ar

ac
te

ri
ze

d
by

N
F-

κ
B

in
d

u
ct

io
n

;p
38

,E
R

K
1/

ER
K

2
an

d
c-

Ju
n

N
-t

er
m

in
al

ki
n

as
e

ac
ti

va
ti

on
,a

p
op

to
si

s,
au

to
p

h
ag

y,
xe

n
op

h
ag

y

(V
ia

la
et

al
.2

00
4;

St
ro

be
r

et
al

.
20

06
;H

as
eg

aw
a

et
al

.2
00

7;
A

ll
is

on
et

al
.2

00
9;

W
at

an
ab

e
et

al
.2

01
0)

N
O

D
2

M
D

P
(G

ra
m

-p
os

it
iv

e
an

d
G

ra
m

-n
eg

at
iv

e
ba

ct
er

ia
),

M
tr

iL
ys

Im
m

u
n

e
ac

ti
va

ti
on

ch
ar

ac
te

ri
ze

d
by

N
F-

κ
B

in
d

u
ct

io
n

;p
38

,E
R

K
1/

ER
K

2
an

d
c-

Ju
n

N
-t

er
m

in
al

ki
n

as
e

ac
ti

va
ti

on
,a

p
op

to
si

s,
au

to
p

h
ag

y,
xe

n
op

h
ag

y

(G
ir

ar
d

in
et

al
.2

00
3b

,2
00

3c
;

Fe
rn

an
d

ez
et

al
.2

01
1)

C
al

re
ti

cu
li

n
M

D
P

an
d

la
rg

er
p

ol
ym

er
s

A
p

op
to

si
s

in
d

u
ct

io
n

(C
h

en
et

al
.2

00
4,

20
05

;
G

ro
en

en
d

yk
,L

yn
ch

an
d

M
ic

h
al

ak
20

04
)

C
-t

yp
e

le
ct

in
s

(m
an

n
os

e-
bi

n
d

in
g

le
ct

in
s,

M
-

L-
an

d
H

fi
co

li
n

s)

B
in

d
in

g
vi

a
G

lc
N

A
c

m
oi

et
ie

s
C

om
p

le
m

en
t

sy
st

em
ac

ti
va

ti
on

,
cy

to
ki

n
es

p
ro

d
u

ct
io

n
,m

as
t

ce
ll

s
an

d
ba

so
p

h
il

s
d

eg
ra

n
u

la
ti

on
,i

n
cr

ea
se

d
va

sc
u

la
r

p
er

m
ea

bi
li

ty

(M
at

su
sh

it
a

an
d

Fu
ji

ta
20

01
;M

a
et

al
.2

00
4;

G
ar

la
tt

ie
t

al
.2

00
7;

K
il

p
at

ri
ck

an
d

C
h

al
m

er
s

20
12

;
B

id
u

la
,S

ex
to

n
an

d
Sc

h
el

en
z

20
19

)
C

-t
yp

e
le

ct
in

s
[M

u
ri

n
e

R
eg

II
Iγ

an
d

H
u

m
an

H
ep

at
oc

ar
ci

n
om

a-
in

te
st

in
e-

p
an

cr
ea

s/
p

an
cr

ea
ti

ti
s-

as
so

ci
at

ed
p

ro
te

in
(H

IP
/P

A
P)

]

Po
ly

m
er

ic
p

ep
ti

d
og

ly
ca

n
D

ir
ec

t
an

ti
m

ic
ro

bi
al

ac
ti

vi
ty

vi
a

ce
ll

w
al

ld
am

ag
e

an
d

cy
to

p
la

sm
ic

le
ak

ag
e

(C
h

ri
st

a
et

al
.1

99
6;

C
as

h
et

al
.

20
06

a,
b)

Ly
sM

-d
om

ai
n

p
ro

te
in

s
(L

ys
M

D
1,

Ly
sM

D
2,

Ly
sM

D
3,

Ly
sM

D
4)

B
in

d
in

g
n

ot
st

u
d

ie
d

fo
r

m
am

m
al

ia
n

p
ro

te
in

s.
Po

te
n

ti
al

ly
bi

n
d

to
gl

yc
an

ch
ai

n
,

li
ke

ly
vi

a
G

lc
N

A
c

re
si

d
u

es

A
ss

u
m

ed
to

be
in

vo
lv

ed
in

im
m

u
n

e
re

sp
on

se
s

ag
ai

n
st

ba
ct

er
ia

li
n

fe
ct

io
n

,b
as

ed
on

h
om

ol
og

y

(W
il

lm
an

n
et

al
.2

01
1;

Y
ok

oy
am

a
et

al
.2

01
8)

Pe
p

ti
d

og
ly

ca
n

re
co

gn
it

io
n

p
ro

te
in

s
(P

G
R

Ps
/P

G
LY

R
Ps

)
[P

G
LY

R
P-

1,
PG

LY
R

P-
2,

PG
LY

R
P-

3,
PG

LY
R

P-
4]

PG
LY

R
P-

2:
m

u
ra

m
yl

tr
ip

ep
ti

d
e

an
d

li
ke

ly
la

rg
er

p
ol

ym
er

s;
Po

ly
m

er
ic

p
ep

ti
d

og
ly

ca
n

fo
r

th
e

re
m

ai
n

in
g

PG
R

Ps
/P

G
LY

R
Ps

D
ir

ec
t

an
ti

m
ic

ro
bi

al
ac

ti
vi

ty
vi

a
m

em
br

an
e

d
ep

ol
ar

iz
at

io
n

,
h

yd
ro

xy
lr

ad
ic

al
p

ro
d

u
ct

io
n

an
d

sy
n

th
et

ic
p

at
h

w
ay

s
d

is
ru

p
ti

on
;P

G
LY

R
P-

2
ad

d
it

io
n

al
ly

d
is

p
la

ys
N

-a
ce

ty
lm

u
ra

m
oy

l-
L-

al
an

in
e

am
id

as
e

ac
ti

vi
ty

(W
an

g
et

al
.2

00
3;

G
ir

ar
d

in
et

al
.

20
03

c;
R

oy
et

an
d

D
zi

ar
sk

i2
00

7;
O

sa
n

ai
et

al
.2

01
1;

R
ea

d
et

al
.

20
15

)

H
ex

ok
in

as
e

G
lc

N
A

c
N

LR
P3

in
fl

am
m

as
om

e
ac

ti
va

ti
on

,I
L-

1β
p

ro
d

u
ct

io
n

an
d

se
cr

et
io

n

(J
on

as
et

al
.1

98
9;

Jo
n

as
an

d
Jo

be
19

90
;P

as
to

ri
n

o,
Sh

u
lg

a
an

d
H

oe
k

20
02

;M
aj

ew
sk

ie
t

al
.2

00
4;

C
h

ia
ra

et
al

.2
00

8;
Pa

st
or

in
o

an
d

H
oe

k
20

08
)



6 FEMS Microbiology Reviews, 2021, Vol. 45, No. 1

Figure 2. Systemic distribution of peptidoglycan from the intestinal lumen. (1) Peptidoglycan from the intestinal microbiota is cleaved during normal cell wall turnover

by bacterial together with host-encoded hydrolytic enzymes, releasing a range of muropeptides with different sizes, structures and biological activities. (2) Upon
translocation across the intestinal barrier via multiple possible uptake mechanisms, systemically circulating muropeptides rapidly undergo further hydrolysis, by
the blood amidase activity, to their corresponding sugar moieties and peptides stems. (3) Free, intact muropeptides and their hydrolysis products may translocate to

the parenchyma of several organs according to a tissue-specific tropism where they trigger different signalling responses depending on their nature and respective
targets. (4) Peptidoglycan and its derived molecules may also undergo extensive metabolism by the host, being fully degraded or potentially recycled into endogenous
metabolites. (5) Lastly, peptidoglycan metabolism products may be cleared from the host via the faeces, urine or respiration. IFNs: Interferons; MAPKs: Mitogen-
activated protein kinases; NF-κB: nuclear factor-kappa B; PG: peptidoglycan.

was excreted as the peptide stem only (i.e. the sugar residues
had been cleaved from the peptide, likely due to the activity of
an amidase acting between the N-acetylmuramoyl residue and
the first L-amino acid residue in the peptide stem). The remain-
ing radioactivity could be accounted for by the sugar residues
alone. However, these were not detected in the urine (Tomašić
et al. 1980). Additionally, it was reported that these kinetics were
not altered when the mice were previously ‘immunized’ with
the same muropeptide by intravenous injection. The same group
also showed that MPP was not metabolized by the liver, kid-
neys or spleen. In contrast, upon incubation with mouse or
human blood, 10–50% of the MPP was hydrolyzed to its cor-
responding disaccharide and pentapeptide constituents. When
incubated with plasma or serum, more than 90% of the MPP
was hydrolyzed (∼30% in the first 10 min and almost complete
hydrolysis within 1h). Only 0.25 mL of human or mouse serum
could completely hydrolyze 5 mg of the muropeptide. Blood cells
(intact or hemolyzed) had no metabolizing activity against the
peptidoglycan monomer. In fact, the rate of hydrolysis of pep-
tidoglycan in whole blood was slower than that of serum or
plasma alone, and it was suggested that blood cells acted as an
endogenous inhibitor of the apparent blood amidase. (Ladešić

et al. 1981). This was the first evidence suggesting that circulat-
ing blood cells could serve as protective reservoirs (and potential
shuttles) for circulating peptidoglycan.

In another set of experiments, 14C-labelled MPP (1 mg, 2–3 ×
106 cpm) was administered intravenously to mice, and again
shown to be rapidly excreted via the urine. It was observed
that each organ behaves differently regarding its capacity to
take up and dispose of peptidoglycan. Initially (30 min post-
injection), most of the peptidoglycan circulating in the blood
was found outside the cells. One hour post injection, the rel-
ative abundance of peptidoglycan present within the cellular
compartment was increased, suggesting that free peptidogly-
can is excreted faster than peptidoglycan sequestered inside
blood cells. Accordingly, 6h post injection, more than 90% of the
minute amounts of peptidoglycan still circulating were found
inside blood cells (Ladešić, Perović and Hršak 1993). A compa-
rable distribution profile has been reported when using 14C-
labelled muramyl-tripeptide (MTP) or MPP alone (Yapo et al.
1982).

Later, this line of studies went on to show that the dis-
tribution and excretion patterns of radioactive peptidogly-
can differ depending on the route of administration (i.e.
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subcutaneous, intravenous, oral gavage). While most muropen-
tapeptide was excreted via the urine upon intravenous or subcu-
taneous injections, orally administered peptidoglycan remained
in the GI tract for several hours and the main route of 14C
excretion seemed to be via CO2 exhalation, revealing extensive
metabolism and degradation of the peptidoglycan upon oral gav-
age. Accordingly, up to 30% of orally administered 14C-labelled
peptidoglycan seemed to be degraded and cumulatively exhaled
as 14CO2 48h later, while only 15% was excreted via the urine
(Valinger et al. 1987). These data may also imply differential pro-
cessing of the hydrolysis products of blood amidase activity,
favouring clearance (peptide stems) or metabolism (MurNAc and
GlcNAc).

The next question to be addressed was how the distinct
host organs differentially take up circulating peptidoglycan.
The kidneys took up relatively more peptidoglycan (0.5–1.5%)
upon intravenous injection than other organs, followed by the
intestines (0.2–0.8%). The spleen and the brain took up a much
smaller amount immediately after injection (0.02–0.06%), but
these figures changed over time. In the liver, maximal amounts
of peptidoglycan were found 1h post-injection, but then seemed
to remain stable for at least 6h. In the kidneys and the lungs,
the peak in uptake of peptidoglycan was observed early post-
injection, but was followed by a rapid and steady decline.
The concentration in the spleen also peaked early, but like
the liver it seemed to stabilize over several hours rather than
rapidly decline. The most intriguing observations pertained to
the intestines and the brain, where peptidoglycan seemed to
accumulate over time (Ladešić, Perović and Hršak 1993).

Another group compared the fate of 3H-labelled muramyl
dipeptide (MDP) upon intravenous, intraperitoneal and sub-
cutaneous injection and were careful to measure the tissue
intrinsic parenchyma activity only, by subtracting the value
derived from the blood contained in the organs, using 125I-
polyvinylpyrrolidone as a standard to determine the total blood
volume (91.4 ml kg−1) and tissue blood volumes. While the pres-
ence of MDP in most of the organs peaked very soon after intra-
venous injection (e.g. 2 min), it then quickly decreased over time
to almost undetectable levels by 60 min post-injection. In the
liver, however, the concentration of intravenously administered
MDP increased over time. Also, the liver was the only organ
where significant metabolism of MDP was observed (as early as
2 min post-injection) (Ambler and Hudson 1984). However, the
metabolites could not be found in the circulation, suggesting
that they may be excreted directly by the liver via the bile.

