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Abstract

The mechanisms underlying adjuvant effects are under renewed scrutiny because of the enormous
implications for vaccine development. Additionally, new low-toxicity adjuvants are sought to
enhance vaccine formulations. Muramyl dipeptide (MDP) is a component of the peptidoglycan
polymer and was shown to be an active but low-toxicity component of complete Freund’s adjuvant,
a powerful adjuvant composed of mycobacteria lysates in an oil emulsion. MDP activates cells
primarily via the cytosolic NLR family member Nod2 and is therefore linked to the ability of
adjuvants to enhance antibody production. Accordingly, we tested the adjuvant properties of the
MDP-Nod?2 pathway. We found that MDP, compared to the TLR agonist lipopolysaccharide, has
minimal adjuvant properties for antibody production under a variety of immunization conditions.
We also observed that the oil emulsion incomplete Freund’s adjuvant (IFA) supplanted the
requirements for the TLR pathway independent of the antigen. Surprisingly, we observed that Nod2
was required for an optimal 1gG1 and 1gG2c response in the absence of exogenous TLR or NLR
agonists. Collectively, our results argue that oil emulsions deserve greater attention for their
immunostimulatory properties.
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1. Introduction

Adjuvants are essential for the efficacy of the majority of vaccines, especially those based on
subunits of pathogens [1]. At present, alum (aluminium hydroxide) is the most widely used
adjuvant. Other adjuvants that sequester antigen in physically restricted areas termed ‘depots’
have been approved for human use (e.g. MF59 oil emulsion for influenza vaccines) [2,3].
Because of the key role adjuvants play in vaccines, recent efforts have focused both on new
adjuvant development to harness the Toll-like receptor (TLR) signaling pathways, and in
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understanding the mechanisms of action of existing adjuvant formulations such as alum [4-
6]. TLR agonists such as CpG derivatives [1,7] or non-toxic variants of TLR4-activating lipids
are being pursued as adjuvants [8] while alum has recently been shown to initiate 1L-1p
secretion by the activation of the NLR protein NLRP3 (also known as Cryopyrin or Nalp3)
inflammasome. Activation of IL-1p is therefore linked to the adjuvant effect of alum, although
the mechanisms involved in this pathway remain unresolved [9,10] and may specific to the
antigens used with alum [11].

Muramyl dipeptide (MDP) is a component of bacterial peptidoglycan. Decades of research on
peptidoglycan sub-structures have concluded that MDP is the ‘minimal’ component of the
peptidoglycan polymer that can activate an inflammatory response [12-15]. MDP is made up
of a single muramic acid residue covalently conjugated to a dipeptide stem consisting of L-
alanine and D-glutamine. While mammalian cells recognize peptidoglycan by a combination
of different cell surface receptors, MDP seems to be detected by the cytosolic NLR family
member Nod2 [16,17]. Indeed, mice or cells deficient in Nod2 cannot respond to exogenous
MDP, as read-out by the production of cytokines and chemokines [18-21]. Therefore, Nod2
appears to be a specific ‘detector’ for MDP. However, the physiological role of the Nod2-MDP
pathway remains unresolved because Nod2-deficient mice have a narrow range of phenotypes
[18-21]. In addition, MDP is a very weak activator of Nod2-expressing cells (compared to
conventional TLR agonists) [19,21-25]. Most intriguingly, some humans with predicted loss-
of-function mutations in Nod2 that limit responses to MDP are linked to Crohn’s Disease, a
disease of excessive gut inflammation [26-28]. However, lack of responsiveness to MDP is
inconsistent with the hyper-inflammatory response observed in the intestines of Crohn’s
Disease patients [17,29]. Complicating these studies is the fact that MDP has also been shown
to ‘activate’ other NLR proteins including Nalpl (NLRP1) [30,31], and NLRP3[32,33]. Thus,
the precise functions of Nod2, MDP recognition and the roles of these processes are under
intense investigation.

