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According to the WHO, cancer is the second leading cause of death in the
world. This is an important global problem and a major challenge for
researchers who have been trying to find an effective anticancer therapy. A
large number of newly discovered compounds do not exert selective cytotoxic
activity against tumorigenic cells and have too many side effects. Therefore,
research on muramyl dipeptide (MDP) analogs has attracted interest due to the
urgency for finding more efficient and safe treatments for oncological patients.
MDP is a ligand of the cytosolic nucleotide-binding oligomerization domain 2
receptor (NOD2). This molecule is basic structural unit that is responsible for
the immune activity of peptidoglycans and exhibits many features that are
important for modern medicine. NOD2 is a component of the innate immune
system and represents a promising target for enhancing the innate immune
response as well as the immune response against cancer cells. For this reason,
MDP and its analogs have been widely used for many years not only in the
treatment of immunodeficiency diseases but also as adjuvants to support
improved vaccine delivery, including for cancer treatment. Unfortunately, in
most cases, both the MDP molecule and its synthesized analogs prove to be
too pyrogenic and cause serious side effects during their use, which
consequently exclude them from direct clinical application. Therefore,
intensive research is underway to find analogs of the MDP molecule that will
have better biocompatibility and greater effectiveness as anticancer agents and
for adjuvant therapy. In this paper, we review the MDP analogs discovered in
the last 10 years that show promise for antitumor therapy. The first part of the
paper compiles the achievements in the field of anticancer vaccine adjuvant
research, which is followed by a description of MDP analogs that exhibit
promising anticancer and antiproliferative activity and their structural
changes compared to the original MDP molecule.

KEYWORDS

muramyl dipeptide, muramyl dipeptide analogs, anticancer compounds, anticancer
activity, NOD2 receptor, adjuvant therapy

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fonc.2022.970967/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.970967/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.970967/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.970967/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.970967/full
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2022.970967&domain=pdf&date_stamp=2022-09-27
mailto:iwona.inkielewicz-stepniak@gumed.edu.pl
mailto:iwona.inkielewicz-stepniak@gumed.edu.pl
https://doi.org/10.3389/fonc.2022.970967
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2022.970967
https://www.frontiersin.org/journals/oncology

lwicka et al.

Introduction

Peptidoglycan (PGN) is one of the main and extremely
important components of bacterial cell walls in both gram-
positive and gram-negative bacteria. It has a crystalline
structure, which is due to the presence of linear -1,4 glycan
chains linked by two amino sugars: N-acetylmuramic acid
(MurNAc) and N-acetylglucosamine (GlcNAc) (1, 2). MDP, or
N-acetylmuramyl-L-alanyl-D-isoglutamine, is the basic and
fundamental building unit that is a part of PGNs and
responsible for the structure of the bacterial cell wall and the
immune response of the same (3).

In terms of structure, MDP consists of MurNAc and two
amino acids, namely L-Ala and D-iGln (Figure 1). It is a
glycopeptide that shows stimulatory effects on many monocyte
and macrophage functions, such as pinocytosis, phagocytosis,
chemotaxis, and bactericidal and antitumor activity.

It has been found that one of the most interesting and
medically relevant biological activities of MDP is the induction
of pro-inflammatory release cytokines from human monocytes,
which occurs via toll-like receptor (TLR) and NOD2-dependent
signaling pathways (4). The oligomerization domains that bind
the nucleotides NOD1 and NOD2 are involved in the
recognition of PGN in the cytosol of cells (5). They are
intracellularly related sensors of PGN and belong to the NOD-
like receptor family of innate immunity proteins. They play an
essential role in controlling inflammation and defending the
host against infection (6).

The innate immune system is activated when biological
motifs that resemble pathogenic molecular patterns appear
and are detected (5). The NODI1 receptor is activated by y-D-
glutamyl-meso-diaminopimelic acid, which is mainly found in
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FIGURE 1
Structure of MDP.
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gram-negative bacteria, and, in turn, the NOD2 pathogen
recognition receptor molecule is a PGN sensor that recognizes
the MDP generally present in all bacterial PGNs. However, it can
only be activated by MDPs that have an intact MurNAc ring
structure, and the sugar must be attached to the dipeptide or
tripeptide (MurNAc-L-Ala-D-Glu motif) (6).

NOD2 belongs to the nucleotide-binding domain leucine-
rich repeats family of proteins and consists of three components:
the nucleotide binding domain, which is essential for
oligomerization and has an ATP binding site within it; the N-
terminal effector domain with a caspase recruitment domain
(CARD); and the leucine-rich repeats domain (7-9). NOD2 is
sensitive in terms of MDP recognition which are normally
degraded from the bacterial cell wall. Upon recognition of the
specific muramyl peptide molecule, it triggers a wide range of
inflammatory and antimicrobial responses and stimulates an
immune response. These responses include the activation of the
nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-xB) and mitogen-activated protein kinases (MAPK)
signaling pathway (10, 11). When NOD2 detects MDP, it
binds to the receptor interacting protein-2 kinase (RIP2)
through the caspase activation and recruitment domains
(CARD-CARD) interactions, which is necessary for a further
signaling step to occur (12). This signaling induces not only NF-
KB transcriptional activity through the IKK complex (IkB
kinase), but also other cascades involving MAP kinases. These
kinases activate the production of cytokines and pro-
inflammatory chemokines such as the tumor necrosis factor
and interleukin 6, among others, as shown in Figure 2 (13).

For many years, scientists have been aware of the value of the
MDP molecule in terms of its potential use in the treatment of
many diseases given its signaling pathway (14, 15). However,

MurNAc
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FIGURE 2

Schematic of the MDP signaling pathway. CARD, caspase recruitment domain; NBD, nucleotide binding domain; LRR, leucine rich repeats
domain, NF-kB, nuclear factor kappa-light-chain-enhancer of activated B cells; TNFx, tumor necrosis factor; IL-6, interleukin 6.

many approaches have shown that the MDP molecule exhibits
high pyrogenicity and rapid excretion from the body; therefore its
structure was modified to exclude several side effects and prolong
its presence in the body while not altering its affinity to the NOD2
receptor (16, 17). Certain MDP analogs have already proven to be
effective anticancer molecules because of their excellent
immunostimulatory activity through the activation of the innate
immune system and the induction of genes that trigger
inflammatory responses and the production of pro-
inflammatory cytokines. Moreover, newly designed and
synthesized MDP analogs have also shown antiproliferative and
cytotoxic activity in cell models as well as antitumor efficacy in
tumor models (18, 19).

Biological activity of MDP and its
analogs: Clinical application

In addition to the antitumor activity described in our review,
the activity related to the interaction with the immune system in
the context of immunostimulation has found clinical application
in the treatment of autoimmune diseases. With the current
advances in medicine, the use of antibiotics is becoming more
common as infectious diseases spread rapidly. Their extensive
use contributes to mutations in the microbial world and the
development of the resistance of organisms to antimicrobial
drugs. Because mutations of bacteria and viruses occur much
faster than the introduction of new vaccines or drugs, it is critical
to find new approaches and strategies to effectively combat the
same, especially in the context of the growing number of patients
with immunodeficiencies. One promising approach to combat
drug resistance in organisms is to use activators of innate

Frontiers in Oncology

03

immunity-otherwise known as immunomodulators-that can
work in combination with the etiotropic drugs used in
chemotherapy. Such a direction of development in the fight
against pathogens results from revolutionary discoveries in the
field of immunology and the understanding of the principles of
innate immunity (20, 21). Such immunomodulator is MDP,
which is considered to be natural immune regulator. Their
interaction with intracellular receptors triggers a sequence of
processes that ultimately lead to an effective response to foreign
or transformed antigens, which can result in both the regulation
of the inflammatory response and the development of immune
tolerance. The strong innate immune response to MDP and its
analogs can be used to develop immunotherapeutic strategies
because they can trigger non-specific immunity against viral,
bacterial, and parasitic infections (4). This biological activity of
MDP allows it to be used in a wide range of medical fields (22).

Although some details of the biological activity of MDP are
still unknown, many studies have already been conducted on it,
and its association with many important diseases has been
discovered. MDP, through activation of the NOD2 pathway,
has been implicated, among others, in a number of serious
immune dysfunctions as a factor that plays a pathophysiological
role in many disorders. This is mainly true for graft-versus-host
disease (23) or enhanced mortality during sepsis (24) and the
well-known Crohn’s disease (CD) (25). An in vivo experiment
conducted by Salem et al. (26) also confirmed the antiviral effect
of MDP when administered intravenously in mice exposed to
influenza A virus (IAV) infection. An effective and commonly
used drug in the form of a solution for intramuscular
administration is a drug called Polimuramil, which is a
muramyl peptide complex. This drug is mainly used in adults
simultaneously with antibacterial drugs in the complex therapy
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of secondary immunodeficiency, i.e. during chronic infectious
and inflammatory processes of soft tissues or skin, as well as in
the prevention and treatment of surgical infections. The drug
works by stimulating the elements of the immune system that
are necessary to fight the extracellular forms of bacteria (22).