Around the same time, one group set out to determine the
fate of MDP and MTP (Fogler et al. 1985). This group measured
the amount of muropeptide-derived radioactivity (muropep-
tides contained within the tissue parenchyma and inside the
supplying microvasculature) as well as the amount of blood
supplying each organ (via 51Cr-labeling of red blood cells). By
doing so, it became evident that the organs receiving the largest
blood supply (kidneys and lungs) were those also containing the
largest amount of radioactive muropeptides upon intravenous
injection. Such an observation revealed that the homing of intra-
venously administered muropeptides to different organs closely
follows hemodynamic parameters and that most muropeptides
remained within the vascular compartment. Possibly as a con-
sequence of this retention within the vasculature (i.e. non-
extensive crossing to the tissue parenchyma), it was found that
most of the injected free muropeptides were quickly excreted via
the urine. Remarkably, however, while the concentration of free
muropeptides quickly declined for almost all organs, it remained
stable in the brain for at least 24h (Fogler et al. 1985). Notably

In the brain and intestines, the accumulation of peptidoglycan
over time, following a single injection, could also be due to the
presence of cells containing receptors for serotonin, which may
bind to certain peptidoglycan derivates (Gershon et al. 1985; Sil-
verman, Wu and Karnovsky 1985).

The authors next compared the intrinsic dissemination pro-
files to these molecules to derivatives of MDP and MTP made
more lipophilic by the attachment of phosphatidylethanolamine
(PE). In addition, the authors described what happens to MDP,
MTP and their PE-containing counterparts, when they are
encapsulated within liposomes. Making these muropeptides
more lipophilic by addition of PE, increased their time in cir-
culation and improved their homing to the host organs. When
encapsulated, however, the distribution profiles more closely
resembled those of the liposomes themselves, and extensive
homing to the reticuloendothelial system was observed. Encap-
sulation of the native, hydrophilic muropeptides was not fea-
sible (4% encapsulation) as they rapidly dissociated from the
vesicles. Rendering them more lipophilic allowed for extensive
(93%) and long-lasting encapsulation (31-fold higher concen-
trations after 4h). This enhanced encapsulation was reflected
by much higher doses of PE-muropeptide homing to the host
organs. Finally, the authors reported that intranasal administra-
tion allowed for a more than 12-fold increase in muropeptide
homing to the brain, compared to intravenous injection (Fogler
et al. 1985).

Another pharmacokinetic profiling study employed a more
lipophilic, muramic acid-lacking, MDP-derivative (14C-labelled
adamantylamide dipeptide, AdDP) (Walder et al. 1991). Very fast
absorption rates were observed upon intravenous and subcu-
taneous injection of AdDP. In contrast with intravenous injec-
tion, however, subcutaneous administration was followed by
prolonged distribution and elimination phases. Subcutaneous
administration also reduced the bioavailability of AdDP due to
deposit retention at the injection site. The authors also reported
that the total radioactivity (and hence its concentration) was
higher (1.7-fold) in the blood corpuscular elements than in
plasma (Walder et al. 1991).

Recently, new light has been shed on this matter. A partial
answer on how the host metabolizes peptidoglycan seems to lie
in the kidneys. In the non-mammalian animal model Drosophila,
renal filtration of microbiota-derived peptidoglycan at steady-
state prevents aberrant immune activation (Troha et al. 2019).
Nephrocytes, cells homologous to those of the kidney glomeru-
lus, may have a critical role in metabolism and excretion of
circulating microbiota-derived peptidoglycan, by degrading it
inside lysosomes. Intriguingly, knockout of nephrocytes in flies
led to a 3-fold increase in the concentration of circulating pepti-
doglycan, excessive immune activation and shortened lifespan.
The decrease in lifespan was microbiota-dependent, and was
the result of chronic inflammation caused by failure to clear pep-
tidoglycan from the systemic circulation. Increased resistance to
infection by several bacterial species (but not against all species
tested, nor against fungi) was also observed in the absence of
nephrocytes. Resistance to infection could be recapitulated by
halting the endocytic capacity of mature nephrocytes, showing
that this is a mechanism amenable to fine-tuning. The observed
effect was the result of improved resistance at the early stages
of infection, rather than increased tolerance to the burden asso-
ciated with the overall infection process (Troha et al. 2019).

Multiple mechanisms are normally in place to prevent exces-
sive immune activation in response to peptidoglycan. However,
when peptidoglycan clearance pathways are compromised, it
is thought that these immune checkpoints become saturated,
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leading to excessive immune activation (Hasegawa et al. 2008a;
Marinis et al. 2011; Damgaard et al. 2012, 2013; Zhang et al. 2014;
Zeissig et al. 2015). Considering that the gut is the main reser-
voir and source of circulating peptidoglycan, it is not surpris-
ing to find that germ-free status protects against the exces-
sive immune activation observed in the absence of nephrocytes.
However, mono-colonization with Gram-positive bacteria bear-
ing Lys-type peptidoglycan, but not with DAP-containing bacte-
ria, again allows for aberrant immune activation in the absence
of nephrocytes (Troha et al. 2019). It must be noted that since
insects do not express NLR family proteins, the observed effect
is independent of NOD2 (Harton et al. 2002).

Even though renal clearance might be a major and conserved
mechanism for peptidoglycan removal from the systemic cir-
culation, it is not known whether specific subsets of circulat-
ing peptidoglycan molecules are preferentially selected for clear-
ance. For example, it is possible that nephrocytes are specifically
involved in the uptake and removal of Lys-type peptidoglycan,
whilst other cells (e.g. hepatocytes) process other peptidoglycan
structures (e.g. DAP-type containing muropeptides) (Troha et al.
2019).

CELLULAR HOMING AND ENTRY

In addition to the multitude of factors influencing the fate and
function of peptidoglycan molecules inside the host at a sys-
temic level (including the structural diversity of peptidoglycan
and muropeptides, the different potential entry sites, hemo-
dynamic factors, and others), multiple scenarios can be envi-
sioned once peptidoglycan molecules actually reach the surface
of host cells. When one considers the question of how, at the
cellular and molecular level, peptidoglycan molecules of differ-
ing nature home to and enter distinct host cell types, we unveil
another level of complexity regarding the interaction between
peptidoglycan and the mammalian host. In this section, we
dissect the different mechanisms through which peptidogly-
can enters the host cells, discriminating these as direct (carrier-
independent) or indirect (carrier-dependent) and as primarily
bacteria- (e.g. secretion systems and membrane vesicles) or host
cell-mediated (e.g. receptor-mediated, peptide transporters).

Bacteria-mediated mechanisms

Cellular invasion
Intracellular bacterial pathogens, such as those belonging to the
genera Shigella, Listeria, Francisella and Rickettsia, have evolved
to evade the host adaptive immune response, by invading and
surviving inside eukaryotic cells where they can find an abun-
dance of nutrients, as well as reduced competition and immune
surveillance. Nonetheless, the entry routes typically exploited
by these pathogens (e.g. receptor-mediated endocytosis, phago-
cytosis) may lead to the formation of phagolysosomes and/or
autophagy activation with consequent killing of the bacteria
(Fredlund and Enninga 2014; Gomes and Dikic 2014; Case and
Samuel 2016). Bacterial invasion may thus result in the release
of peptidoglycan fragments (Shimada et al. 2009), whose detec-
tion via host intracellular receptors (described below) initi-
ates appropriate defense responses against intracellular bacte-
ria (Fig. 3A) (Branković et al. 2015). Among these responses, one
finds autophagy directed against the invading pathogens (i.e.
xenophagy), a process mediated by the recruitment of the key
autophagy protein player Autophagy related 16 like 1 (ATG16L1)
to the bacterial entry sites. Depending on the host cell type
and the nature of the invading pathogen, this process may or

may not require Receptor-interacting-serine/threonine-protein
kinase 2 (RIP2), the main signalling adaptor protein of the
Nucleotide-binding oligomerization domain (NOD) receptors,
and activation of Nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-κB) (Travassos et al. 2010; Irving et al. 2014).
However, many intracellular invading bacteria have developed
ways of avoiding these immune responses, either by modifying
the endocytic pathway and phagosome maturation to avoid bac-
terial killing, or by hijacking the host cell machinery in place
to sense bacteria-derived ligands, thereby hampering the host
response (Case and Samuel 2016).

Secretion systems
Bacterial secretion systems are highly sophisticated protein
complexes used for the delivery of virulence factors across the
bacterial cell envelope to the exterior environment. Six classes
of secretion system (type I—VI) have been identified in Gram-
negative bacteria. In Gram-positive and Gram-negative bacte-
ria, type IV pili and flagella are related to the type II and type
III secretion systems respectively, and may also serve a secre-
tory function, whilst the type VII secretion system has been
identified uniquely in Mycobacteria and other Gram-positive
pathogens. Of these, the type III, IV and VI secretion systems
can deliver effector molecules from the bacterium directly to the
cytoplasm of eukaryotic host cells. Effectors classically take the
form of proteins and, in the case of the type IV secretion sys-
tem (T4SS), DNA. However, one pathogen has been described as
transporting peptidoglycan via this system (Fig. 3A). The T4SS
of the gastric pathogen Helicobacter pylori is encoded by the cag
pathogenicity island (cagPAI), a ∼40 kb DNA insertion element
containing approximately 32 genes (Akopyants et al. 1998; Back-
ert, Tegtmeyer and Fischer 2015). While cagA- strains are found
primarily in the mucus layer and apically to the gastric epithe-
lial cells, strains carrying the cagPAI (cagA+) are able to penetrate
the gastric mucus layer, and colonize in more intimate contact
with the epithelial cells (Camorlinga-Ponce et al. 2004). Overall,
one could hypothesize that H. pylori uses the cagPAI T4SS to tar-
get beneficial peptidoglycan bioactivities towards gastric epithe-
lial cells, potentially promoting the epithelial environment to
favour colonization. For the host however, cagA + strains are
associated with increased risk of severe gastritis, atrophy, dys-
plasia and malignancy (Blaser et al. 1995; Kuipers et al. 1995; Peek
et al. 1995). H. pylori was demonstrated to deliver radiolabeled-
peptidoglycan directly into host gastric epithelial (AGS) cells via
this T4SS, as AGS cell intracellular radioactivity was 50%–90%
lower when exposed to H. pylori lacking a functional T4SS.(Viala
et al. 2004) As such, this system probably contributes to most
of the H. pylori peptidoglycan uptake by gastric epithelial cells.
Peptidoglycan delivery through the cag T4SS is dependent on the
activity of the lytic transglycosylase Slt, a glycoside hydrolase 23
family 1 protein that generates 1,6-anhydromuropeptides (Viala
et al. 2004; Nagy et al. 2009). Slt is the major enzyme responsible
for peptidoglycan turnover in H. pylori, and thus generates the
muropeptides translocated via the cagPAI T4SS (Viala et al. 2004;
Nagy et al. 2009).

Inside host cells, peptidoglycan binds the NOD1 receptor and
leads to NF-κB, p38 and extracellular-signal-regulated kinase
(Erk) activation (Strober et al. 2006). This activation is accom-
panied by increased production of pro-inflammatory cytokines
such as macrophage inflammatory protein 2 (MIP-2), β-defensin
and IL-8 (Viala et al. 2004; Allison et al. 2009). In addition, NOD1
activation by H. pylori peptidoglycan induces production of type
I interferon (IFN), which is implicated in Th1 cell differentia-
tion and further promotes gastric inflammation (Watanabe et al.
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Figure 3. Peptidoglycan uptake mechanisms. Cell wall, Peptidoglycan, muropeptides and their metabolites may be taken up by cells via multiple different, potentially
concomitant processes. The following mechanisms have been described: (A), Bacteria-mediated mechanisms of peptidoglycan delivery into host cells. These include
direct cellular invasion, bacteria-encoded pore-forming toxins that facility muropeptide entry into the host cell cytosol, direct delivery of muropeptides via bacterial

secretion systems, and delivery by bacteria-derived peptidoglycan-containing membrane vesicles that fuse with the host cell membranes. (B), Phagocytosis of bacteria
via formation of membrane ruffles followed by lysis of the bacterium, generating peptidoglycan fragments. (C), Uptake of muropeptides or peptidoglycan derivatives
via membrane spanning transporter proteins. (D), Micropinocytosis-like actin-dependent endocytic uptake. (E), A ‘Trojan horse’ mechanism where peptidoglycan- or
cell wall-sequestering nanomineral particles are taken up by cells. (F), Receptor-mediated endocytosis of bacterial cell wall, mediated through recognition secondary

call wall moieties. LAMP2: Lysosome-associated membrane protein 2; PG: peptidoglycan. MVs: membrane vesicles; SLC: solute carrier group of membrane transport
proteins; PAFr: Platelet-activating factor receptor; AMCP: amorphous magnesium-substituted calcium phosphate.