The conclusion that MDP has limited inflammatory properties was first reached through studies
designed to reduce the toxicity of gram-positive cell walls by sequential isolation of small
peptidoglycan sub-fragments that retained some of the properties of peptidoglycan [14].
Coincident with peptidoglycan dissection, other researchers tested the response of animals and
humans to injected MDP and concluded that MDP has limited toxicity [34-36]. However, it
should be pointed out that radiolabeled MDP is rapidly excreted in the urine when administered
systemically suggesting MDP in aqueous solutions does not have sufficient time to be trapped
by immune cells and subsequently activate them [37]. By contrast to MDP, polymers of
peptidoglycan (containing MDP as part of the structure) have powerful, and often lethal, pro-
inflammatory effects [38,39]. The idea that the toxicity of larger bacterial cell wall polymers
could be reduced to a non-toxic fragment led to the notion that MDP could function as an
adjuvant [14,15]. Indeed, Lederer and colleagues suggested that the potent adjuvant properties
of complete Freund’s adjuvant can be recapitulated by addition of MDP to the incomplete
Freund’s adjuvant (IFA) oil emulsion [13].

Taking these observations into account, we sought to systematically test the ability of MDP to
function as an adjuvant in different immunization regimes. We also employed mice deficient
in Nod2 as a control that have greatly reduced responses to MDP. Our results do not support
the idea that MDP is a useful adjuvant. Instead, we found evidence of a remarkable complexity
of responses to different adjuvant-antigen combinations, especially IFA.
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2. Materials and methods

2.1 Mice

Male and female C57BL/6, Nod2-deficient mice [21] backcrossed 10 generations to C57BL/
6, and MyD88-deficient mice of 4-8 weeks old were used. For T cell proliferation assays,
Nod2~/~ mice were crossed to OTII transgenic mice (Jackson Laboratories) and backcrossed
to generate Nod2~/~; OTII or Nod2*/*; OTII mice. Animal use adhered to National Institute
of Health Animal Care Guidelines and was approved by the St. Jude Animal Care and Use
Committee (PJM, Principal Investigator).

2.2 Antibodies and Reagents

Alkaline phosphatase (AP) conjugated antibodies anti-IgM, anti-IgG1, anti-IgG2b and anti-
IgG2c were from Southern Biotech. The alkaline phosphate (pNPP) liquid substrate was
purchased from Sigma. Lipopolysaccharide (LPS) (Escherichia coli 0127:B8), Incomplete
Freund’s adjuvant (IFA) was from Sigma, highly purified synthetic muramyl dipeptide (MDP,
N-acetylmuramyl-L-alanyl-D-isoglutamine) was from InvivoGen and Human Serum Albumin
for human injection (HSA) was from Baxter. The synthetic peptides [N-
ISQAVHAAHAEINEAGRKPNLSSKRSELSQLS-COOH] (TB-OTII-NE236) and the
biotinylated peptide [Biotin-KPNLSSKRSELSQLS-COOH] (NE236BIO) were synthesized
by Invitrogen. The TB-OTII-NE236 protein sequence ISQAVHAAHAEINEAGR corresponds
to the OTII T cell epitope, while the sequence KPNLSSKRSELSQLS corresponds to the
Measles virus hemagglutinin B cell epitope.

2.3 Immunizations

2.4 ELISA

Mice were immunized intraperitoneally with different antigen-adjuvant combinations: HSA
alone, HSA+MDP, HSA+LPS and HAS+LPS+MDP, IFA+TB-OTII-NE236, IFA+TB-OTII-
NE236+MDP; IFA+TB-OTII-NE236 + LPS, IFA+TB-OTII-NE236+ LPS+MDP. The
concentrations used per mouse were: MDP 100ug, LPS 5ug, HSA 50ug and TB-OTI1-NE236
100 pg. Animals (generally 5 per group) were boosted twice at the second and fourth weeks
after prime. Serum samples were obtained two weeks after priming and two weeks after each
boost.

Microtiter plates were coated with streptavidin (20pug/mL) overnight at 4°C. Plates were
washed with PBS containing 2% Tween and the biotinylated peptide NE236BIO (1.25 pg/mL)
added. After 1.5 h of incubation, plates were washed and blocked with PBS containing 10%
bovine calf serum (dilution buffer) for 2 h and then washed extensively. The test serum was
diluted in dilution buffer and incubated for 1.5 h at 37°C. Plates were washed and the AP-
conjugated antibodies diluted (1:2000) in dilution buffer were added and incubated at room
temperature for 1.5 h. Finally, plates were washed extensively and the substrate solution added.
The results were measured at ELISA reader optical density of 405 nm after 15 min. For the
detection of antibodies anti-HSA microplates were coated with HSA (2 pg/mL) and incubated
ON at 4°C.