In addition to MDP itself, a couple of analogs have been
discovered that are now being successfully used to fight various
pathogens or diseases. Murabutide (N-acetylmuramyl-L-alanyl-
D-glutamine-n-butyl ester), an MDP analog, is a safe MDP
derivative that enhances host immunity primarily against
bacterial infections and exhibits non-specific tumor resistance
and the induction of cytokines and chemokines involved in
enhancing immune responses (27). Murabutide is administered
to HIV-infected patients to regulate multiple pathways, leading
to a significant reduction of viral mRNA in their monocytes and
dendritic cells, ultimately causing inhibition of viral replication
(28). Another substance that is used as a drug, in which the
active substance is GMDP (N-acetylglucosaminyl-N-
acetylmuramyl-L-alanyl-D-isoglutamine), has been used since
the nineties in the complex therapy of diseases with secondary
immunodeficiencies, such as recurrent and chronic infections of
the lower and upper respiratory tract at the stage of chronic,
acute purulent dermatitis and soft-tissue inflammation (e.g.,
furunculosis or pyoderma), as well as for herpes infections,
pulmonary tuberculosis, or psoriasis (22). Figure 3 shows the
information collected regarding the main biological applications
of MDP and its analogs.

Use of MDP analogs as adjuvants in
cancer therapy

MDP analogs, due to their beneficial immunostimulatory
properties and lack of pyrogenicity, have also been used as

10.3389/fonc.2022.970967

adjuvants to cancer vaccines. The adjuvant activity of MDP
consists of enhancing the immune response by compounds,
which, occurring independently, does not provide a direct
stimulatory effect; this situation occurs primarily in the context
of vaccines, where MDPs occur next to the antigen (16). MDP is
an effective adjuvant, the primary effect of which is to increase the
immunogenicity of poorly immunogenic antigens; it also reduces
the need for complementary immunization, induces a broader
immune response or extends the duration of protection, and
reduces the risk of adverse side effects during antitumor treatment
(29). Vaccination enables the induction of antigen-specific
immune responses and is able to counteract tumors caused by,
for example, viruses. In recent years, it has been shown that
vaccines can effectively treat established cancers in a significant
percentage of patients (Figure 4).

The best known adjuvant in medicine, which is also used as an
acitvity standard, is Freund’s complete adjuvant (FCA) (30). FCA
consists of heat-killed mycobacterial components in an oil
emulsion and thus, can induce a strong humoral response as
well as a cellular immune response. In 1974, it was discovered that
MDP is the minimum structure that is required for the
effectiveness of Freund’s complete adjuvant (31). Unfortunately,
Freund’s complete adjuvant is highly toxic and causes many
messy side effects in humans, making it unfeasible for use in the
clinic. MDP, on the other hand, is also too pyrogenic to be used
clinically and is rapidly eliminated from the body due to its low
molecular weight and water solubility, making it incapable of
creating the desired immunotherapeutic effect (30). Therefore, the
synthesis of analogs and derivatives of MDP that present similar
properties without significant side effects and that would result in
a significant improvement in the properties of the parent molecule
became an important direction of research (32). The relatively
small development in this field may be due to the fact that finding
new adjuvants is based on an empirical approach and must meet a
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FIGURE 4

Structure of romurtide with indication of structural differences
from the starting MDP molecule (red color).

number of stringent safety requirements (33). Adverse effects can
be tolerated to some extent in cancer treatment but not in the
context of adjuvants in prophylactic vaccines, which is why it is so
difficult. Despite these difficulties, researchers are taking on the
challenge of finding increasingly effective MDP analogs because
adjuvant treatment has a significant positive impact on survival
and its use is widely accepted (34).

To date, several MDP analogs have been discovered that
have reached clinical trials or are being successfully used as
adjuvants in vaccines against various diseases (35, 36). However,
when it comes to analogs that have shown promising activity in
the antitumor context, there are only a few. One adjuvant that
has been approved for clinical trials is an MDP derivative
(ImmTher) that is a liposomal variation of the drug in the
form of N-acetylglucosamine-N-acetylmuramyl-L-alanyl-D-
isoglutaminyl-L-alanyl-glycerol dipalmitate. The main
indications for its use are osteosarcoma, Ewing’s sarcoma, and
colorectal adenocarcinoma with lung and liver metastases. In
clinical trials, multiple injections of the drug with concurrent
radio- and chemotherapy resulted in neutrophil-induced
leukocytosis and a significant increase in tumor-necrosis-factor
(TNF) levels (37). Another analog that has been approved for
treatment is muramyltripeptide phosphatidylethanolamine
(MTP-PE, mifamurtide) embedded in liposomes (named
Mepact). It is widely used in adjuvant therapy in many
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countries for the treatment of osteosarcoma in combination
with traditional chemotherapy. Because of the stringent
requirements, it is very difficult to find an adjuvant that is
non-pyrogenic and assimilates well in the body while having
selective cytotoxic effects. Therefore, researchers are intensively
searching for new analogs with better activity combined with low
pyrogenicity and no side effects.

Knotigova et al. (38) described the study of a series of
lipophilic analogs of norAbu-MDP and norAbu-GMDP in the
form of liposomes to produce recombinant vaccines for use in
the stimulation of innate immunity and of immune cells and
tissue regeneration. The present study focuses on the restoration
of hemopoiesis in mice that were sublethally and lethally irradiated
with y rays. The ability of the tested analogs to stimulate bone
marrow regeneration was demonstrated by determining GM-CFC
regeneration 13 days after the sublethal y-ray irradiation of the
mice. The study identified the MT-02 and MT-07 analogs that
showed the greatest stimulatory and regenerative abilities after
irradiation. Based on the result of the study, it can be said that
both derivatives have a strong potential to induce complex
regenerative and protective mechanisms, ultimately leading to
higher survival rates of lethally irradiated mice. The compounds
MT-02 and MT-07 may be promising adjuvants for recombinant
vaccines during not only the stimulation of innate immunity but
also bone marrow reconstruction after radiotherapy or
cancer chemotherapy.

The norMDP compound is currently in phase 1 clinical trials
as an adjuvant in the HER-2 vaccine against gastric, breast and
ovarian cancer (36). Bekaii-Saab et al. (39) described a study
involving the adjuvant norMDP (N-acetyl-nor-muramyl-L-
alanyl-D-isoglutamine) as an adjuvant in vaccines containing
B-cell epitopes. Constructing such vaccines is a novel method
that induces the formation of high-affinity antipeptide
antibodies against cancer that help circumvent intrinsic drug
resistance. Such vaccines are designed to represent the binding
sites of trastuzumab and pertuzumab, which, unfortunately, are
often not effective due to patients developing resistance to these
drugs. The vaccine combination consisted of two B-cell HER-2
epitopes, namely HER-2 (266-296) and HER-2 (597-626) fused
to a measles virus fusion (MVF) protein and ‘promiscuous’
helper T-cell epitope and combined with norMDP. HER-2 is a
transmembrane receptor that is overexpressed in many epithelial
cancers and associated with more aggressive forms of cancer;
therefore, it is a key therapeutic target in many cancers. The
results of the study suggested a promising potential benefit of
this vaccine over humanized monocolonal antibodies, as no
build-up of secondary resistance was observed. The
investigational vaccine demonstrated antitumor activity and
tentatively indicated that it may circumvent resistance to
monoclonal antibody therapy, making it an attractive
alternative in the future.

The analog described as a potential and effective adjuvant is
GMDP-A, which is a derivative of GMDP. It has shown high
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efficacy in trials as a component of complex anticancer therapy.
It is now ready for clinical trials as an integral part of the
treatment of transplantable cancers, including B16 melanoma
and P388 lymphocytic leukemia. Through preliminary studies, it
has been found to inhibit tumor growth in more than 95% of
cases, reduces the incidence of metastasis, and results in longer
animal lifespans and a 30% reduction in the use of the cytostatic
drug cisplatin (Cis) [40].

Guzelj et al. (40) conducted a study focusing on
desmuramylpeptide analogs. They discovered an MDP analog,
compound 75, which increased the cytotoxic activity of
peripheral blood mononuclear cells against malignant K562
and MECI1 cancer cell lines. Additionally, it induced an
increase in dendritic cell-mediated T-cell activation and
exhibited immunostimulatory effects on peripheral blood
mononuclear cells at the transcriptional and protein levels.
The compound, as an adjuvant used in liposomes, exhibited
greater adjuvant activity than the starting MDP molecule when
tested with mice. The researchers reported that, due to the
lipophilic tail in the structure at the C18 molecule, the
compound exhibits such good and desirable activity and is,
therefore, a promising analog that can be tested in clinical trials
as a potential adjuvant with anticancer activity.

Table 1 summarizes the discussed MDP analogs with
adjuvant properties in anticancer therapies described in the
last 10 years along with the structures and results of the
studies performed.