2010). The injected peptidoglycan also activates phosphoinosi-
tide 3-kinase (PI3K) and directly induces the migration of gastric
epithelial cells. PI3K activation participates in gastric carcino-
genesis and thus connects H. pylori peptidoglycan delivery with
gastric malignancy.

The case of peptidoglycan trafficking via the T4SS of H. pylori
raises a number of questions. Is trafficking of peptidoglycan via
the T4SS a unique mechanism that has evolved in H. pylori, or
is it common to pathogens employing T4SS? Do other types
of secretion system transport muropeptides? Given that the
major host receptors for Gram-negative peptidoglycan (NOD1
and NOD2) are cytoplasmic, muropeptide delivery by bacterial
secretion systems across the host cell membrane is an entic-
ing target to further understand how bacteria regulate the host
immune response during infection.

Membrane vesicle secretion
Many bacteria release lipid membrane vesicles (MVs) that per-
form a variety of functions for the producing bacteria, includ-
ing the delivery of cargo to other cells (Fig. 3A). MVs gener-
ated by didermal Gram-negative bacteria typically bud from the
outer membrane, and are thus specifically termed outer mem-
brane vesicles (OMVs). OMVs can act as shuttles for antigens
and virulence factors, including peptidoglycan species, and are
thus important mediators of host-pathogen interactions and
peptidoglycan uptake (Cecil et al. 2019). OMVs from H. pylori,
Pseudomonas aeruginosa and Neisseria gonorrhea carrying pepti-
doglycan have been shown to activate NOD1, culminating in
downstream induction of NF-κB-dependent inflammatory phe-
nomena and the development of adaptive immune responses
against bacteria derived-membrane vesicles (Kaparakis et al.

2010). Accordingly, while epithelial cells are normally refrac-
tory to external stimulation with peptidoglycan, its incorpora-
tion within OMVs facilitates passage of peptidoglycan into the
epithelial cell and presentation in a way that triggers the activa-
tion of cytosolic NOD1 (Kaparakis et al. 2010).

OMVs preferentially fuse with the host cell membrane
via lipid rafts (Kesty et al. 2004; Mondal et al. 2016). Deple-
tion of lipid rafts on the surface of epithelial cells by treat-
ment with Fumonisin B1 (an inhibitor of sphingomyelin incor-
poration), or with the cholesterol-depleting agent methyl-ß-
cyclodextrin, both reduced the fusion of OMVs containing pep-
tidoglycan, and NOD1-dependent immune responses. In turn,
cholesterol replenishment restores the fusion of OMVs and
NOD1-mediated NF-κB responses. The same authors hypoth-
esized that NOD1 may associate with the cytoplasmic face of
the human epithelial cell membrane, and that the uptake of
peptidoglycan-containing OMVs via lipid rafts may render pep-
tidoglycan accessible to membrane-associated NOD1 (Kaparakis
et al. 2010). In addition, lipophilic acryl residues produced
by bacteria, associated with γ -D-glutamyl-mDAP acid (γ -iE-
DAP, the recognition core of Nod1 stimulatory molecules) have
been shown to potentiate the NOD1 stimulatory activity of iE-
DAP, thus suggesting the presence of certain bacteria-derived
lipid species to drive peptidoglycan-mediated NOD1 signalling
(Hasegawa et al. 2007). Supporting the aforementioned hypothe-
sis is the observation that NOD1 does localize to the cytoplas-
mic membrane in (at least) human epithelial cells, and that
the addition of invasive Shigella to these cells leads to further
recruitment of membrane-associated NOD1 to the specific lipid
raft domain-containing focal points of bacterial entry (Kufer
et al. 2008).
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As a final note, innate and adaptive immune responses trig-
gered by peptidoglycan-containing OMVs are, in fact, triggered
by peptidoglycan-mediated NOD1 activation and not by TLR-
activating species present in outer membrane vesicles. Myeloid
differentiation primary response 88 (MyD88) and Myelin and
lymphocyte protein (Mal) KO mice are defective in all known
TLR pathways, but display no alterations in immune responses
against such peptidoglycan-containing vesicles. In turn, NOD1
KO mice do not produce Cxcl2 mRNA responses, and do not
display OMV-specific IgG antibodies (Kaparakis et al. 2010).
How these adaptive immune responses against peptidoglycan-
containing OMVs are mounted is not yet established. It is pos-
sible that antigen presenting cells also take up such vesicles,
leading to surface antigen presentation and induction of anti-
body production by effector B cells. Alternatively, peptidoglycan
molecules taken up at the apical side of epithelial cells, may be
released by the basal side of these same cells via exosomes (as
recently suggested in Bu et al. 2010), so that vesicle-mediated
transportation of peptidoglycan may occur in vivo between host
mammalian cells.

More recently, other types of MV have been identified. Gram-
negative outer-inner membrane vesicles (OIMVs) have been iso-
lated, and enclose both cytoplasmic material and a periplasm
replete with peptidoglycan layer (Pérez-Cruz et al. 2015). OMVs
produced by cell lysis may also contain cytoplasmic content.
Monodermic Gram-positive bacteria have been found to release
MVs, also called cytoplasmic membrane vesicles (CMVs) (Lee
et al. 2009a; Andreoni et al. 2019). These CMVs have been associ-
ated with phage endolysin activity that destabilizes the peptido-
glycan layer (Qing et al. 2019; Toyofuku, Nomura and Eberl 2019).
Gram-positive CMVs and Gram-negative OIMVs are not well
studied. However, given the presence of cytoplasm and cyto-
plasmic membrane, it is interesting to speculate that they may
encapsulate peptidoglycan precursor muropeptides and mature
muropeptides (undergoing turnover) captured from the bacte-
rial cytoplasm. In turn, the CMV surface could be decorated with
patches of polymeric peptidoglycan, whilst OIMVs have been
shown to possess a periplasmic peptidoglycan layer. The pres-
ence of peptidoglycan precursors in MVs is of particular interest,
since lipidated muropeptides generally have enhanced bioavail-
ability and illicit stronger immune responses (Griffin et al. 2019).
The potential consequences for uptake and immune activa-
tion of host cells by peptidoglycan, transported via these novel
classes of MV, remains to be studied.

Host-mediated mechanisms

Phagocytosis
Upon encountering commensal and potentially pathogenic bac-
teria, the host professional phagocytes (including monocytes,
macrophages, dendritic cells, osteoclasts, eosinophils and neu-
trophils) may engulf these bacteria via phagocytosis (Fig. 3B)
(Rabinovitch 1995). Phagocytosis starts with the recognition
and ingestion of potential pathogens followed by their engulf-
ment into a plasma membrane-derived vesicle, the phago-
some. The recognition step may occur directly via the recog-
nition of pathogen-associated molecular patterns (PAMPs) by
the host cell, or indirectly via recognition of opsonized bacte-
ria (covered in antibodies, complement, fibronectin, mannose-
binding lectin or other globulins) (Flannagan, Jaumouillé and
Grinstein 2012). The bacteria-containing phagosome may then
fuse with endosomes and lysosomes, leading to the formation of
an enclosed environment capable of degrading the bacteria and

generating polymeric peptidoglycan fragments and muropep-
tides (e.g. low pH, the presence of oxygen and nitrogen reac-
tive oxygen species, nutrient starvation, antimicrobial peptides
and enzymes). Phagocytosed bacteria can thus represent a long-
lasting source of muropeptides which can be then be sensed
by the host cell. Phagocytic cells may then directly activate
other non-phagocytic cells in order to mount a response against
potential invading pathogens.

While the host is endowed with mechanisms to degrade
phagocytosed bacteria leading to the release of muropeptides
from endosomal compartments, certain bacterial species may
also actively put their own machinery for muropeptide release
in place once phagocytosed. The pathobiont Streptococcus pneu-
moniae colonises the oro- and nasopharynx of up to 60% of
target populations. Whilst colonisation is in most cases tem-
porary and asymptomatic, it may also lead to life-threatening
invasive infections such as community-acquired pneumonia
and meningitis, accounting for more than 1 million infant
deaths (even more among the elderly) worldwide every year
(Henriques-Normark and Tuomanen 2013). Among the impor-
tant S. pneumoniae virulence factors one finds the exotoxin pneu-
molysin, a member of the cholesterol-dependent cytolysins
expressed across several Gram-positive bacterial species, which
causes membrane rupture upon oligomerization on cholesterol-
containing membranes (Kadioglu et al. 2008; Mitchell and
Mitchell 2010; Henriques-Normark and Tuomanen 2013). Sev-
eral different protein variants of pneumolysin exist, displaying
a spectrum of hemolytic activity and accounting for differential
invasiveness across the more than 90 S. pneumoniae serotypes
(Weinberger et al. 2010). Streptococcus pneumoniae peptidoglycan
is sensed by NOD2 in a pneumolysin-dependent way, as the
enzyme facilitates the leakage of muropeptides into the cytosol
upon bacterial phagocytosis and phagosomal degradation (Opitz
et al. 2004; Davis, Nakamura and Weiser 2011; Koppe, Suttorp
and Opitz 2012). Subsequently, a response characterized by the
activation of NF-κB-induced genes, IL-1β and the NLRP3 inflam-
masome is put in place (see below for a detailed description
of these signalling pathways). A similar mechanism of lysoso-
mal rupture and leakage of bacterial contents into the cytosol,
leading to the activation of the NLRP3 inflammasome, has also
been reported for β-hemolysin in Streptococcus pyogenes infec-
tion (although peptidoglycan-mediated effects were not inves-
tigated) (Gupta et al. 2014).

A note on cell surface receptors
It seems logical that efficient uptake of free peptidoglycan
and muropeptides by host cells would be initiated by a cap-
ture step, facilitated by cell surface receptor proteins. Indeed,
fractionation studies performed in the 1980s suggested that
peptidoglycan binds at the cell surface of lymphocytes in a
tissue-dependent manner (Dziarski 1987). Nevertheless, few
studies have definitively identified such receptors. Whilst the
SLC15 transporter family is becoming well characterized for
their muropeptide transporting activity, other receptors, such as
CD14, have received little attention beyond their initial identifi-
cation, and therefore remain to be solidly established as pepti-
doglycan receptors. Thus, this field is very much open for fur-
ther investigation, and quite likely, new receptor discoveries.
The putative peptidoglycan receptors identified so far are dis-
cussed in more detail under the relevant headings below.

One potential, major cell surface receptor of peptidogly-
can is the PRR Toll-Like Receptor 2 (TLR2). A wealth of data is
available that posit major immunological consequences of TLR2
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activation by peptidoglycan. However, the recognition of pep-
tidoglycan by TLR2 remains controversial. Carefully conducted
biochemical studies, devoid of contaminating material, have
explored the chemical nature of muropeptide recognition by
TLR2. Nevertheless, these have generated conflicting data sup-
porting or opposing a role for TLR2 in peptidoglycan recogni-
tion. A further complication is that immunological studies fre-
quently involve the use of commercial preparations of peptido-
glycan, some of which have been shown to contain other cell
wall components that are known TLR2 ligands (Travassos et al.
2004; Hashimoto et al. 2006). Essentially, peptidoglycan could act
as a carrier for presentation of other TLR2 ligands (i.e. by our
previous definition, TLR2 is presented with and recognizes cell
wall).

While some studies report TLR2 as a peptidoglycan recep-
tor (Yoshimura et al. 1999; Dziarski and Gupta 2005), others
have shown that TLR2 fails to recognize both muropeptides and
highly purified polymeric peptidoglycan from several different
bacteria species (Inohara et al. 2003; Travassos et al. 2004). How-
ever, more recent studies have provided strong evidence sup-
porting that even contaminant-free, naked peptidoglycan can
be bound by TLR2. For instance, it has been shown that iso-
lated human TLR2 binds both synthetic DAP-type and Lys-type
muropeptides (as measured by surface plasmon resonance),
that modifications on the carboxylic acids of isoglutamine and
mDAP modulate muropeptide binding to TLR2 (which may com-
plicate matters when employing synthetic ligands), and that
highly purified peptidoglycan from multiple species leads to
TLR2-mediated cellular activation, although the ability of the
synthetic muropeptides to activate cellular responses was not
tested (Asong et al. 2009). Similarly, another study employed
polymeric peptidoglycan isolated from Staphylococcus aureus �lgt
(defective in lipidation of pro-lipoproteins, the precursors of
TLR2 ligands) in order to exclude contamination with lipopro-
teins and tested it on murine keratinocytes. Upon uptake via a
NOD2- and TLR2-independent endocytosis-like process, naked
polymeric peptidoglycan colocalized with, and independently
activated, NOD2 and TLR2 to a similar extent. Knocking out
either one of these receptors resulted in a 50% reduction in IL-
6 and IL-1β production (Müller-Anstett et al. 2010). This syner-
gistic activation is in agreement with that observed by others
(Natsuka et al. 2008). However, in a subsequent study, the same
S. aureus �lgt mutant failed to induce TLR2-dependent costim-
ulatory effects in murine bone marrow derived dendritic cells,
murine macrophages (J774 cells) or human monocytes (MM6
cells). In contrast, polymeric peptidoglycan from the lipoprotein-
replete SA113 parent strain stimulated TLR2-dependent and
NOD2-dependent cytokine production, and enhanced matura-
tion parameters (Schäffler et al. 2014).

One critical point seems pertinent in addressing the conflict-
ing biochemical data: what is the physiologically relevant con-
centration at which TLR2 encounters activating-muropeptide
structures in vivo, and at what concentration are they sufficient
to initiate a host response? Note that the peptidoglycan potency
is lower compared to that observed for typical contaminants
present in commercial peptidoglycan preparations (including
TLR2 agonists) (Müller-Anstett et al. 2010). Hence, it is possi-
ble that the peptidoglycan TLR2-activating capacity is negligible
when compared side-by-side to that of ‘contaminated’ peptido-
glycan. However, even if the peptidoglycan contribution to TLR2
activation in vivo is orders of magnitude smaller than that of the
remaining TLR2 ligands, it should not be discarded. Studies have
suggested that muropeptides are present in tissues and bioflu-
ids at sub-microgram to low microgram (per g or mL) quantities

(Sen and Karnovsky 1984; Hoijer et al. 1995; Fox et al. 1996; Xu
et al. 2008; Huang et al. 2019). Studies reporting TLR2 activation
by peptidoglycan employ concentrations as low as 100 ng/mL
(e.g. Dziarski and Gupta 2005).

One must also consider a complicating factor, that the over-
all concentration of muropeptides in biofluids may not reflect
the local concentration. For example, proximity of receptors
to transporters could increase local concentration of muropep-
tides, whilst vesicle encapsulation would mask the molecular
cargo from nearby cognate receptors. It is also important to
note that, even though TLR2 is typically considered as a surface
receptor, its colocalization with peptidoglycan is found intracel-
lularly (Müller-Anstett et al. 2010), which goes in line with its
recruitment to endosomal compartments (Underhill et al. 1999;
Eddie Ip et al. 2008; Dietrich et al. 2010). Thus, one should be care-
ful when employing reporter assays using cells that would not
otherwise express significant amounts of TLR2, as these could
theoretically be defective in relevant recruitment pathways (as
observed for other TLRs e.g. Koehn et al. 2007; Isnardi et al. 2008).
By addressing these issues, and by understanding the context in
which TLR2 encounters peptidoglycan in vivo, we should be able
to clarify the uncertainty surrounding the TLR2 conundrum.

Peptide transporters
Integral transmembrane proton-coupled oligopeptide trans-
porters shuttle dipeptides, tripeptides and peptidomimetics into
cells. In general, eukaryotic cells employ solute carrier (SLC)
family membrane proteins rather than ATP-binding cassette
(ABC) transporters for the uptake of soluble molecules (Hediger
et al. 2013). Of these, the SLC15 transporter family has a lead-
ing role in the translocation of NOD1 and NOD2 agonists into
epithelial and dendritic cells (Fig. 3C) (Vavricka et al. 2004; Ismair
et al. 2006; Dalmasso et al. 2010; Hediger et al. 2013). SLC15A1
(PepT1), SLC15A2 (PepT2), SLC15A4 (PhT1), and SLC15A3 (PhT2)
(Lee et al. 2009b; Sasawatari et al. 2011; Nakamura et al. 2014;
Wang et al. 2018) have all been implicated in the uptake of dif-
ferent muropeptide species (reviewed in Smith, Clémençon and
Hediger 2013). For instance, SLC15A1 (PepT1) has been shown
to transport MDP and triDAP molecules into human epithelial
intestinal cells (Vavricka et al. 2004; Ismair et al. 2006; Dalmasso
et al. 2010), whilst SLC15A2 (PepT2) transports triDAP into lung
epithelial cells (Swaan et al. 2008). PepT2 was also shown to
facilitate MDP uptake by bone marrow derived macrophages
(BMDCs), although the authors noted that mechanisms other
than transmembrane transport of MDP by PepT2 were possible
(Hu et al. 2018). PhT1 (SLC15A4) and PhT2 (SLC15A3) have been
implicated in MDP transport to the cytosol across endosomal
membranes (Nakamura et al. 2014). PhT1 is additionally reported
to transport triDAP (Lee et al. 2009b).

In terms of tissue expression, the expression pattern (at
the mRNA and protein level) of PepT1 in the brain is par-
ticularly interesting as it is highest in the early postnatal
period and declines in adulthood, which may correlate with
the increased degree of colonization and expected increased
load of circulating peptidoglycan fragments. In addition, its
expression is dependent on colonization status (Arentsen et al.
2017). Both PhT1 and PhT2 are abundantly expressed in the
brain (Yamashita et al. 1997) and lymphatic system (Sakata et al.
2001), being described as endosomal and lysosomal transporters
with limited information regarding their substrate specificity for
oligopeptides and histidine. The SLC15 family transporters may
also be functionally differentiated depending on their cellular
localisation. For example, PepT2 and PhT1 were proposed to act
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cooperatively in the transport of MDP into BMDCs, by differen-
tially localising to the cytoplasmic membrane and endosomal
compartments, respectively (Hu et al. 2018).

It should be noted that there is some conflict in the lit-
erature regarding the specific ligands that can or cannot be
transported by the SLC15 family receptors. Such differences
between studies may be attributed to the types of assay used
and the specific study conditions (e.g. glycyl-sarcosine competi-
tion assay, fluorescent muropeptide probes, immune response
readouts, differences in cell culture system, concentration of
muropeptides). Thus, the true extent to which these trans-
porters differ in their muropeptide substrate preference remains
an open question. Members of the SLC15 transporter fam-
ily cannot, however, mediate the uptake of all muropeptides.
For instance, DAP-containing anhydro-muropeptide monomers,
classically called ‘tracheal toxins’, are not taken up by SLC15
transporters, but by the SLC46 family of transporters (Paik
et al. 2017). Humans and mice alike express three SLC46 trans-
porters. SLC46A1 (proton-coupled folate transporter) is respon-
sible for the intestinal uptake of folate/antifolates (Qiu et al.
2006). Human SLC46A2 (TSCOT) is abundantly expressed in
the thymic cortical epithelium (Kim et al. 2000), and proba-
bly in the skin in both humans and mice (Harder and Núez
2009), and SLC46A3 is yet to be characterized. Both human and
mouse SLC46A2, and mouse SLC46A3, have been shown to facil-
itate the uptake of DAP-containing monomers, as well as MDP.
These receptors localize to acidic subcellular organelles (late-
endosomes and/or endolysosomes) and, upon exposure to their
muropeptide ligands, have been shown to aggregate and to trig-
ger the NF-κB signalling pathway via NOD1/RIP2 activation (Paik
et al. 2017).

It is intriguing that both SLC15 and SLC46 transporters facil-
itate the uptake of such similar muropeptides considering that,
among the more than 390 SLCs present in humans, the SLC15s
and SLC46s are considered to be relatively distinct when it
comes to their cargos (Hediger et al. 2013), SLC15s being involved
in amino acid/oligopeptide transport whilst SLC46s are impli-
cated in shuttling of folic acid, and more closely related to the
organic ion transporters (Schlessinger et al. 2010). It is tempting
to speculate that other, unanticipated human proteins might be
implicated in peptidoglycan recognition, shuttling and process-
ing.

A third member of the SLC family is of interest as muropep-
tide transporter. A variety of Gram-negative bacteria encode a
transmembrane permease, ampG, which participates in the recy-
cling of muropeptides generated by lytic translgycosylase activ-
ity, by functioning as a transporter of GlcNAc-anhMurNAc dis-
accharide and GlcNAc-anhMurNAc-peptides (Cheng and Park
2002). An orthologue of E. coli ampG was identified in humans
and other mammals—the major facilitator superfamily domain
containing 3 (Mfsds3) (Park and Uehara 2008). MFSD3 has been
reported as a new, putative member of the SLC family, most
closely related to the acetyl-CoA transporter family SLC33 (Per-
land et al. 2017). It has a broad tissue expression in C57BL/6 mice,
most notably in the liver, kidney and throughout the central
nervous system, where immunofluorescence staining of mouse
brain sections revealed a specific localization to the plasma
membrane of neurons. Whether MFSD3 has in role in the trans-
port of muropeptides, and the potential consequences for the
host, is undoubtedly an enticing target for further study.

Pannexins are a family of vertebrate proteins that form
hemichannels (hexamers of homomeric or heteromeric pannex-
ins) that generate a pore in the membrane of cellular organelles,
or the cytoplasmic membrane leading into the extracellular

space. Their pore has a large internal diameter that allows the
diffusion of relatively small molecules (∼1 kDa) (Bao, Locovei
and Dahl 2004; Ma et al. 2012). The Pannexin-1 hemichannel has
been shown to act as a transporter for muropeptides (Marina-
Garcı́a et al. 2008). When MDP-rhodamine was endocytosed in
bone marrow-derived macrophages, it localized to acidified vesi-
cles in a punctate granular pattern consistent with vesicular
localization. Subsequently, ATP stimulation triggered Pannexin-
1 association with the P2X7R protein, leading to channel for-
mation and MDP release from the vesicular compartment to
the cytosol. This rapid re-localization (<2 min) induced by ATP
required a functional pannexin-1 protein and led to the activa-
tion of caspase-1 in a NLRP3-dependent but NOD2-independent
manner (Marina-Garcı́a et al. 2008).

Connexins are a family of proteins that form intercellular
gap junctions, consisting of two juxtaposed hemichannels on
the surface of two adjacent cells, forming a connected chan-
nel (Bennett et al. 2003; Sáez et al. 2003). Gap junctions are
important not only for direct cellular activation (i.e. upon direct
antigen exposure) but also for the propagation of antigen pre-
sentation, via gap junction-mediated intercellular antigen dif-
fusion, in a process called cross-presentation (Neijssen et al.
2005; Matsue et al. 2006; Pang et al. 2009). Although they do
not share sequence homology, connexins have an organization
highly similar to that of pannexins (pannexins have a glycosy-
lated extracellular domain that does not allow for the forma-
tion of cell-to-cell direct communication), and thus connexins
are interesting targets for further exploration as muropeptide
transporters. To our knowledge, transport of muropeptides by
connexins has not been investigated, however the large pore
size of hemichannels and gap junctions could easily accom-
modate the majority of monomeric muropeptides, and there-
fore connexins could potentially facilitate the propagation of
muropeptide signals between cells (Boassa et al. 2007). It is inter-
esting to note that whilst connexins may facilitate antigen dif-
fusion and cross-presentation, drive immune response propaga-
tion and amplification, they may also allow for the development
of tolerance phenomena (Mazzini et al. 2014). The potential for
muropeptides to be propagated between cells, potentially con-
tributing to inflammatory or tolerogenic outcomes, is undoubt-
edly worth further investigation. It is worth noting that peptido-
glycan can regulate connexin expression. Peptidoglycan from S.
aureus reduces connexin expression and functional gap junction
formation in astrocytes via a p38/MAPK-dependent mechanism
(Esen et al. 2007). In contrast, exposure of microglia cells to S.
aureus peptidoglycan results in cellular activation and increased
connexin 43 expression, allowing for the formation of functional
intercellular communications via gap junctions. Peptidoglycan-
induced gap junction formation may, therefore, be important
for the mounting of effective immune responses, and for clear-
ance and regenerative processes (Garg, Syed and Kielian 2005;
Eugenin et al. 2012).