Potential anticancer activity of MDP
analogs: Cellular and animal
model studies

Anticancer activity and the establishment of new cancer
treatments is of paramount importance to current medicine and
is one of the most developing and thriving fields. The broad
spectrum of biological activity of PGN metabolites has meant
that their therapeutic use in particular has been heavily
researched since they were discovered. However, unfortunately,
the MDP molecule has several properties that cause problems and
make it very difficult - if not completely impossible - to use directly
in clinical applications.

MDP is a hydrophilic molecule that is very easily excreted
from the body once it has been administered. More than 50% of
it is removed by the kidneys within 30 minutes after
administration in mice, while more than 90% is eliminated
within 2 hours (42). The molecule in question may also
undergo hydrolysis in the host body during circulation. In
studies involving rat serum, it was discovered that MDP
degrades to its monomeric components, although this process
is not as rapid as the excretion of the molecule. The broad
modulatory effects of these molecules on the immune system can
also be a major problem, resulting in unwanted effects. It has
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been shown that MDP can be both pyrogenic, which has
hindered its use in immunotherapy (43, 44) and somnogenic
(45). To overcome these adversities, intensive efforts have been
made to develop variants and modify the MDP molecule to
obtain not only better pharmacological properties and increased
potency but also higher bioavailability and limited side effects in
vivo (42).

Ibrahim et al. (46) investigated the antitumor and
immunomodulatory effects of co-treatment based on MDP
with or without Cis and bovine lactoferrin (bLF) in mice with
Ehrlich solid tumor (ESTs). It was concluded that the
combination of MDP and bLF could stimulate an innate but
also an adaptive immune response, and this could lead to an
optimal therapeutic immune response in an Ehrlich carcinoma
murine model. The simultaneous treatment of EST mice with
bLF and MDP significantly reduced tumor size compared to
untreated tumor-bearing mice, indicating antitumor effects.

Research efforts have also largely focused on structural
modifications and the identification of the essential elements
of structure and structural flexibility associated with the three
monomeric MDP residues (47). Structural modification studies
have led to the synthesis of more stable MDP derivatives and the
selection of active compounds with a low toxicological profile,
leading to their approval for further preclinical and clinical
studies (48). Unfortunately, there are still relatively few
analogs that have demonstrated anticancer properties and have
been approved for the treatment of cancer patients. Hence, in
this review, we focus on the current status of the structure-
activity relationship and the anticancer potential of MDP and
its analogs.

To date, two MDP analogs have been approved to treat
patients: mifamurtide and romurtide. An MDP analog that has
been discovered and successfully introduced for treatment is
mifamurtide. Mifamurtide is a potent stimulator of innate
immunity, a non-specific immunomodulator, and a synthetic
analog of a bacterial cell wall component (49). Through its
presence in phospholipid vesicles, there is the possibility of easy
uptake by tissue macrophages, which makes activated
macrophages directly attack and kill cancer cells and prolongs
its presence in the lungs. Mifamurtide increases the production
of adhesion molecules on the surface of macrophages, which
promotes action on cancer cells. In addition, cytokine
production promotes secondary activation of other immune
effectors such as T-lymphocytes, granulocytes, NK cells, and
dendritic cells. Mifamurtide is indicated for use in young adults,
especially children and adolescents, for the treatment of
osteosarcoma (50). The mechanism of action of mifamurtide
may increase overall survival (OS) and event-free survival (EFS),
as a significant proportion of metastases in osteosarcoma
patients occur in the lungs (49).

Biteau et al. (18) demonstrated that L-mifamurtide (L-MTP-
PE) inhibits the dissemination and development of lung
metastases and also showed the slowing of tumor growth in
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TABLE 1 MDP analogues for potential adjuvant use in anticancer therapy.

CHEMICAL BIOLOGICAL ACTIVITY REF.
STRUCTURE
1. MT02 Both derivatives exhibit significantly reduced pyrogenicity compared to MDP and have no side effects (38)
OH o when used in animals (ICR mice, female, age of 3 months). They show potential antitumor applications due
" Q&ivo o to their strong bone marrow restorative properties, potentially for use after radiotherapy or chemotherapy of
° NH cancer.
o o NH “OH
o,
o
L-Abt
u\D-\Gln—OH
2 MTO07
OH
HO.
A
N o 97 NHOH
e}
LAbe,
D-iGIn-L-Lys-OH
o//x\
\\\x\
3. nor-MDP Adjuvant in a peptide cancer vaccine that produced a sustained humoral response by inducing antibodies  (39)
HO. recognizing the HER-2 receptor in most patients. Most of the patients' antibodies that were produced in
HO o response to the vaccine showed potent antitumor activity and defense mechanisms (induction of ADCC
and apoptosis, inhibition of proliferation and phosphorylation).
o NH 7 OH The human breast tumor cell line BT-474
0. <
o
) I
o Glu—NH,
4. GMDP-A Analogues inhibits tumor growth in more than 95% of cases, reduces the incidence of metastasis (41)
OH o In vivo, B16 melanoma and P388 lymphocytic leukemia
o}
Hﬁ&o 0
NH O
o NH “OH
< o L~
o
HN I
07 "NH
HO. -, -OH
™~
o o
5. Compound 75 The compound showed a significant increase in cytotoxicity of PBMCs against both human cancer cell lines: (40)
2 lymphoblasts K562: chronic myelogenous leukemia cell lines and MECI1: B-chronic lymphocytic leukemia
OM
”NJ\/A@[ i cell line
oﬁ) 07 “cytss  The compound also had better pharmacokinetic properties than MDP - better adjuvant properties and
HNr\ lower pyrogenicity.
07 NH In vitro: HEK-Blue NOD2 cells from human embryonic kidney cells HEK293

In vivo: NIH/OlaHsd mice

j ~~

o

(green, research model/cell lines; red, changes in structure relative to the MDP).

mice. They described that mifamurtide has a unique mode of
action in that, by modulating the immune system, it indirectly
affects cytotoxicity rather than directly affecting cancer cells. The
researchers also showed that L-MTP-PE alone had no effect on
osteosarcoma cell proliferation: MOS-J and KHOS in vitro; but
the combination of L-MTP-PE with zoledronic acid significantly
inhibited the progression of primary osteosarcoma. This study is
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the first to report the strong tendency of L-MTP-PE to inhibit
the spread of lung metastases in mouse models of osteosarcoma -
both syngeneic (MOS-J) and xenogeneic (KHOS) preclinical
mice models of osteosarcoma. Human osteosarcoma cell line
KHOS and mouse osteosarcoma cell line K7M2 as well as a
syngeneic (MOS-]) and xenogeneic (KHOS) mouse models of
osteosarcoma were used in the described studies.
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Moreover, chemotherapy with mifamurtide has been shown
to improve lifetime efficacy compared with chemotherapy alone
for both non-metastatic and metastatic osteosarcoma. The
relative efficacy of the therapy was higher in metastatic
osteosarcoma than non-metastatic osteosarcoma, while the
absolute efficacy was higher in non-metastatic osteosarcoma
than in metastatic osteosarcoma (51). The results of a phase II
clinical trial using L-MTP-PE alone demonstrated an apparent
increase in both disease-free survival and long-term survival of
patients with recurrent osteosarcoma (52). In contrast, the
results from a phase III clinical trial, where mifamurtide was
used in combination with chemotherapy, showed improved six-
year survival (53, 54).

Further, Tagyildiz et al. (55) demonstrated in their study that
mifamurtide is an effective adjunct to chemotherapy and
improves treatment outcomes in newly diagnosed cases of
osteosarcoma without metastatic disease. Based on current
scientific knowledge, approximately 80-90% of newly
diagnosed osteosarcoma patients without detectable metastatic
disease have micrometastatic disease. These are often subclinical
or undetectable using the current diagnostic methods (56);
hence, it is extremely important to use a chemotherapy
adjuvant that would act against metastasis and delay its
occurrence. In the described studies, mifamurtide delayed the
median time to metastatic disease from 4 months to 7.2 months
in patients with positive surgical margins compared to patients
who received chemotherapy without the addition of
mifamurtide (55). There was also a delay in the development
of distant metastases from a median of 5 months to 20 months in
patients who had distant metastases as a first event. Here, again,
the time from the diagnosis of the disease was compared
between the groups receiving and not receiving mifamurtide.
Furthermore, for local recurrence, mifamurtide reduced the
incidence of metastatic disease. The structure of mifamurtide
is shown in Table 1.

The second analog that is used to treat patients is romurtide.
This is a compound that is made by attaching €-N-stearoyl-L-Lys
to the MDP scaffold (57). Romurtide stimulates macrophages to
release cytokines as well as colony-stimulating factors, which can
increase platelet and white blood cell counts (58, 59). It is
currently used primarily to treat leukopenia after chemotherapy.
Studies have also proven that intradermal injection of IFNb and
various concentrations of romurtide lead to a reduction in
primary tumor size and improved lymphocytic infiltration using
a B16-F10 subcutaneous melanoma model in mice (19). A study
of patients with gastrointestinal cancer also found an increase in
the number of cases with increased lymphocyte counts when
using romurtide compared to a group that did not use it. These
results may indicate that romurtide has a restorative effect on
thrombocytopenia that is similar to that of leukocytopenia when
given as concomitant therapy with anticancer drugs and/or
radiation in patients undergoing intensive treatment for
gastrointestinal cancer (60). It is also a very promising
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compound for cancer patients who receive high doses of
carboplatin, which can induce thrombocytopenia due to severe
myelosuppression. Namba et al. (61) demonstrated that romurtide
accelerated platelet regeneration, thereby shortening the duration
of monkey thrombocytopenia.

Pahl et al. (62) described a study in which the addition of
IFN-y to L-MTP-PE was found to improve survival in mice with
murine renal adenocarcinoma and inhibit metastasis (63). They
also reported that the clinical efficacy of L-MTP-PE for treating
patients with osteosarcoma may be enhanced by attaching a
macrophage-priming signal such as IFN-y. Buteyn et al. (64)
investigated L-MTP-PE in combination with IFN-y in a disease
context other than osteosarcoma, namely in relation to the use of
the drug in human acute myeloid leukemia (AML) cells. An in
vivo study showed that activation of NOD2 by L-MTP-PE +
IFN-y resulted in the direct induction of caspase-induced
apoptosis and the release of pro-inflammatory cytokines in
AML blasts. Unfortunately, L-MTP-PE alone does not induce
an inflammatory response; when combined with IFN-y, it leads
to strong activation. It has also been noted that patients with an
immature natural killer (NK) cell profile have reduced overall
survival as well as extremely reduced three-year relapse-free
survival (65). Importantly, NK cell maturation can be stimulated
by a combination of L-MTP-PE and IFN-y and is, therefore,
considered to have very high therapeutic potential and may
merit further investigation (64).

Another MDP analog - MTC-220 conjugated with paclitaxel
(PTX) - has been discovered that demonstrates antitumor and
antiproliferative properties (66). Paclitaxel has clinical
applications and is used in cancer chemotherapy (67), but it
has been associated with several serious problems. Such
problems include drug resistance, toxicity, and poor solubility
(68). It was also recently discovered that it can contribute to
metastasis (69, 70), which has limited its use for fighting
against metastasis.

Ma et al. (71) described the effect of MTC-220 on
proliferation and metastasis in xenograft models using human
breast (MDA-MB-231, MCF-7), ovarian (A2780, ES-2), and
lung (H460, A549, H1975) tumor cell lines. The experimental
data indicate that this analog effectively inhibited the growth of
several types of tumors in vivo, notably human breast and lung
cancer tumors. MTC-220 also inhibits the growth and metastasis
of transplanted cells and have antimetastatic effects on Lewis
lung carcinoma (LLC), 4T1 breast cancer cells, and in the highly
invasive and metastatic 4T1 mammary carcinoma model in vivo
- apparently inhibiting tumor growth and lung metastasis while
also leading contributing to significantly fewer metastatic
nodules in the lungs of mice compared to controls. Moreover,
MTC-220 decreases the accumulation of myeloid-derived
suppressor cells (MDSCs) in the spleen and bone marrow of
4T1 tumor-bearing mice. Mechanistic studies have also shown
that this analog can inhibit the mRNA levels of inflammatory
cytokines, such as TNF-0,, in tumor tissue.
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Dong et al. (72) described a molecular strategy to sensitize the
response to chemotherapy by antagonizing NOD2 inflammatory
signaling. They suggested that an NOD2 antagonist might be a
potential agent that could help in treating non-small-cell lung
cancer (NSCLC) and synthesized multiple derivatives of MDP,
specifically MTC-220. The most promising non-degradable
derivative, DY-16-43, was characterized as an NOD2 antagonist
in an experiment involving the HEK-Blue hNOD2 cell line with
secreted alkaline phosphatase (SEAP). The compound has been
shown to increase sensitivity to PTX therapy and largely prevent
tumor metastasis. By altering the structure and replacing
muramic acid with cinnamic acid derivatives, the biological
function of the molecule as an antagonist was reversed, and
this made it a better option for cancer treatment than therapy
with PTX alone. PTX consists of two main fragments: 10-
deacetylbaccation III (10-DAB) and a side chain. To test which
of these two fragments contributes the least to antagonizing
NOD2, other conjugates were also synthesized. This experiment
showed that the full structure of PTX is necessary to maintain the
antagonistic activity through MDPs activating NOD2 signaling,
as the compounds labelled 24-28 and lacking the paclitaxel
structure showed significantly lower inhibitory percentages at
the concentrations tested [73]. During compound synthesis,
various cinnamic acid derivatives were attached to the MDP
pharmacophore, which is the N-terminus of the dipeptide (L-Ala-
D-isoGln). Of these, the compounds labelled 22 and 23 presented
the highest level of antagonistic activity, and 22 was chosen as the
best molecule because it showed better solubility under the test
conditions. The study demonstrated that compound DY-16-43 is
capable of significantly enhancing antitumor efficacy in mice with
LLC tumors, demonstrating that it could be a potential adjuvant
therapy for the treatment of NSCLC.

Wen et al. (73) described a new compound called salutaxel,
which is a conjugate of docetaxel and an MDP analog. Docetaxel
is recognized as a very active chemotherapeutic agent against a
variety of cancers, so studies involving it could be promising.
Suggesting that properly designed conjugate prodrugs exhibit
properties that initiate multiple signaling pathways that lead to
antitumor activities and often have superior physicochemical
properties or pharmacodynamic/pharmacokinetic profiles, the
authors synthesized a pair of MDP-derived conjugates. The
syntheses and antitumor studies of multiple conjugates of
docetaxel and MDP analogs revealed a lead compound, MDC-
405 (designated 2), that showed an excellent pharmacological
profile against 4T1 breast tumor growth in mice and against
metastasis. However, it was not an ideal candidate due to its
unsatisfactory physicochemical properties - most notably, its
extremely poor water solubility. To improve its water solubility
while retaining its positive anticancer properties, another
compound with a carboxylic acid at the C-terminus was
synthesized, which is the described salutaxel. This, in turn,
demonstrates high efficacy together with satisfactory
pharmacological properties. Finally, the compound inhibits the
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growth of several types of cancer in vivo, particularly human
breast (MDA-MB-231) and lung (H1975) tumors, more
effectively. It also exhibits better properties than docetaxel in
terms of its ability to prevent tumor growth and metastasis,
making it a promising anticancer drug candidate.

Xie et al. (74) developed a novel drug delivery system that
harnesses the ability of innate immune cells to act on cancer cells
and uses macrophages as nanoparticle carriers and navigators to
specifically deliver drugs to tumors. They used a derivative of
MDP, muramyl tripeptide (MTP), as an enhancer of the
nanoparticle-loading efficiency. For the study, THP-1 cells were
used as the nanoparticle carrier; this is a human leukemia cell line
that has an affinity to cancer cells and other inflammatory cells
(75). To maximize the antitumor effect and minimize adverse
effects on leukocytes, a substance called vemurafenib, which is a
drug specifically used for the treatment of melanoma in
nanoparticles, and the described MTP, - which is used to
increase the efficiency of nanoparticle uptake by THP-1 cells, -
were selected as the therapeutic agents, resulting in a complex
named MTP-BPLP-PLA-PLX4032 (74). Following in vitro studies,
the active binding of THP-1 cells to melanoma cells was confirmed
in the presence of the nanoparticles, which were delivered to the
melanoma cells and released a drug that killed the cancer cells. The
studies described here indicate that the MDP derivative plays an
important role in the use of nanoparticles in anticancer research,
which may be a clue for the development of other immune cell-
based systems for targeting cancer cell treatment.

Samsel et al. (14) synthesized a series of adenosine-conjugated
MDP(D,D) and norMDP(D,D) derivative conjugates that could
act as immunosuppressive agents. The cytotoxicity of these
compounds was evaluated against lymphoid cell lines and
activated peripheral blood mononuclear cells (PBMCs) as an in
vitro model of immunosuppression. Two leukemia models were
used: mouse lymphocytic leukemia L1210 and the human cell line
Jurkat, which is also based on T-cells. Although most of the
synthesized derivatives had no effect on cancer cell viability, two
compounds were identified that had this characteristic: 8f and 8g.
They did not yield significantly higher cytotoxicity against
leukemia cells compared to MDP and norMDP, they were
significantly less toxic against non-cancerous cells, which
qualifies them for further examination in future in vivo studies.
These derivatives could potentially replace currently used drugs,
thus minimizing side effects and reducing toxicity for patients.

Table 2 displays all the discussed MDP analogs with
anticancer properties and with cytotoxic properties in vitro
that have been described in the last 10 years along with the
structures and highlights of the studies conducted.