Actin-dependent endocytosis
Endocytosis is a process by which cells internalize material
from the exterior environment, by invagination of the cyto-
plasmic membrane to form an intracellular vesicle (reviewed
in McMahon and Boucrot 2011). An actin-dependent pathway
for the endocytosis of bacterial cell wall fragments has been
reported for epithelial and endothelial cells. This pathway is
independent of caveolin-mediated endocytosis, as caveolin 1
(Cav1) depletion using siRNA does not inhibit cell wall uptake
(Loh, Gao and Tuomanen 2017). However, it displays several
features of the receptor-independent fluid uptake mechanism
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known as micropinocytosis, a generalized endocytic process
through which nutrients and other molecules are acquired by
eukaryotic cells. Micropinocytosis is dependent on actin dynam-
ics, Cdc42, Rac1 and PI3K, but is independent of RhoA. Accord-
ingly, inhibition of actin polymerization with cytochalasin D,
inhibition of PI3K with wortmannin, inhibition of the GTPase
Cdc42 with Pirl1, or inhibition of the GTPase Rac1 with EHT1864,
all independently reduce cell wall internalization by 40–50% in
Human Brain Microvascular Endothelial Cells (HBMEC), and in
A549 (alveolar basal epithelium) cells (Loh, Gao and Tuomanen
2017). In turn, RhoA inhibition with rhosin does not alter cell
wall uptake (Loh, Gao and Tuomanen 2017). Further similarities
to micropinocytosis include the accumulation of an actin ring
at the cell wall-binding sites (Loh, Gao and Tuomanen 2017).
However, cell wall uptake is not accompanied by hallmarks of
micropinocytosis such as enhanced fluid uptake or membrane
‘ruffles’. This pathway thus differs from classical micropinocy-
tosis, whilst retaining several of its intracellular hallmarks,
and bears similarity to the mechanism involved in human
papillomavirus type 16 (HPV-16) endocytosis (Schelhaas et al.
2012). Upon cell wall internalization by this ‘micropinocytosis-
like’ pathway, cell wall fragments localize to late endosome or
lysosome compartments (lysosome-associate membrane glyco-
protein 2 (LAMP2)-positive compartments), indicating that the
actin-dependent pathway leads to cell wall trafficking within
lysosomes (Fig. 3D).

It has been reported that cytoplasmic NOD1 and NOD2 are
recruited to endosomes containing peptidoglycan. Such posi-
tioning allows for the detection of its ligands at localised sites
of highest concentration, presumably contributing to a faster,
more potent and more efficient receptor activation, and interac-
tion with downstream mediators (e.g. RIP2) and respective bio-
logical responses (Irving et al. 2014; Nakamura et al. 2014). The
NOD receptors localise to the endosome membrane, and may
thereby directly detect muropeptides as they are released from
the endosomal compartment via the endosomal peptide trans-
porters or other membrane channels. However, if such release
occurs for small muropeptides (e.g. MDP or MTP), it may not be
possible for larger muropeptides or cell wall fragments contain-
ing NOD activating motifs. For instance, recognition of Strepto-
coccus pneumoniae peptidoglycan by NOD2 in macrophages has
been shown to require both hydrolysis of the peptidoglycan by
lysozyme, and endosomal membrane puncture by pneumolysin
(Davis, Nakamura and Weiser 2011).

Indirect mechanisms

Intestinal nanomineral-antigen pathway
Nano-sized amorphous magnesium-substituted calcium phos-
phate (AMCP) species are nanomineral particles constitutively
formed through self-assembly in the intestinal lumen. These
endogenous intestinal nanominerals also constitute an alterna-
tive route through which luminal antigens can be sampled in
the gut, by acting as shuttling vehicles for minerals, proteins
and microbial components including peptidoglycan (Pele et al.
2017). AMCP particles traverse specialized epithelial M cells and
are released into the underlying Peyer patches, where they are
scavenged by antigen-presenting cells (APCs; Fig. 3E). AMCPs
and their cargo have been shown to reach the endosomal or
lysosomal compartments of APCs in vivo, providing targeted co-
delivery of antigens and additional immune modulators (e.g. cell
wall or peptidoglycan) to APCs (Powell et al. 2015). Recognition
and cellular handling of bacterial components carried by AMCPs

display an immuno-regulatory role. Accordingly, a recent study
demonstrated that whilst synthetic amorphous magnesium-
substituted calcium phosphate (sAMCP) nanomineral particles
are themselves largely devoid of immune activity, sAMCPs con-
taining Staphylococcus aureus peptidoglycan shuttled the pepti-
doglycan to APCs and thereby act as immune-regulatory agents
(Hewitt et al. 2017). The ability of AMCPs to adsorb biological
materials has also been exploited for its use as adjuvants to
achieve enhanced immune responses (Relyveld 1986; Heit et al.
2007; Slütter et al. 2009). In turn, some AMCP-shuttled MAMPs
have been shown to induce tolerance under certain conditions
(Hedl and Abraham 2011; Wolfle et al. 2011; Nahid et al. 2013),
thereby reinforcing that the nature of such adsorbed materials
(and not the AMCPs themselves) is responsible for dictating the
form and extent of the modulated immune response.

AMCP-mediated co-delivery of antigen with bacterial pepti-
doglycan is believed to allow for tolerogenic signalling, whereby
peptidoglycan attenuates the immune response against an oth-
erwise strong immunogenic molecule. Accordingly, intestinal
nanomineral carriers containing both antigen and peptidogly-
can are capable of attenuating antigen-specific CD4+ T cell
(adaptive) responses, resulting in reduced T cell proliferation to a
cognate recall antigen (protein-purified derivative of tuberculin)
(Hewitt et al. 2017). APCs that have taken up peptidoglycan via
AMCPs in intestinal lymphoid tissues display upregulation of
the immuno-inhibitory receptor Programmed death receptor lig-
and 1 (PD-L1) in a NOD1/NOD2-dependent manner (Powell et al.
2015). In vitro, the presence of peptidoglycan in AMCPs induces
a shift in blood-derived monocytes towards a phenotype less
suited to the promotion of Th1 type CD4+ T cell responses. This
phenomenon is to a large extent regulated by the secretion of
the anti-inflammatory cytokine IL-10 (Hewitt et al. 2017). IL-10 is
secreted by APCs in the lamina propria and Peyer’s patches, and
it is known to be involved in the maintenance of intestinal tol-
erance (Hauer et al. 1998; Tsuji, Mizumachi and Kurisaki 2001;
Denning et al. 2007; Takada et al. 2010). Early exposure to TLR
agonists has been shown to block the differentiation of mono-
cytes into mature APCs, resulting in a PD-L1+ tolerogenic APC
phenotype that fails to induce Th1 cell proliferation, but which
induces regulatory T cells (Wolfle et al. 2011). As peptidoglycan-
containing AMCPs seem to lead to a similar attenuation of Th1
type CD4+ T cell responses, one can hypothesize that peptido-
glycan is involved in the triggering/maintenance of a similar
tolerogenic phenotype.

The down-regulation of cell surface MHC II molecules is one
mechanism through which IL-10 suppresses adaptive immune
responses (Koppelman et al. 1997; Thibodeau et al. 2008). In addi-
tion, cell surface expression of PD-L1 in monocytes might also
dictate the type of T cell that proliferates, favouring the mat-
uration of regulatory T cells (Francisco et al. 2009; Fukaya et al.
2010). Consistent with the suggestion that peptidoglycan has
anti-inflammatory potential when taken up via the nanomineral
pathway, is the observation that the immuno-inhibitory recep-
tor PD-L1 fails to be upregulated when recognition of peptidogly-
can (MDP) by NOD2 is defective, such as in the case of Crohn’s
Disease intestinal lymphoid tissue (Hewitt et al. 2012; Robertson
et al. 2016). Thus, peptidoglycan delivered to APCs through the
AMCP nanomineral pathway may act as an immune-modulator
with predominantly anti-inflammatory potential. It is not yet
known whether nucleation of AMCPs is affected by particular
features of the peptidoglycan chemistry or other cell wall com-
ponents, which could favour or oppose AMCP formation and
uptake via this pathway.
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Molecular mimicry
In mammals, the platelet-activating factor receptor (PAFr) is a
G-protein-coupled receptor that induces endocytosis upon acti-
vation by the chemokine platelet-activating factor (PAF). Recog-
nition of PAF by PAFr occurs via the phosphorylcholine (ChoP)
moiety, and respiratory pathogens are thought to mimic PAF in
order to induce PAFr-mediated endocytosis by decorating their
surface with ChoP. However, this translocation is not restricted
to live bacteria, as cell wall fragments decorated with ChoP are
internalized by eukaryotic cells via PAFr recognition (Fig. 3F)
(Cundell et al. 1995; Ring, Weiser and Tuomanen 1998; Rijneveld
et al. 2004; Fillon et al. 2006). In vitro studies have shown that,
when mediated by PAFr, endocytosis of cell wall fragments is β-
arrestin-, clathrin- and dynamin-dependent (McLaughlin et al.
2006; Eckels et al. 2009; Loh, Gao and Tuomanen 2017). Treat-
ment of human brain microvascular endothelial cells (HBMEC)
and human adenocarcinoma lung epithelial cells (A549) with
dynasore, a dynamin inhibitor, reduces the uptake of CypHer5E-
labelled cell wall fragments from Streptococcus pneumonia by
50%. Similarly, small interfering RNA (siRNA)-mediated deple-
tion of endogenous clathrin heavy chain and endophilin A2
(which reshapes the membranes before scission in the case
of clathrin-independent endocytic events) in HBMEC and A549
cells reduces cell wall uptake by ∼20% (Loh, Gao and Tuoma-
nen 2017). Hence, multiple membrane scission, endocytic and
antigen uptake events occur in parallel, whereby endophilin A2,
dynamin and actin all act together to drive independent but syn-
ergistic pulling forces.

Even though cell wall fragments from pneumococci inter-
act with both TLR2 and PAFr in HBMEC and A549 cells (Cundell
et al. 1995; Yoshimura et al. 1999), the internalization of pneu-
mococcal cell wall fragments is still observed in the absence of
TLR2 (Loh, Gao and Tuomanen 2017). Thus, there seems to be a
division between the cell surface receptors involved in cell wall
recognition leading to internalization, and cell surface receptors
involved in recognition that triggers immune responses. Accord-
ingly, cells treated in vitro with the PAFr antagonist CV-3988, PAFr
knockouts and PAFr/TLR2 double knockouts, but not TLR2 single
knockouts, all display a 40–50% reduction of cell wall internal-
ization (Loh, Gao and Tuomanen 2017). When allowed to pro-
ceed, the PAFr-dependent pathway has been shown to account
for only ∼40% of cell wall fragment endocytic events. Moreover,
cell wall fragments of pathogens devoid of ChoP are internalized
in PAFr knockout cells, highlighting the presence of host mech-
anisms other than PAFr activation for the internalization of cell
wall fragments (Loh, Gao and Tuomanen 2017). As seen for actin-
mediated uptake of cell wall fragments, PAFr-mediated uptake
also seems to involve lysosomal trafficking because PAFr knock-
out cells display less cell wall within LAMP2 compartments (Loh,
Gao and Tuomanen 2017). Thus, it is likely that these two uptake
pathways converge at the level of the lysosomal compartment
and share the same downstream intracellular processing path-
ways. The degree of overlap, and the receptors involved in these
two different, downstream aspects of cell wall recognition are
most likely cell type- and context-dependent.

PEPTIDOGLYCAN DETECTION IN MAMMALS

Upon reaching the intracellular compartment, peptidoglycan-
mediated signalling is considered to be well established, as
a result of comprehensive in vitro studies. A word of caution
should be put forward, as these may not fully reflect the way
host cells respond to peptidoglycan molecules in vivo. For exam-
ple, in vitro cultures of immortalized cells may not necessarily

express the same transporters as their primary cell counter-
parts, co-stimulation and co-activation phenomena are likely
to take place in vivo, immune memory is hard to account for
in vitro, and sequential presentation across different cell types
may lead to chemical modifications of peptidoglycan-derived
molecules. Nevertheless, in vitro studies have been valuable
in elucidating the mechanisms through which peptidoglycan
influences host (patho)physiological processes, and some of
the players acting downstream of peptidoglycan recognition
(discussed below) have well established roles in multiple dis-
ease phenotypes across a range of human and animal patholo-
gies, thereby validating their role in sensing and responding to
peptidoglycan.

Carbohydrate-binding domains

C-type lectins are a diverse superfamily of mainly Ca2+-
dependent proteins that bind a variety of carbohydrates (includ-
ing the glycan moieties of peptidoglycan) via carbohydrate
recognition domains (CRDs), and function as innate immune
PRRs (Hoving, Wilson and Brown 2014). The presence of at least
one CRD is the defining feature of a C-type lectin. In mammals,
C-type lectins secreted in the blood initiate the lectin-pathway
of the complement cascade, via a general mechanism of binding
to GlcNAc residues on bacterial peptidoglycan. The archetype
protein player of this pathway is the collectin mannose-binding
lectin (MBL), which in humans includes a serum-secreted form,
and two lung surfactant proteins (SP-A and SP-D). The collectin
CL-11 can also initiate the lectin pathway (Keshi et al. 2006;
Hansen et al. 2010). Although these collectins bind GlcNAc, they
have strong affinity for other sugar residues and therefore target
a broad range of microorganisms.

Another group of C-type lectins that initiate the lectin-
complement pathway through peptidoglycan recognition are
the ficolins, a group of proteins containing one fibrinogen-like
and one collagen-like domain. Almost all ficolins are capable of
binding to GlcNAc and are arguably not true C-type lectins due
to their dependency on acetyl groups for binding, rather than
on the carbohydrate moiety itself (Bidula, Sexton and Schelenz
2019). Three ficolins, M- L- and H-ficolin, have been identified
in humans, whereas mice have two functional ficolins, Ficolin A
and B, and a third ficolin which is present as a pseudogene (Mat-
sushita and Fujita 2001; Bidula, Sexton and Schelenz 2019). In
humans, M-ficolin is found primarily in neutrophils and mono-
cytes, although small amounts are also detected in the serum
(Matsushita and Fujita 2001; Bidula, Sexton and Schelenz 2019).
Both L- and H-ficolin are synthesized in the liver and secreted
into the blood circulation. H-ficolin is additionally found in the
gallbladder and in the lungs (Matsushita and Fujita 2001; Bidula,
Sexton and Schelenz 2019). Whilst all three ficolins bind GlcNAc,
M- and L-ficolin display less stringency than H-ficolin, as they
are capable of binding to other acetylated sugars (Matsushita
and Fujita 2001; Kilpatrick and Chalmers 2012; Bidula, Sexton
and Schelenz 2019). Of particular note, the L-ficolin recogni-
tion groove is reminiscent of the peptidoglycan-binding proteins
found in invertebrates, and it is expected to bind various acety-
lated and neutral carbohydrate moieties in extended polysac-
charides such as peptidoglycan (Ma et al. 2004; Garlatti et al.
2007).

The murine C-type lectin RegIIIγ is secreted from Paneth
cells in the intestine only in the presence of bacteria.
Murine RegIIIγ binds the peptidoglycan of intestinal Gram-
positive bacteria, and lacks the complement recruitment
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domains present in the above-mentioned collectins and ficol-
ins (Cash et al. 2006). Murine RegIIIγ and its human counter-
part Human hepatocarcinoma-intestine-pancreas/pancreatitis-
associated protein (HIP/PAP) act directly as antimicrobial pep-
tides that directly bind to polymeric peptidoglycan carbohydrate
moieties. The mechanism of bacterial killing involves cell wall
damage and cytoplasmic leakage (Christa et al. 1996; Cash et al.
2006).

An alternative carbohydrate binding module conserved
across viruses, bacteria, fungi, plants, invertebrates and verte-
brates is the lysin motif, LysM. The LysM-domain is a highly
conserved βααβ-fold that binds to β-1,4-linked polymers of Glc-
NAc (e.g. chitin) in eukaryotes or the glycan chain of peptido-
glycan (Bateman and Bycroft 2000; Buist et al. 2008). Intriguingly,
in Arabidopsis thaliana, three LysM domain proteins (membrane
proteins Lym1 and Lym3, and the receptor kinase CERK1) inter-
act with peptidoglycan to mount an immune response against
bacterial infection (Willmann et al. 2011). However, the mam-
malian proteins containing LysM domains have received very lit-
tle attention. Both mice and humans possess four LysM-domain
proteins (LysMD1, LysMD2, LysMD3 and LysMD4). LysMD3 is a
predicted membrane protein that localizes to the Golgi of HeLa
cells, but no phenotype could be observed in a LysMD3-deficient
mouse model, despite extensive testing (Yokoyama et al. 2018).
It is interesting to speculate that one or more of these proteins
could have a role as a peptidoglycan recognition protein in mam-
mals.

The endotoxin/lipopolysaccharide surface receptor CD14
is a glycosylphosphatidylinositol (GPI)-linked 55-kDa protein
expressed in macrophages and polymorphonuclear cells that
has also been demonstrated to act as a sensor (via similar but
not identical regions of its N-terminal domain) for both insolu-
ble and soluble peptidoglycan from Gram-positive bacteria and
mycobacterial lipoarabinomannan, thereby inducing the activa-
tion of NF-κB. Sensing of lipopolysaccharide and peptidoglycan
occurs via distinct sequences of its N-terminal domain (Gupta
et al. 1996). CD14 was further shown to bind the muropep-
tides MDP and GlcNAc-MDP using three different in vitro bind-
ing assays, and could be inhibited of N-terminal CD14 frag-
ments and CD14 ligands (Dziarski, Tapping and Tobias 1998).
Peptidoglycan binding by the soluble form of CD14 (sCD14)
present in human serum, was found to enhance responses in
cells expressing the membrane bound form of CD14 (mCD14),
but could not replace the function of mCD14 (Dziarski et al.
2000). Whilst the authors data indicated a degree of overlap
in the regions involved in binding of lipopolysaccharide and
peptidoglycan by CD14, they also catalogued a series of differ-
ences between the parameters modulating the CD14-mediated
response to these two MAMPS. The functional advantage (if
any) of having both extracellular surface receptors (such as
CD14) and intracellular sensors (such as NOD1 and NOD2 recep-
tors) for peptidoglycan is open to debate, but it may allow for
faster responses to peptidoglycan in the milieu, as evidenced
by the detection of NF-κB activation within minutes of expo-
sure to peptidoglycan (Gupta et al. 1996). It is also intriguing
to note that CD14 is a well characterized interaction partner of
TLR2, an interaction that has not received a great deal of atten-
tion in the context of peptidoglycan detection. Nevertheless, it
was demonstrated that sCD14 enhanced the binding of a sol-
uble TLR2 construct to insoluble peptidoglycan of Staphylococ-
cus aureus (Iwaki et al. 2002). This interaction, and the specificity
for peptidoglycan binding versus other cell wall components by
these receptors, is certainly worthy of further validation and
exploration.

Lysozyme

Lysozyme is a muramidase found in phagocytic granules, serum
and body secretions, and it is the major class of peptidoglycan
hydrolase found in mammals. Human lysozyme is encoded by
a single gene lyz (also called lzm or lyzf1), whilst mice have two
lysozyme isoforms encoded by the genes lyz1 and lyz2. Expres-
sion of lyz1 is restricted to intestinal Paneth cells, and the pro-
tein product is referred to as Lysozyme P (LysP). Lyz2 is expressed
in myeloblasts, macrophages and neutrophils and its product is
Lysozyme M (LysM) (Hammer et al. 1987; Cross et al. 1988; Cross
and Renkawitz 1990). Lysozyme catalyzes the hydrolysis of pep-
tidoglycan glycosidic bonds between MurNAc and GlcNAc. How-
ever, it also has an antimicrobial peptide activity independent
of its peptidoglycan-hydrolytic activity (Ibrahim, Matsuzaki and
Aoki 2001). For additional potential mechanisms, refer to (Bastos
et al. 2017). Nevertheless, the hydrolytic activity of lysozyme gen-
erates soluble, bioactive peptidoglycan fragments. Therefore, its
peptidoglycan-binding and hydrolytic activity become signifi-
cant in the context of peptidoglycan-mediated bacterial recog-
nition and modulation of host immune function (Boneca et al.
2007). As discussed previously, the presence of lysozyme within
lysosomes is critical, as its glycan hydrolytic activity generates
soluble muropeptides that might be transported out of the endo-
somal compartment by SLC15 family transporters or pannexin-
1, and that may function as substrates of NOD1 and NOD2 recep-
tors (Davis, Nakamura and Weiser 2011).

Peptidoglycan recognition proteins

Peptidoglycan recognition proteins (PGRPs/PGLYRPs) are PRRs
first discovered as circulating antimicrobial agents in insects
(Yoshida, Kinoshita and Ashida 1996). PGRPs are conserved from
insects to mammals. Humans, mice and rats (and probably other
mammals) all express four PGRPs (Kang et al. 1998). Mammalian
PGRPs function as recognition proteins for bacteria and bacteria-
derived products and act directly as antimicrobial agents. These
were initially named PGRP-S, PGRP-L, PGRP-Iα and PGRP-Iβ, for
short, long, and intermediate α and β transcripts, respectively.
A new nomenclature has renamed them PGLYRP-1, PGLYRP-2,
PGLYRP-3 and PGLYRP-4. All mammalian PGRPs are secreted
and, excluding the case of PGLYRP-2, form disulphide-linked
homodimers and heterodimers essential for their activity (Lu
et al. 2006).

PGLYRP-1 is found in polymorphonuclear leukocytes (PMNs)
and displays direct bactericidal activity (Lu et al. 2006; Wang
et al. 2007). Similarly, both PGLYRP-3 and PGLYRP-4 display direct
bactericidal activity, being produced in several tissues such as
skin, sweat glands, sebaceous glands, salivary glands (PGLYRP-
4 only), eyes and the intestinal tract (Lu et al. 2006; Wang et al.
2007). These PGRPs have been shown to bind to the bacterial
cell wall or outer membrane, and exploit bacterial stress defense
responses in order to kill the bacteria. In Gram-positive bacte-
ria (e.g. Bacillus subtilis), PGRPs enter the cell wall at the site of
daughter cell separation during cell division, activate the CssR-
CssS two-component system (responsible for detection and
disposal of misfolded proteins) and thereby cause membrane
depolarization, production of hydroxyl radicals and cessation
of peptidoglycan precursor, protein, RNA and DNA synthesis
(Dziarski, Kashyap and Gupta 2012). In Gram-negative bacteria
(e.g. Escherichia coli), PGRPs bind at the outer membrane and acti-
vate the functionally homologous CpxA-CpxR two-component
system, causing bacterial death through a similar mechanism
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(Dziarski, Kashyap and Gupta 2012). Other potential bacterici-
dal mechanisms for PGRPs such as membrane permeabiliza-
tion, inhibition of extracellular peptidoglycan cross-linking, or
peptidoglycan hydrolysis, were excluded by the same authors
(Dziarski, Kashyap and Gupta 2012).

PGLYRP-2 (PGRP-L) is unique in that it displays N-
acetylmuramoyl-L-alanine amidase activity, hydrolyzing
the lactyl-amide bond between the MurNAc and the first
amino acid (L-Ala) of the stem peptide of peptidoglycan. Its
minimal peptidoglycan substrate is MTP (Wang et al. 2003). One
cysteine residue (Cys530 in human PGLYRP-2) is substituted in
non-amidase PGRPs by serine, and as such, the presence of a
cysteine in this position predicts amidase activity of any given
PGRP. Also in contrast with the other members of the human
PGRP family, PGLYRP-2 has no direct bactericidal activity (Wang
et al. 2003). It is constitutively produced by the liver and secreted
into the blood circulation. In addition, its expression can be
induced in skin keratinocytes, oral and intestinal epithelial cells
(Zhang et al. 2005; Li et al. 2006). Differences in transcription
regulation (alternative transcription factors and promoter bind-
ing regions) result in constitutive expression of PGLYRP-2 in the
liver (e.g. c-Jun and ATF2 transcription factors) and inducible
expression in epithelial cells (e.g. NF-κB and Sp1 transcription
factors) (Li et al. 2006). PGLYRP-2 is proposed to prevent over-
activation of the immune system and inflammation-induced
tissue damage in response to NOD2 ligands, as these muropep-
tides can no longer be recognized by NOD2 upon separation
of the peptide component from MurNAc. However, MurNAc
is dispensable for NOD1 activation, and therefore PGLYRP-2
may act to shift the immune tone towards NOD1-mediated
responses at the expense of NOD2 (Girardin et al. 2003c).