Conclusion

Since the discovery of the chemical structure and properties
of MDP, a huge number of its derivatives have been synthesized.
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TABLE 2 MDP derivatives with cytotoxic /antitumor activity.

CHEMICAL STRUCTURE

1.  L-mifamurtide

O (CHaCH,
o
(CHahcHy

Conjugation of MDP-L-alanine to the
phospholipid dipalmitoyl
phosphatidylethanolamine

2.  MTC-220

@%@

Full structure of paclitaxel (PTX)
combined with MDP analogue - MDA; 4-
Cl substituted ring

3. DY-16-43

s )

Full structure of PTX combined with; 4-Cl
substituted ring

4.  Compound nr 23

Full structure of paclitaxel (PTX)
combined with MDA

5. Compound nr 24

o F o cow,
} 3 H__com
A~ HW J

)

o

7-OH substituted 10-OAc-10-DAB, without
side chain of PTX; MDA - 4-Cl and 2-F
substituted ring
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BIOLOGICAL ACTIVITY

Inhibition of lung metastasis dissemination and development, slowing tumor growth in mice model.
Alone has no effect on osteosarcoma cells proliferation: MOS-J and KHOS in vitro.

With Zoledronic Acid combination significantly inhibited primary osteosarcoma progression.

Human KHOS and murine K7M2 osteosarcoma cell lines; syngeneic (MOS-J) and xenogeneic (KHOS)

mice model of osteosarcoma

Inhibition of tumor growth and metastasis in transplanted Lewis lung carcinoma (LLC) cells and breast
cancer 4T1 cells mouse model.

Suppressed Myeloid Derived Suppressor Cells (MDSCs) accumulation in the spleen and bone marrow.
Suppresses inflammatory cytokines in tumor tissue.

Human breast (MDA-MB-231, MCF-7), ovarian (A2780, ES-2), and lung (H460, A549, H1975) tumor
cell lines; 4T1 mammary carcinoma; in vitro and in C57BL/6 mice

Sensitizes to PTX therapy and prevented metastasis in LLC mouse model - represents a potential
adjunctive therapy for the treatment of NSCLC.

HEK-Blue hNOD2-secreted alkaline phosphatase (SEAP) reporter cell line; human peripheral blood
mononuclear cell (PBMC)-derived macrophages; Lewis lung carcinoma (LLC) tumor-bearing mice

This compound, like DY-16-43 showed the highest level of antagonistic activity via MDP activating
NOD?2 signaling but has poorer solubility under the conditions tested.
HEK-Blue hNOD?2 cells; Lewis lung carcinoma (LLC) tumor-bearing mice.

The experiment showed that the full structure of PTX is necessary to maintain antagonistic activity via
MDP activating NOD2 signaling, which results in sensitization of a response to chemotherapy in
treating non-small-cell lung cancer (NSCLC).

Compounds labelled 24 to 28 are devoid of paclitaxel structure which resulted in significantly lower

d DY-16-43 and nr 23.

HEK-Blue hNOD2 cells; Lewis lung carcinoma (LLC) tumor-bearing mice.

inhibi ory perc b than c

1 4

REF.

(18)

(71)

(72)

(72)
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TABLE 2 Continued

CHEMICAL STRUCTURE BIOLOGICAL ACTIVITY REF.

6.  Compound nr 25

CONH, H_conm,
o ¢
.
“ 1 I~
v N
b

oM

L oH
o~
10-OH substituted 10-DAB, without side
chain of PTX; MDA - 4-Cl and 2-F

substituted ring

7. Compound nr 26

.
ro "G 0 o
HeNOCs, N

mj; ety
& &

13-OH substituted 10-OAc-10-DAB,
without side chain of PTX; MDA - 4-Cl
and 2-F substituted ring

8.  Compound nr 27

o o o
Q_\_( o
.
-
dN o
o
Y
ony

Side chain of PTX with Me group, without
10-DAB; MDA - 4-Cl and 2-F substituted
ring

9.  Compound nr 28

oy
&5

e
d C:\_(n
" CONH;

Side chain of PTX with nBu group,
without 10-DAB, MDA - 4-Cl and 2-F
substituted ring

10. MDC-405 Excellent pharmacological profile against 4T1 breast tumor growth in mice and against metastasis. (73)
ij o o Unsatisfactory physicochemical properties - primarily very poor water solubility.
S S 4T1 mammary carcinoma cells

Docetaxel (PTX analogue) combined with
MDA: with CONH,, group

11.  Salutaxel High anticancer efficacy together with satisfactory pharmacological properties. (73)
Inhibition of the growth of several tumor types in vivo.

Better anticancer properties than docetaxel.

Human tumor cell line xenograft models: MDA-MB-231 (breast), H1975 (lung), HCT116 (colon), and

A549/T (lung for paclitaxel resistance); 4T1 mammary carcinoma cells

Docetaxel (PTX analogue) combined with
MDA: with COOH group

(Continued)
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TABLE 2 Continued

CHEMICAL STRUCTURE

12. Compound 8f
index of selectivity.

MDP derivative combined with N°-(2-
aminoethyl)adenosine

13. Compound 8g

MDP derivative with abscisic acid (D-2-
ABA) combined with N6—(2—amin0ethyl)
adenosine

lymphocytic leukemia L1210.

Did not show significantly higher antiproliferative activity compared to MDP and nor-MDP but highest

10.3389/fonc.2022.970967

BIOLOGICAL ACTIVITY REF.

(14)

Lymphoid cell lines and activated peripheral blood mononuclear cells (PBMC) as in vitro model
Two models of leukemia were used: the human T lymphocyte-based Jurkat cell line and a mouse

Green, research model/cell lines; blue, sites of change in molecular structures of paclitaxel (PTX) conjugate and MDP analogue; red, changes in structure relative to the MDP.

This article describes MDP derivatives that present anticancer
properties in vivo or cytotoxic activity against cancer cells in
vitro. Despite significant efforts, at the moment, only two of
them, mifamurtide and romurtide, have reached the point of
clinical trials that have led to their use for the treatment
of patients. This illustrates how difficult it is to achieve
adequate anticancer properties together with a favorable
pharmacological and pharmacophysical profile to overcome
the barrier between preclinical and clinical studies. Difficulties
in obtaining satisfactory results of the study are due to the low
lipophilicity of the MDP molecule and the occurrence of many
adverse effects after administration. It is particularly challenging
to find an MDP derivative that will have the desired
characteristics when used as an adjuvant. Despite many
obstacles, new MDP derivatives are being designed and
synthesized to develop and advance the field. This is extremely
crucial in the context of the fight against cancer, which is a
worldwide problem. By 2030, nearly 13 million people will die
from cancer, and about 400,000 children will develop cancer
each year.

Author contributions

EL II-S contributed to conception and design of the
manuscript. EI wrote the first draft of the manuscript. JH

Frontiers in Oncology

12

wrote sections of the manuscript. KD prepared the chemical
nomenclature. All authors contributed to manuscript revision,
read, and approved the submitted version.

Funding

This work was supported by the Grant OPUS18 2019/35/B/
NZ7/04212.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

frontiersin.org


https://doi.org/10.3389/fonc.2022.970967
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

lwicka et al.

References

1. van Heijenoort J. Formation of the glycan chains in the synthesis of bacterial
peptidoglycan. Glycobiology (2001) 11(3):25R-36R. doi: 10.1093/glycob/11.3.25r

2. Wheeler R, Chevalier G, Eberl G, Gomperts Boneca I. The biology of bacterial
peptidoglycans and their impact on host immunity and physiology. Cell Microbiol
(2014) 16(7):1014-23. doi: 10.1111/cmi.12304

3. Kitaura H, Ishida M, Kimura K, Sugisawa H, Kishikawa A, Shima K, et al.
Role of muramyl dipeptide in lipopolysaccharide-mediated biological activity and
osteoclast activity. Anal Cell Pathol (Amst) (2018) 2018:8047610. doi: 10.1155/
2018/8047610

4. Drzierzbicka K, Wardowska A, Trzonkowski P. Recent developments in the
synthesis and biological activity of muramylpeptides. Curr Med Chem (2011) 18
(16):2438-51. doi: 10.2174/092986711795843173

5. Wardowska A, Dzierzbicka K, Menderska A, Trzonkowski P. New conjugates
of tuftsin and muramyl dipeptide as stimulators of human monocyte-derived
dendritic cells. Protein Pept Lett (2013) 20(2):200-4. doi: 10.2174/
092986613804725299

6. Mukherjee T, Hovingh ES, Foerster EG, Abdel-Nour M, Philpott DJ, Girardin
SE. NOD1 and NOD2 in inflammation, immunity and disease. Arch Biochem
Biophys (2019) 670:69-81. doi: 10.1016/j.abb.2018.12.022

7. Inohara N, Nufiez G. The NOD: A signaling module that regulates apoptosis
and host defense against pathogens. Oncogene (2001) 20(44):6473-81.
doi: 10.1038/sj.0nc.1204787