It is interesting to note that both NOD2 and PGLYRP-2 are
required for peptidoglycan-induced acute arthritis in the ankle
joints of BALB/c mice (Saha et al. 2009). In this model NOD2 acts
upstream of PGLYRP-2 and stimulates PGLYRP-2 expression in
the foot, together with cytokine and chemokine production that
is required for recruitment of PMNs to the tissue, leading to
arthritis. This NOD2-PGLYRP2-mediated arthritis pathway could
be suppressed by PGLYRP-1. Furthermore, PGLYRP-1 was sug-
gested to induce TNF during Listeria monocytogenes infection in
mice (Osanai et al. 2011). PGLYRP-1 was recently shown to be
the ligand for the transmembrane receptor Triggering Recep-
tor Expressed on Myeloid cells (TREM)-1 (Read et al. 2015). The
authors findings suggest that polymeric peptidoglycan, but not
soluble muropeptides, may act as a scaffold for the presenta-
tion and multimerization of PGLYRP-1, required for activation of
TREM-1. Whether innate immune receptor activation driven by
peptidoglycan is unique to PGLYRP-1, or could be a function of
the other mammalian PGLYRPs, remains to be investigated.

Serotonin

In the process of investigating the pyrogenic and somno-
genic properties of muropeptides, Silverman et al. hypothe-
sized that serotonin and muropeptides share a receptor on
macrophages (Silverman, Wu and Karnovsky 1985). Binding of
radiolabeled muropeptides to murine macrophages or PU5 cells
was inhibited by similar concentrations of serotonin and unla-
beled muropeptide, and also by treatment with the serotonin
antagonists methysergide, cyproheptadine and spiperone. Fur-
thermore, serotonin and muropeptides both enhanced super-
oxide induction by phorbol myristate acetate. Thus, it was pro-
posed that muropeptides are recognized by one or more of the
5-HT (serotonin) receptors.

Outside the context of the central nervous system, high con-
centrations of MDP (100 μM) lead to ileal musculature relax-
ation via activation of 5-HT7 receptor on smooth muscle cells.
However, low concentrations of MDP (5–500 nM) exert no effect
(Ševčı́k et al. 2000). Also in the nanomolar range, MDP fails to
activate either 5-HT4 or 5-HT1A receptors (Ševčı́k et al. 2002), and
its low potency together with the fact that it doesn’t seem to
compete against other 5-HT receptor agonists have led some
authors to suggest that MDP acts on other ‘functional deter-
minants (Ševčı́k et al. 2000). In contrast, cells within the cen-
tral nervous system may be more sensitive to MDP. Accordingly,
lower MDP concentrations seem to effectively compete for 5-
HT1 receptors in bovine cerebral cortical membranes (Takeuchi,
Root-Bernstein and Shih 1990).

It should be noted that other proteins contain structurally
similar ‘serotonin-binding sites’, including myelin basic protein,
luteinizing hormone-releasing hormone, adrenocorticotropic
hormone and α-melanocyte-stimulating hormone. Notably, it
was reported that MDP specifically binds to these proteins,
whilst substitutions of D-Ala or L-isoGln abolish binding, and
muramic acid alone has no affinity (Root-Bernstein and West-
all 1990). Thus, many conflicting observations regarding the
serotonin-like effects of MDP may result from the fact that MDP
can act on serotonin targets other than its formal receptors
(Root-Bernstein and Westall 1990). In addition, note that each
serotonin receptor may have multiple splice variants and the
putative differential activation of these has not been taken into
account. Thus, while we do believe enough evidences exist to
consider MDP as a serotonergic system modulator, one should
be cautious in considering MDP as a direct agonist of 5-HT recep-
tors at physiologically relevant concentrations.

Intracellular receptors and responses

Whether due to host- or bacteria-mediated uptake mecha-
nisms, delivery of peptidoglycan into the cytosol of eukary-
otic cells allows peptidoglycan fragments to reach and interact
with host intracellular receptors, such as the NOD-like recep-
tors (NLRs). NLRs are characterized by (i) an N-terminal cas-
pase recruitment domain (CARD), responsible for interaction
with downstream effectors, (ii) a nucleotide-binding oligomer-
ization domain (NBD) and (iii) a C-terminal leucine-rich repeat
(LRR) domain which functions as a regulatory domain. The N-
terminal segment can include pyrin domains (PYD), CARD, bac-
ulovirus inhibitor of apoptosis repeat (BIR), acidic transacti-
vation (AD), or other unclassified domains (Proell et al. 2008).
In terms of peptidoglycan sensing, NLRs are represented by
the nucleotide-binding oligomerization domain (NOD) receptors
NOD1 and NOD2, which are encoded by the card4 and card15
genes, and contain one and two N-terminal CARD domains,
respectively. These domains allow NOD1 and NOD2 to inter-
act with other CARD domain-containing molecules (e.g. homo-
typic interaction with RIP2/RICK) (Ogura et al. 2001). Even though
NOD1 and NOD2 belong to a 22-member family of NLRs, they
are the only NLRs with a well-established involvement in pep-
tidoglycan recognition. Other NLRs have been reported to inter-
act with MDP (NLRP3) or to associate with NOD2 when bound
to peptidoglycan (NLRP1), but information regarding the role of
such interactions other than promotion of IL-1β production and
secretion is limited, and evidence for direct binding is not avail-
able (Martinon et al. 2004; Hsu et al. 2008). In contrast, direct bind-
ing of NOD2 to MDP with high affinity has been demonstrated
(Grimes et al. 2012).
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Human NOD1 senses cell wall fragments from Gram-
negative bacteria in general and some Gram-positive bacteria
(e.g. Listeria and Bacillus) by recognizing muropeptide monomers
terminating in meso-diaminopimelic acid at the third position
of the peptide stem. Both MurNAc and L-alanine are dispens-
able for NOD1 activation, so that the minimal motif required for
NOD1 recognition is the dipeptide γ -iE-DAP (Chamaillard et al.
2003; Girardin et al. 2003a; Hasegawa et al. 2006), although recog-
nition is less efficient than that of triDAP or MtriDAP (muramyl-
triDAP). In mice, NOD1 is more prominently activated by the
corresponding muramyltetrapeptide (MtetraDAP) terminating in
D-alanine (Magalhaes et al. 2005). In contrast, the minimum
required fragment for human and mouse NOD2 activation is
N-acetylmuramyl-L-alanyl-D-isoglutamine (i.e. MDP), which is
widely distributed across Gram-positive and Gram-negative bac-
teria (Girardin et al. 2003b, 2003c). NOD2 also recognizes lysine-
containing muramyltripeptide (MtriLYS) (Fernandez et al. 2011).
NOD1 and NOD2 differ at the level of their distribution in the
host, as NOD1 is expressed across many tissues and cell types,
while NOD2 is more restricted, being expressed in monocytes
and macrophages (Ogura et al. 2001), epithelial intestinal cell
lines (Hisamatsu et al. 2003), Paneth cells (Ogura et al. 2003), den-
dritic cells (Tada et al. 2005), osteoblasts (Marriott et al. 2005),
keratinocytes (Voss et al. 2006), and other epithelial cell types
(Uehara et al. 2007).

The canonical pathway of muropeptide-mediated
NOD1/NOD2 activation ultimately culminates with the acti-
vation of the transcription factor NF-κB and the expression of
its target genes (Fig. 4). Upon activation, CARD domains from
NOD1 or NOD2 interact first through homotypic CARD-CARD
interactions with the CARD-containing kinase RIPK2/RICK. The
NBDs recruit additional players, including a variety of ubiqui-
tination factors that regulate the signal transduction cascade
that leads to NF-κB activation, modulating the strength of the
host response. Among these essential players is the E3 ubiq-
uitin ligase TNF Receptor Associated Factor 6 (TRAF6), which
undergoes autoubiquitination to induce polyubiquitination of
RIPK2. Additional E3 ubiquitin ligases mediate RIPK2 polyu-
biquitination. In particular, the cellular inhibitor of apoptosis
proteins (cIAPs) 1 and 2 (cIAP1 and cIAP2) act as E3 ubiquitin
ligases and are essential for both RIPK2 polyubiquitination and
NOD signalling (Bertrand et al. 2009). Negatively regulating this
process, the ubiquitin-editing enzyme A20 attenuates RIPK2
ubiquitination and thus prevents dramatic amplification of
NOD2-dependent NF-κB activation (Hitotsumatsu et al. 2008).
Similarly, caspase 12 binds RIPK2, displaces TRAF6 and thus
prevents RIPK2 ubiquitination (LeBlanc et al. 2008).

Transforming growth factor-beta-activated kinase 1 (TAK1)
kinase is recruited following ubiquitination of RIPK2. Activated
TAK1 complex then promotes K63 polyubiquitination, and acti-
vation of the IKK-β/IL2 kinase (a subunit of the NF-κB repres-
sor IκB), causing phosphorylation and degradation of the NF-κB
repressor IκB. The repressor IκB constitutively masks the nuclear
localization signal of NF-κB and sequesters it in the cytoplasm.
Upon IκB degradation, NF-κB becomes free to translocate into
the nucleus, where it can activate the expression of more than
150 genes (Mercurio et al. 1997; Hasegawa et al. 2008b).

In parallel to this RIPK2/RICK-dependent pathway that cul-
minates in NF-κB activation, alternative interactions can occur
downstream of RIPK2 and TAK1 upon NOD1/NOD2 activation,
resulting in the activation of the mitogen-activated protein
kinases (MAPKs) p38 (Hsu et al. 2007), ERK1/ERK2 and c-Jun
N-terminal kinase (JNK; Fig. 4) (Windheim et al. 2007). CARD-
containing adaptor protein 9 (CARD9) has been shown to bind

directly to NOD2 and to trigger the RIPK2/RICK-independent
activation of p38 and JNK, thus driving NOD-mediated responses
to MDP/iE-DAP. Accordingly, macrophages from Card9(-/-) mice
show defects in the activation of p38 and JNK but not NF-κB
when infected with the intracellular pathogen Listeria monocy-
togenes (Hsu et al. 2007). Similarly, the abundant pro-apoptotic
protein BID (of the Bcl-2 family of apoptosis regulators) has been
reported as required for muropeptide-induced NOD signalling,
as deletion of BID was responsible for defective NOD activation
and blunted NF-κB and ERK signalling (Yeretssian et al. 2011).

In response to their muropeptide ligands, NOD1 and NOD2
activation can signal through RIPK2/RICK-independent mech-
anisms that do not result in the activation of MAPKs or NF-
κB (Fig. 4). In this case, NOD1 and NOD2 interact with other
NLRs. For instance, NOD2 has been shown to specifically and
directly interact with NLRP1, NLRP3 and NLRP12 (Hsu et al. 2008;
Wagner et al. 2009), which implicates other NLRs in the indi-
rect involvement of cellular responses triggered by MDP and γ -
iE-DAP. For example, interaction of NOD2 with NLRP3 activates
the apoptosis-associated speck-like protein containing a CARD
(ASC), which in turn activates caspase 1, leading to the produc-
tion of IL-1β.

The cell surface and endoplasmic reticulum multifunctional
lectin-like chaperone protein calreticulin modulates cell sensi-
tivity to apoptosis (Groenendyk, Lynch and Michalak 2004). In
rabbit kidney RK13 cells (but not human HCC or HeLa cells), cal-
reticulin was shown to directly bind MDP and peptidoglycan
from Staphylococcus aureus and Bacillus subtilis, thereby induc-
ing apoptosis (Chen et al. 2004). Binding was specific to the
stereochemistry of (L,D)-MDP, native to peptidoglycan, as L,L-
and D,D-MDP isoforms did not interact with calreticulin. At
least in the case of kidney RK13 cells, MDP- and peptidoglycan-
activated calreticulin induces apoptosis via the upregulation
of tumour necrosis factor receptor 1 (TNFR1), TNFR-associated
death domain protein (TRADD), the complex(es) of surface cal-
reticulin with TNFR1 and/or TRADD and caspase 3, in a TLR2/4-,
CD14- and NOD2-independent manner (Chen et al. 2005). Pep-
tidoglycan of Lactobacillus paracasei subsp. paracasei X12 was
also proposed to induce apoptosis and translocation of calretic-
ulin from the endoplasmic reticulum to the plasma membrane,
although in this study directly binding of peptidoglycan by cal-
reticulin was not investigated (Tian et al. 2015).

Recently, it was demonstrated that NLRP3 is activated by
peptidoglycan, through a mechanism that is independent of
NOD1 and NOD2 (Wolf et al. 2016). Hexokinase is an enzyme that
participates in glycolysis by catalyzing the conversion of glucose
to glucose-6-phosphate. It associates to the mitochondrial outer
membrane by interacting with the voltage-dependent anion
channel (VDAC) (Pastorino and Hoek 2008). In macrophages, N-
acetylglucosamine generated by peptidoglycan degradation was
found to inhibit hexokinase activity and induce its release from
the mitochondrial membrane. Dissociation of hexokinase from
mitochondrial membrane protein partners such as VDAC and
Akt, promotes NLRP3 inflammasome activation through a mech-
anism triggered by increased mitochondrial permeability pore
activity (Pastorino, Shulga and Hoek 2002; Majewski et al. 2004;
Chiara et al. 2008; Pastorino and Hoek 2008). The authors sug-
gested that peptidoglycan-derived N-acetylglucosamine could
be released from lysosomes into the cytosol via a dedicated N-
acetylglucosamine/N-acetylgalactosamine transporter (Fig. 3C)
(Jonas et al. 1989; Jonas and Jobe 1990). The precise mechanism
by which N-acetylglucosamine is liberated from the peptidogly-
can fragments remains unclear. It is possible that endogenous
bacterial N-acetyl-β-D-glucosaminidase activity generates a
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Figure 4. Signalling pathways activated by peptidoglycan upon stimulation of NOD-like receptors. The canonical pathway of muropeptide-mediated NOD1/NOD2 acti-

vation ultimately culminates with the activation of the transcription factor NF-κB and the expression of its target genes. The NOD1 or NOD2 CARD domains interact
first through homotypic CARD-CARD interactions with the CARD-containing kinase RIPK2/RICK. The NBDs recruit additional players, including proteins that regulate
the ubiquitination-mediated signal transduction cascade that leads NF-κB activation. These players may either positively (e.g. TRAF6, cIAP1 and 2) or negatively (e.g.

Caspase 12, A20) modulate NOD receptor activation and subsequent signalling. In response to their muropeptide ligands, NOD1 and NOD2 activation can also signal
through RIPK2/RICK-independent mechanisms. RIPK2/RICK-independent signalling occurs downstream of NOD2 activation upon binding to CARD9. Whilst this leads
to the activation of MAPKs, other RIPK2/RICK-independent pathways exist which do not result in the activation of either MAPKs, NF-κB or IRF7. In this case, NOD1
and NOD2 interact with other NLRs. For instance, NOD2 has been shown to specifically and directly interact with and drive downstream signalling via NLRP1, NLRP3

and NLRP12. Interaction of NOD2 with NLRP3 activates ASC, which in turn activates caspase 1 and leads to the production of IL-1β. Similarly, NOD1 recruitment to the
membrane is accompanied by ATG16L1 recruitment and activation, which in turn leads to activation of the autophagy process (which may be RIPK2/RICK-dependent
or independent). Hexokinase is an enzyme that participates in glycolysis by catalyzing the conversion of glucose to glucose-6-phosphate. N-acetylglucosamine gener-
ated by peptidoglycan degradation (likely within endosomes/lysosomes) binds mitochondrial outer membrane-associated hexokinase (H), inducing its release and the

liberation of its interacting partners (e.g. voltage-dependent anion channel VDAC, Akt). Following a multistep process that involves (among other events) the release
of mitochondrial DNA, the NLRP3 inflammasome is activated, pro caspase-1 converted into caspase-1, and pro Il-1β converted into active IL-1β. This hexokinase-
mediated NLRP3 inflammasome activation is independent of NOD1 and NOD2 receptors. A20: alpha-induced protein 3; ASC: apoptosis-associated speck-like protein
containing a CARD; ATG16L1: autophagy related 16 like 1; cIAP: cellular inhibitor of apoptosis; eRK: extracellular signal-regulated kinase; IRF7: interferon regulatory

transcription factor 7; JNK: c-Jun N-terminal kinase; MAPK: mitogen-activated protein kinase; NF-κB: nuclear factor-kappa B; NLRP: nucleotide-binding oligomeriza-
tion domain, leucine rich repeat and pyrin domain containing; NOD: nucleotide oligomerization domain; RIPK2/RICK: receptor-interacting serine/threonine-protein
kinase 2.

glycan substrate with terminal N-acetylglucosamine residues
that are released upon cleavage by lysozyme. Alternatively, host
N-acetyl-β-D-glucosaminidase and di-N-acetyl chitobiase activ-
ities have been reported in lysosomal and thyroid microsome
fractions isolated from the rat liver (Sellinger et al. 1960; Anu-
mula and Spiro 1983; Kuranda and Aronson 1986). To our knowl-
edge, these enzymes have not been tested for activity against
peptidoglycan. Bacillus anthracis peptidoglycan, which is highly
de-acetylated, was ineffective at stimulating NLRP3 inflamma-
tion, since glucosamine is a poor binder/inhibitor of hexokinase
(Wolf et al. 2016). Several bacterial pathogens promote their
survival in the host via deacetylation of N-acetylglucosamine
residues, as this renders the peptidoglycan resistant to

hydrolysis by lysozyme (Vollmer and Tomasz 2000; Boneca et al.
2007; Wolf et al. 2016). It remains to be demonstrated whether
deacetylation of N-acetylglucosamine is also a general strategy
to avoid NLRP3 activation.

CONCLUSION

In this review, we have described how peptidoglycan functions
as a signalling molecule in the host under (patho)physiological
conditions, how it disseminates within the host, and how cells
respond to peptidoglycan. It is now known that the fate of
peptidoglycan fragments depends on their structural/molecular
nature, their origin, their uptake mechanism and their target.
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Different molecules will trigger profoundly different responses
across a variety of tissues and cells under distinct condi-
tions. However, aside from very few but remarkable cases (e.g.
neutrophil priming in the bone marrow, brain development
and behaviour, intestinal inflammation and susceptibility to
infection), the developmental/physiological/pathological roles
of peptidoglycan across most host organs and tissues is yet to
be defined. Doing so is expected to provide access to untapped
tools for disease modulation in the foreseeable future.

In order to exploit peptidoglycan/muropeptides as signalling
molecules in mammals, it is required to characterize (potentially
on a case-by-case basis) the ‘peptidoglycome’ of the host, in par-
ticular within the intestinal lumen, and at physiological levels
circulating in the blood. Analysis of individual peptidoglycomes,
together with genetic profiling, immune tone and the known
health/disease status of the host, could likewise open up a
whole new system for health and disease modulation. But before
this system can be safely modulated, reference values must be
defined, spanning host developmental stages, and across het-
erogenous human populations. Once these issues are addressed,
such modulation may be achieved via a variety of strategies,
such as exogenous administration of individual muropeptides,
alterations in microbiota colonization status, or modulation of
signalling pathways via inhibitors or drugs that mimicking spe-
cific muropeptide activities.

Looking more broadly, MAMPs, such as peptidoglycan, are
largely overlooked by existing OMICs approaches. This is despite
the fact that MAMPs and their signalling pathways are rela-
tively well-defined. Understanding the intestinal MAMPome, for
example, could provide a valuable insight into physiological,
immunological and developmental phenomena that are known
to be mediated by microbiota, but whose mechanisms remains
obscure. The development of peptidoglycomics, alongside other
‘MAMPomic’ approaches, could be a valuable tool in understand-
ing and predicting the risk, onset and severity of different types
of disease, in particular chronic diseases. Empowered with this
information, one may predict the targets and host responses to
peptidoglycan and other MAMPs, and their effects in the steady-
state and in disease contexts. Bringing together host genomics,
transcriptomics, proteomics, metabolomics and ‘MAMPomics’
data is likely to provide a clearer and more complete picture of
the mechanisms and molecular players driving disease expres-
sion and phenotypic variability.
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Flannagan RS, Jaumouillé V, Grinstein S. The cell biology of
phagocytosis. Annu Rev Pathol Mech Dis 2012;7:61–98.

Fogler WE, Wade R, Brundish DE et al. Distribution and fate of free
and liposome-encapsulated [3H]nor-muramyl dipeptide and
[3H]muramyl tripeptide phosphatidylethanolamine in mice.
J Immunol 1985;135:1372–7.

Fox A, Fox K, Christensson B et al. Absolute identification of
muramic acid, at trace levels, in human septic synovial
fluids in vivo and absence in aseptic fluids. Infect Immun
1996;64:3911–5.

Francisco LM, Salinas VH, Brown KE et al. PD-L1 regulates the
development, maintenance, and function of induced regula-
tory T cells. J Exp Med 2009;206:3015–29.

Frank DN, Pace NR. Gastrointestinal microbiology enters the
metagenomics era. Curr Opin Gastroenterol 2008;24:4–10.

Fredlund J, Enninga J. Cytoplasmic access by intracellular bacte-
rial pathogens. Trends Microbiol 2014;22:128–37.

Fukaya T, Takagi H, Sato Y et al. Crucial roles of B7-H1 and
B7-DC expressed on mesenteric lymph node dendritic cells
in the generation of antigen-specific CD4+Foxp3 + regu-
latory T cells in the establishment of oral tolerance. Blood
2010;116:2266–76.

Garg S, Syed MM, Kielian T. Staphylococcus aureus-derived pep-
tidoglycan induces Cx43 expression and functional gap junc-
tion intercellular communication in microglia. J Neurochem
2005;95:475–83.

Garlatti V, Belloy N, Martin L et al. Structural insights into the
innate immune recognition specificities of L- and H-ficolins.
EMBO J 2007;26:623–33.

Gershon MD, Takaki M, Tamir H et al. The enteric neural receptor
for 5-hydroxytryptamine. Experientia 1985;41:863–8.

Girardin SE, Boneca IG, Carneiro LAM et al. Nod1 detects a unique
muropeptide from gram-negative bacterial peptidoglycan.
Science (80-) 2003a;300:1584–7.

Girardin SE, Boneca IG, Viala J et al. Nod2 is a general sensor of
peptidoglycan through muramyl dipeptide (MDP) detection.
J Biol Chem 2003b;278:8869–72.

Girardin SE, Travassos LH, Hervé M et al. Peptidoglycan molecu-
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Harder J, Núez G. Functional expression of the intracellular pat-
tern recognition receptor NOD1 in human keratinocytes. J
Invest Dermatol 2009;129:1299–302.

Harton JA, Linhoff MW, Zhang J et al. Cutting Edge: CATER-
PILLER: A large family of mammalian genes containing
CARD, pyrin, nucleotide-binding, and leucine-rich repeat
domains. J Immunol 2002;169:4088–93.

Hasegawa M, Fujimoto Y, Lucas PC et al. A critical role of
RICK/RIP2 polyubiquitination in Nod-induced NF-κB activa-
tion. EMBO J 2008a;27:373–83.

Hasegawa M, Fujimoto Y, Lucas PC et al. A critical role of
RICK/RIP2 polyubiquitination in Nod-induced NF-κB activa-
tion. EMBO J 2008b;27:373–83.

Hasegawa M, Kawasaki A, Yang K et al. A role of lipophilic
peptidoglycan-related molecules in induction of Nod1-
mediated immune responses. J Biol Chem 2007;282:11757–64.

Hasegawa M, Yang K, Hashimoto M et al. Differential release
and distribution of Nod1 and Nod2 immunostimulatory
molecules among bacterial species and environments. J Biol
Chem 2006;281:29054–63.

Hashimoto M, Tawaratsumida K, Kariya H et al. Lipoprotein is
a predominant toll-like receptor 2 ligand in staphylococcus
aureus cell wall components. Int Immunol 2006;18:355–62.

Hauer aC, Bajaj-Elliott M, Williams CB et al. An analysis of inter-
feron gamma, IL-4, IL-5 and IL-10 production by ELISPOT
and quantitative reverse transcriptase-PCR in human Peyer’s
patches. Cytokine 1998;10:627–34.
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