8. Pauleau A-L, Murray PJ. Role of nod2 in the response of macrophages to toll-
like receptor agonists. Mol Cell Biol (2003) 23(21):7531-9. doi: 10.1128/
MCB.23.21.7531-7539.2003

9. Wilmanski JM, Petnicki-Ocwieja T, Kobayashi KS. NLR proteins: Integral
members of innate immunity and mediators of inflammatory diseases. J Leukoc
Biol (2008) 83(1):13-30. doi: 10.1189/j1b.0607402

10. Blanot D, Lee J, Girardin SE. Synthesis and biological evaluation of biotinyl
hydrazone derivatives of muramyl peptides. Chem Biol Drug Des (2012) 79(1):2-8.
doi: 10.1111/j.1747-0285.2011.01204.x

11. Kong L-J, Liu X-Q, Xue Y, Gao W, Lv Q-Z. Muramyl dipeptide induces
reactive oxygen species generation through the NOD2/COX-2/NOX4 signaling
pathway in human umbilical vein endothelial cells. ] Cardiovasc Pharmacol (2018)
71(6):352-8. doi: 10.1097/FJC.0000000000000581

12. Kobayashi K, Inohara N, Hernandez LD, Galan JE, Nufiez G, Janeway CA,
et al. RICK/Rip2/CARDIAK mediates signalling for receptors of the innate and
adaptive immune systems. Nature (2002) 416(6877):194-9. doi: 10.1038/416194a

13. Kobayashi K, Hernandez LD, Galan JE, Janeway CAJr., Medzhitov R, Flavell
RA. IRAK-m is a negative regulator of toll-like receptor signaling. Cell (2002) 110
(2):191-202. doi: 10.1016/s0092-8674(02)00827-9

14. Samsel M, Dzierzbicka K, Trzonkowski P. Synthesis and antiproliferative
activity of conjugates of adenosine with muramyl dipeptide and nor-muramyl
dipeptide derivatives. Bioorg Med Chem Lett (2014) 24(15):3587-91. doi: 10.1016/
j-bmcl.2014.05.043

15. Sakibuzzaman M, Moosa SA, Akhter M, Trisha IH, Talib KA. Identifying
the neurogenetic framework of crohn's disease through investigative analysis of the
nucleotide-binding oligomerization domain-containing protein 2 gene mutation.
Cureus (2019) 11(9):e5680. doi: 10.7759/cureus.5680

16. Ogawa C, Liu YJ, Kobayashi KS. Muramyl dipeptide and its derivatives:
peptide adjuvant in immunological disorders and cancer therapy. Curr Bioact
Compd (2011) 7(3):180-97. doi: 10.2174/157340711796817913

17. Moskaleva NE, Markin PA, Kuznetsov RM, Andronova TM, Appolonova
SA. Determination of the immunostimulatory drug-glucosoaminyl-muramyl-
dipeptide-in human plasma using HPLC-MS/MS and its application to a
pharmacokinetic study. BioMed Chromatogr (2020) 34(12):e4948. doi: 10.1002/
bmc.4948

18. Biteau K, Guiho R, Chatelais M, Taurelle ], Chesneau ], Corradini N, et al. L-
MTP-PE and zoledronic acid combination in osteosarcoma: Preclinical evidence of
positive therapeutic combination for clinical transfer. Am J Cancer Res (2016) 6
(3):677-89.

19. Wang L-Z, Li X-L, Pang X-Y, Sun L-R. Muramyl dipeptide modulates
differentiation, maturity of dendritic cells and anti-tumor effect of DC-mediated T
cell in acute leukemia children. Hum Vaccin (2011) 7(6):618-24. doi: 10.4161/
hv.7.6.14988

20. Cestero JJ, Castanheira S, Pucciarelli MG, Garcia-del Portillo F. A novel
salmonella periplasmic protein controlling cell wall homeostasis and virulence.
Front Microbiol (2021) 12:633701. doi: 10.3389/fmicb.2021.633701

21. Cristofori F, Dargenio VN, Dargenio C, Miniello VL, Barone M, Francavilla
R. Anti-inflammatory and immunomodulatory effects of probiotics in gut

Frontiers in Oncology

13

10.3389/fonc.2022.970967

inflammation: A door to the body. Front Immunol (2021) 12:578386.
doi: 10.3389/fimmu.2021.578386

22. Guryanova SV, Khaitov RM. Strategies for using muramyl peptides -
modulators of innate immunity of bacterial origin - in medicine. Front Immunol
(2021) 12:607178. doi: 10.3389/fimmu.2021.607178

23. Holler E, Rogler G, Herfarth H, Brenmoehl J, Wild PJ, Hahn J, et al. Both
donor and recipient NOD2/CARD15 mutations associate with transplant-related
mortality and GvHD following allogeneic stem cell transplantation. Blood (2004)
104(3):889-94. doi: 10.1182/blood-2003-10-3543

24. Brenmoehl J, Herfarth H, Gliick T, Audebert F, Barlage S, Schmitz G, et al.
Genetic variants in the NOD2/CARDI5 gene are associated with early mortality in
sepsis patients. Intensive Care Med (2007) 33(9):1541-8. doi: 10.1007/s00134-007-
0722-z

25. Hugot JP, Chamaillard M, Zouali H, Lesage S, Cézard JP, Belaiche J, et al.
Association of NOD2 leucine-rich repeat variants with susceptibility to crohn’s
disease. Nature (2001) 411(6837):599-603. doi: 10.1038/35079107

26. Salem M, Seidelin JB, Rogler G, Nielsen OH. Muramyl dipeptide responsive
pathways in crohn’s disease: From NOD?2 and beyond. Cell Mol Life Sci (2013) 70
(18):3391-404. doi: 10.1007/s00018-012-1246-4

27. Jakopin Z Murabutide revisited: A review of its pleiotropic biological effects
Curr Med Chem (2013) 20(16):2068-79 doi: 10.2174/0929867311320160002

28. Darcissac EC, Truong MJ, Dewulf ], Mouton Y, Capron A, Bahr GM. The
synthetic immunomodulator murabutide controls human immunodeficiency virus
type 1 replication at multiple levels in macrophages and dendritic cells. J Virol
(2000) 74(17):7794-802. doi: 10.1128/]JV1.74.17.7794-7802.2000

29. Coffman RL, Sher A, Seder RA. Vaccine adjuvants: Putting innate
immunity to work. Immunity (2010) 33(4):492-503. doi: 10.1016/j.immuni.2010.
10.002

30. Habjanec L, Halassy B, Tomasi¢ J. Comparative study of structurally related
peptidoglycan monomer and muramyl dipeptide on humoral IgG immune
response to ovalbumin in mouse. Int Immunopharmacol (2010) 10(7):751-9.
doi: 10.1016/j.intimp.2010.04.005

31. Ellouz F, Adam A, Ciorbaru R, Lederer E. Minimal structural requirements
for adjuvant activity of bacterial peptidoglycan derivatives. Biochem Biophys Res
Commun (1974) 59(4):1317-25. doi: 10.1016/0006-291x(74)90458-6

32. Ribic¢ R, Stojkovi¢ R, Milkovi¢ L, Antica M, Cigler M, Tomic S. Design,
synthesis and biological evaluation of immunostimulating mannosylated
desmuramyl peptides. Beilstein ] Org Chem (2019) 15:1805-14. doi: 10.3762/
bjoc.15.174

33. Tukhvatulin AI, Dzharullaeva AS, Tukhvatulina NM, Shcheblyakov DV,
Shmarov MM, Dolzhikova IV, et al. Powerful complex immunoadjuvant based on
synergistic effect of combined TLR4 and NOD?2 activation significantly enhances
magnitude of humoral and cellular adaptive immune responses. PloS One (2016) 11
(5):€0155650. doi: 10.1371/journal.pone.0155650

34. Link MP, Goorin AM, Miser AW, Green AA, Pratt CB, Belasco JB, et al. The
effect of adjuvant chemotherapy on relapse-free survival in patients with
osteosarcoma of the extremity. N Engl ] Med (1986) 314(25):1600-6.
doi: 10.1056/NEJM198606193142502

35. Vosika GJ, Cornelius DA, Gilbert CW, Sadlik JR, Bennek JA, Doyle A, et al.
Phase I trial of ImmTher, a new liposome-incorporated lipophilic disaccharide
tripeptide. ] Immunother (1991) 10(4):256-66. doi: 10.1097/00002371-199108000-
00004

36. Overholser J, Ambegaokar KH, Eze SM, Sanabria-Figueroa E, Nahta R,
Bekaii-Saabet T, et al. Anti-tumor effects of peptide therapeutic and peptide vaccine
antibody co-targeting HER-1 and HER-2 in esophageal cancer (EC) and HER-1
and IGF-1R in triple-negative breast cancer (TNBC). Vaccines (2015) 3(3):519-43.
doi: 10.3390/vaccines3030519

37. Worth LL, Jia SF, An T, Kleinerman ES. ImmTher, a lipophilic disaccharide
derivative of muramyl dipeptide, up-regulates specific monocyte cytokine genes
and activates monocyte-mediated tumoricidal activity. Cancer Immunol
Immunother (1999) 48(6):312-20. doi: 10.1007/s002620050580

38. Knotigova PT, Zyka D, Masek J, Kovalova A, Krupka M, Bartheldyova E,
et al. Molecular adjuvants based on nonpyrogenic lipophilic derivatives of
norAbuMDP/GMDP formulated in nanoliposomes: Stimulation of innate and
adaptive immunity. Pharm Res (2015) 32(4):1186-99. doi: 10.1007/s11095-014-
1516-y

39. Bekaii-Saab T, Wesolowski R, Ahn DH, Wu C, Mortazavi A, Lustberg M,
et al. Phase I immunotherapy trial with two chimeric HER-2 b-cell peptide vaccines
emulsified in montanide ISA 720VG and nor-MDP adjuvant in patients with
advanced solid tumors. Clin Cancer Res an Off ] Am Assoc Cancer Res (2019) 25
(12):3495-507. doi: 10.1158/1078-0432.CCR-18-3997

frontiersin.org


https://doi.org/10.1093/glycob/11.3.25r
https://doi.org/10.1111/cmi.12304
https://doi.org/10.1155/2018/8047610
https://doi.org/10.1155/2018/8047610
https://doi.org/10.2174/092986711795843173
https://doi.org/10.2174/092986613804725299
https://doi.org/10.2174/092986613804725299
https://doi.org/10.1016/j.abb.2018.12.022
https://doi.org/10.1038/sj.onc.1204787
https://doi.org/10.1128/MCB.23.21.7531-7539.2003
https://doi.org/10.1128/MCB.23.21.7531-7539.2003
https://doi.org/10.1189/jlb.0607402
https://doi.org/10.1111/j.1747-0285.2011.01204.x
https://doi.org/10.1097/FJC.0000000000000581
https://doi.org/10.1038/416194a
https://doi.org/10.1016/s0092-8674(02)00827-9
https://doi.org/10.1016/j.bmcl.2014.05.043
https://doi.org/10.1016/j.bmcl.2014.05.043
https://doi.org/10.7759/cureus.5680
https://doi.org/10.2174/157340711796817913
https://doi.org/10.1002/bmc.4948
https://doi.org/10.1002/bmc.4948
https://doi.org/10.4161/hv.7.6.14988
https://doi.org/10.4161/hv.7.6.14988
https://doi.org/10.3389/fmicb.2021.633701
https://doi.org/10.3389/fimmu.2021.578386
https://doi.org/10.3389/fimmu.2021.607178
https://doi.org/10.1182/blood-2003-10-3543
https://doi.org/10.1007/s00134-007-0722-z
https://doi.org/10.1007/s00134-007-0722-z
https://doi.org/10.1038/35079107
https://doi.org/10.1007/s00018-012-1246-4
https://doi.org/10.2174/0929867311320160002
https://doi.org/10.1128/JVI.74.17.7794-7802.2000
https://doi.org/10.1016/j.immuni.2010.10.002
https://doi.org/10.1016/j.immuni.2010.10.002
https://doi.org/10.1016/j.intimp.2010.04.005
https://doi.org/10.1016/0006-291x(74)90458-6
https://doi.org/10.3762/bjoc.15.174
https://doi.org/10.3762/bjoc.15.174
https://doi.org/10.1371/journal.pone.0155650
https://doi.org/10.1056/NEJM198606193142502
https://doi.org/10.1097/00002371-199108000-00004
https://doi.org/10.1097/00002371-199108000-00004
https://doi.org/10.3390/vaccines3030519
https://doi.org/10.1007/s002620050580
https://doi.org/10.1007/s11095-014-1516-y
https://doi.org/10.1007/s11095-014-1516-y
https://doi.org/10.1158/1078-0432.CCR-18-3997
https://doi.org/10.3389/fonc.2022.970967
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

lwicka et al.

40. Guzelj S, Nabergoj S, Gobec M, Pajk S, Klancic V, Sliitter B, et al. Structural
fine-tuning of desmuramylpeptide NOD2 agonists defines their in vivo adjuvant
activity. ] Med Chem (2021) 64(11):7809-38. doi: 10.1021/acs.jmedchem.1c00644

41. Guryanova SV, Kozlov IG, Andronova TM. Regulation by muramyl peptide
GMDPA effector functions of NK cells from peripheral blood of healthy donors.
Allergy: Eur ] Allergy Clin Immunol (2020) 75:432. doi: 10.1111/all.14508

42. Parant M, Parant F, Chedid L, Yapo A, Petit JF, Lederer E. Fate of the
synthetic immunoadjuvant, muramyl dipeptide (14C-labelled) in the mouse. Int J
Immunopharmacol (1979) 1(1):35-41. doi: 10.1016/0192-0561(79)90028-6

43. Dinarello CA, Elin RJ, Chedid L, Wolff SM. The pyrogenicity of the
synthetic adjuvant muramyl dipeptide and two structural analogues. J Infect Dis
(1978) 138(6):760-7. doi: 10.1093/infdis/138.6.760

44. Chedid L, Parant M, Parant F, Lefrancier P, Choay ], Lederer E.
Enhancement of nonspecific immunity to klebsiella pneumoniae infection by a
synthetic immunoadjuvant (N-acetylmuramyl-L-alanyl-D-isoglutamine) and
several analogs. Proc Natl Acad Sci U.S.A. (1977) 74(5):2089-93. doi: 10.1073/
pnas.74.5.2089

45. Krueger JM, Walter ], Karnovsky ML, Chedid L, Choay JP, Lefrancier P,
et al. Muramyl peptides. variation of somnogenic activity with structure. ] Exp Med
(1984) 159(1):68-76. doi: 10.1084/jem.159.1.68

46. Ibrahim HM, Mohamed AH, Salem ML, Osman GY, Morsi DS. Anti-
neoplastic and immunomodulatory potency of co-treatment based on bovine
lactoferrin and/or muramyl dipeptide in tumor-bearing mice. Toxicol Res
(Camb) (2020) 9(2):137-47. doi: 10.1093/toxres/tfaa012

47. Griffin ME, Hespen CW, Wang Y-C, Hang HC. Translation of
peptidoglycan metabolites into immunotherapeutics. Clin Transl Immunol
(2019) 8(12):¢1095. doi: 10.1002/cti2.1095

48. Perokovic VP, Car 2, Drazenovic J, Stojkovi¢ R, Milkovi¢ L, Antica M, et al.
Design, aynthesis, and biological evaluation of desmuramyl dipeptides modified by
adamantyl-1,2,3-triazole. Molecules (2021) 26:6352. doi: 10.3390/
molecules26216352

49. Ando K, Mori K, Corradini N, Redini F, Heymann D. Mifamurtide for the
treatment of nonmetastatic osteosarcoma. Expert Opin Pharmacother (2011) 12
(2):285-92. doi: 10.1517/14656566.2011.543129

50. Song HJ, Lee E-K, Lee JA, Kim H-L, Jang KW. The addition of mifamurtide
to chemotherapy improves lifetime effectiveness in children with osteosarcoma: A
Markov model analysis. Tumour Biol ] Int Soc Oncodevelopment Biol Med (2014)
35(9):8771-9. doi: 10.1007/s13277-014-2139-y

51. Song HJ, Lee JA, Han E, Lee E-K. Lifetime effectiveness of mifamurtide
addition to chemotherapy in nonmetastatic and metastatic osteosarcoma: A
Markov process model analysis. Tumour Biol ] Int Soc Oncodevelopment Biol
Med (2015) 36(9):6773-9. doi: 10.1007/s13277-015-3405-3

52. Kleinerman ES, Gano JB, Johnston DA, Benjamin RS, Jaffe N. Efficacy of
liposomal muramyl tripeptide (CGP 19835A) in the treatment of relapsed
osteosarcoma. Am ] Clin Oncol (1995) 18(2):93-9. doi: 10.1097/00000421-
199504000-00001

53. Meyers PA, Schwartz CL, Krailo MD, Healey JH, Bernstein ML, Betcher D,
et al. Osteosarcoma: The addition of muramyl tripeptide to chemotherapy
improves overall survival-a report from the children’s oncology group. J Clin
Oncol Off ] Am Soc Clin Oncol (2008) 26(4):633-8. doi: 10.1200/JC0O.2008.14.0095

54. Rodriguez CO]J. Using canine osteosarcoma as a model to assess efficacy of
novel therapies: can old dogs teach us new tricks? Adv Exp Med Biol (2014)
804:237-56. doi: 10.1007/978-3-319-04843-7_13

55. Tagyildiz N, Unal E, Dingaslan H, Cakmak HM, Kése K, Tanyildiz G, et al.
Muramyl tripeptide plus chemotherapy reduces metastasis in non-metastatic
osteosarcoma: A single-center experience. Asian Pac ] Cancer Prev (2020) 21
(3):715-20. doi: 10.31557/APJCP.2020.21.3.715

56. Luetke A, Meyers PA, Lewis I, Juergens H. Osteosarcoma treatment — where
do we stand? A state of the art review. Cancer Treat Rev (2014) 40(4):523-32.
doi: 10.1016/j.ctrv.2013.11.006

57. Matsumoto K, Otani T, Une T, Osada Y, Ogawa H, Azuma I. Stimulation of
nonspecific resistance to infection induced by muramyl dipeptide analogs
substituted in the gamma-carboxyl group and evaluation of n alpha-muramyl
dipeptide-n epsilon-stearoyllysine. Infect Immun (1983) 39(3):1029-40.
doi: 10.1128/iai.39.3.1029-1040.1983

Frontiers in Oncology

14

10.3389/fonc.2022.970967

58. Azuma I. Review: Inducer of cytokines in vivo: Overview of field and
romurtide experience. Int | Immunopharmacol (1992) 14(3):487-96.
doi: 10.1016/0192-0561(92)90180-s

59. Azuma I. Development of the cytokine inducer romurtide: experimental
studies and clinical application. Trends Pharmacol Sci (1992) 13(12):425-8.
doi: 10.1016/0165-6147(92)90134-r

60. Yano K, Matsuoka H, Seo Y, Kounoe S, Saito T, Tomoda H. Restorative
effect of romurtide for thrombocytopenia associated with intensive anticancer drug
treatment and/or irradiation in patients with gastrointestinal cancer. Anticancer
Res (1995) 15(6B):2883-7.

61. Namba K, Nitanai H, Otani T, Azuma I. Romurtide, a synthetic muramyl
dipeptide derivative, accelerates peripheral platelet recovery in nonhuman primate
chemotherapy model. Vaccine (1996) 14(14):1322-6. doi: 10.1016/50264-410x(96)
00064-3

62. Pahl JHW, Kwappenberg KMC, Varypataki EM, Santos SJ, Kuijjer ML,
Mohamed S, et al. Macrophages inhibit human osteosarcoma cell growth after
activation with the bacterial cell wall derivative liposomal muramyl tripeptide in
combination with interferon-y. ] Exp Clin Cancer Res (2014) 33(1):27. doi: 10.1186/
1756-9966-33-27

63. Dinney CP, Utsugi T, Fidler IJ, von Eschenbach AC, Killion JJ.
Immunotherapy of murine renal adenocarcinoma by systemic administration of
liposomes containing the synthetic macrophage activator CGP 31362 or CGP
19835A in combination with interleukin 2 or gamma-interferon. Cancer Res (1992)
52(5):1155-61.

64. Buteyn NJ, Santhanam R, Merchand-Reyes G, Murugesan RA, Dettorre
GM, Byrd JC, et al. Activation of the intracellular pattern recognition receptor
NOD2 promotes acute myeloid leukemia (AML) cell apoptosis and provides a
survival advantage in an animal model of AML. ] Immunol (2020) 204(7):1988-97.
doi: 10.4049/jimmunol. 1900885

65. Chretien A-S, Fauriat C, Orlanducci F, Galseran C, Rey ], Borg GB, et al.
Natural killer defective maturation is associated with adverse clinical outcome in
patients with acute myeloid leukemia. Front Immunol (2017) 8:573. doi: 10.3389/
fimmu.2017.00573

66. You F, Hu J, Li X, Li Y. The elimination of MTC-220, a novel anti-
tumor agent of conjugate of paclitaxel and muramyl dipeptide analogue, in rats.
Cancer Chemother Pharmacol (2013) 71(6):1453-62. doi: 10.1007/s00280-013-
2144-7

67. Wani MC, Taylor HL, Wall ME, Coggon P, McPhail AT. Plant antitumor
agents. VL. the isolation and structure of taxol, a novel antileukemic and antitumor
agent from taxus brevifolia. ] Am Chem Soc (1971) 93(9):2325-7. doi: 10.1021/
ja00738a045

68. Ferlini C, Gallo D, Scambia G. New taxanes in development. Expert Opin
Investig Drugs (2008) 17(3):335-47. doi: 10.1517/13543784.17.3.335

69. Kim S, Takahashi H, Lin W-W, Descargues P, Grivennikov S, Kim Y, et al.
Carcinoma-produced factors activate myeloid cells through TLR2 to stimulate
metastasis. Nature (2009) 457(7225):102-6. doi: 10.1038/nature07623

70. Balkwill F. TNF-alpha in promotion and progression of cancer. Cancer
Metastasis Rev (2006) 25(3):409-16. doi: 10.1007/s10555-006-9005-3

71. Ma Y, Zhao N, Liu G. Conjugate (MTC-220) of muramyl dipeptide
analogue and paclitaxel prevents both tumor growth and metastasis in mice. J
Med Chem (2011) 54(8):2767-77. doi: 10.1021/jm101577z

72. Dong Y, Wang S, Wang C, Li Z, Ma Y, Liu G. Antagonizing NOD?2 signaling
with conjugates of paclitaxel and muramyl dipeptide derivatives sensitizes
paclitaxel therapy and significantly prevents tumor metastasis. ] Med Chem
(2017) 60(3):1219-24. doi: 10.1021/acs.jmedchem.6b01704

73. Wen X, Zheng P, Ma Y, Ou Y, Huang W, Li S, et al. Salutaxel, a conjugate of
docetaxel and a muramyl dipeptide (MDP) analogue, acts as multifunctional
prodrug that inhibits tumor growth and metastasis. ] Med Chem (2018) 61
(4):1519-40. doi: 10.1021/acs.jmedchem.7b01407

74. Xie Z, Su'Y, Kim GB, Selvi E, Ma C, Aragon-Sanabria V, et al. Immune cell-
mediated biodegradable theranostic nanoparticles for melanoma targeting and
drug delivery. Small (2017) 13(10):201603121. doi: 10.1002/smll.201603121

75. Auwerx J. The human leukemia cell line, THP-1: A multifacetted model for
the study of monocyte-macrophage differentiation. Experientia (1991) 47(1):22-31.
doi: 10.1007/BF02041244

frontiersin.org


https://doi.org/10.1021/acs.jmedchem.1c00644
https://doi.org/10.1111/all.14508
https://doi.org/10.1016/0192-0561(79)90028-6
https://doi.org/10.1093/infdis/138.6.760
https://doi.org/10.1073/pnas.74.5.2089
https://doi.org/10.1073/pnas.74.5.2089
https://doi.org/10.1084/jem.159.1.68
https://doi.org/10.1093/toxres/tfaa012
https://doi.org/10.1002/cti2.1095
https://doi.org/10.3390/molecules26216352
https://doi.org/10.3390/molecules26216352
https://doi.org/10.1517/14656566.2011.543129
https://doi.org/10.1007/s13277-014-2139-y
https://doi.org/10.1007/s13277-015-3405-3
https://doi.org/10.1097/00000421-199504000-00001
https://doi.org/10.1097/00000421-199504000-00001
https://doi.org/10.1200/JCO.2008.14.0095
https://doi.org/10.1007/978-3-319-04843-7_13
https://doi.org/10.31557/APJCP.2020.21.3.715
https://doi.org/10.1016/j.ctrv.2013.11.006
https://doi.org/10.1128/iai.39.3.1029-1040.1983
https://doi.org/10.1016/0192-0561(92)90180-s
https://doi.org/10.1016/0165-6147(92)90134-r
https://doi.org/10.1016/s0264-410x(96)00064-3
https://doi.org/10.1016/s0264-410x(96)00064-3
https://doi.org/10.1186/1756-9966-33-27
https://doi.org/10.1186/1756-9966-33-27
https://doi.org/10.4049/jimmunol.1900885
https://doi.org/10.3389/fimmu.2017.00573
https://doi.org/10.3389/fimmu.2017.00573
https://doi.org/10.1007/s00280-013-2144-7
https://doi.org/10.1007/s00280-013-2144-7
https://doi.org/10.1021/ja00738a045
https://doi.org/10.1021/ja00738a045
https://doi.org/10.1517/13543784.17.3.335
https://doi.org/10.1038/nature07623
https://doi.org/10.1007/s10555-006-9005-3
https://doi.org/10.1021/jm101577z
https://doi.org/10.1021/acs.jmedchem.6b01704
https://doi.org/10.1021/acs.jmedchem.7b01407
https://doi.org/10.1002/smll.201603121
https://doi.org/10.1007/BF02041244
https://doi.org/10.3389/fonc.2022.970967
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Muramyl dipeptide-based analogs as potential anticancer compounds: Strategies to improve selectivity, biocompatibility, and efficiency
	Introduction
	Biological activity of MDP and its analogs: Clinical application
	Use of MDP analogs as adjuvants in cancer therapy
	Potential anticancer activity of MDP analogs: Cellular and animalmodel studies
	Conclusion
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