2.5 Statistical analysis

The Mann-Whitney test was used within Graphpad Prism software. A p value <0.05 was
considered significant.
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3. Results

3.1 Overall evaluation of MDP adjuvant effect using HSA as an antigen

Previous reports suggesting that MDP can act as an adjuvant without additional lipid or alum-
based antigen depots were have been described using HSA as a model antigen [19,40]. For our
studies we used an HSA preparation certified for human intravenous injection and devoid of
contaminating microbial compounds that could confound our analysis of the adjuvant effect
of MDP. By comparison to MDP, we used HSA mixed with LPS as a positive control noting
that TLR agonists have adjuvant effects [1,7,40]. Following an immunization-boost regime,
we measured the titer of HSA-specific antibody isotypes present in the sera of mice over time.
Our analysis of the antibody response to HSA in the presence of MDP (Fig. 1) indicates that
MDP is a weak adjuvant compared to LPS. MDP had no statistically significant effect on
production of HSA-specific 1gG2b or IgG2c, and marginally increased anti-HSA 1gG1
production at days 14 and 28 (p=0.0317 and p=0.0079, respectively), compared to HSA alone.

MDP activates cells primarily via the Nod2 pathway, independently of the TLR pathways
[16,17]. Indeed, limited studies have suggested that MDP had an adjuvant effect via the Nod2
pathway [19]. We next performed a similar study to that shown in Fig. 1 but this time comparing
C57BL/6 mice or Nod2 '~ mice immunized with HSA alone, HSA and MDP or HSA and LPS
(Fig. 2). The analysis of the sera from these mice recapitulated the experiment shown in Fig.
1 in that MDP was a weak adjuvant compared to LPS. However, the adjuvant effect of MDP
for HSA-specific 1gG1 in Nod2-deficient mice was reduced, confirming the notion that Nod2
is essential for the pathway that senses MDP. Furthermore, we could find no evidence that
MDP synergistically enhanced anti-HSA antibody production when mixed with LPS: a test of
the ‘“MDP synergy’ effect that is routinely performed when testing cellular responses to MDP
[19-21,25] (Supplemental Fig. 1). Collectively our studies suggest that MDP by itself has a
marginal adjuvant effect for IgG1 and by itself cannot stimulate 1gG2b or 1gG2c isotype
production, consistent with studies performed in the 1970s [41]. However, the weak effect of
MDP in stimulating 1gG1 production was Nod2-dependent.

3.2 Effect of MDP emulsified in IFA

We tested whether the absence of Nod2 intrinsically affected the ability of APCs to present
antigen. Control or Nod2-deficient APC were pulsed with different concentrations of TB-OTII-
NE236 peptide and mixed to control or Nod2-deficient T cells derived from OTII TCR
transgenic background, which specifically recognize the OTII peptide. Ag-specific T cell
proliferation was measured. Under all conditions we could not detect any role for Nod2 in the
Ag-presentation process. (Supplemental Fig. 2).

We next tested if MDP promoted the production anti-TB-OTII-NE236 antibodies by injecting
TB-OTII-NE236 and MDP together as we had done for HSA (Fig. 1,Fig. 2). No specific
antibodies of any isotype were produced under these conditions (data not shown) in contrast
to the HSA+MDP experiments shown in Fig.1 where MDP did have some adjuvant effect for
anti-HSA 1gG1 antibodies. We next considered whether MDP could act as an adjuvant when
trapped in an ‘antigen depot’ such as IFA [1]. We observed that IFA mixed with TB-OTII-
NE236 was sufficient to promote a strong antibody response measured by increased production
of IgM, 1gG1, 1gG2b and Ig2c over time (Fig. 3). Surprisingly, the addition of MDP or LPS
to the IFA-TB-OTII-NE236 mixture did not have any significant effect on the ability of mice
to make specific antibodies beyond that observed with TB-OTII-NE236 and IFA. Collectively,
these data argue that IFA alone is a strong adjuvant when used with the TB-OTII-NE236
peptide and that MDP has no effect on enhancing the IFA response.
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We confirmed these findings by checking if IFA was also a powerful adjuvant for an antibody
response to HSA. We injected HSA alone or HSA emulsified in IFA and measured the anti-
HSA antibody response over time (Supplemental Fig. 3). We observed that, like the TB-OTII-
NE236 peptide, IFA was sufficient for inducing antigen-specific production of all isotypes.

3.3 Nod2 is required for an optimal anti-TB-OTII-NE236 response in the presence of IFA

We wondered if Nod2 played a role in the IFA response using TB-OTII-NE236 as an antigen
because preliminary control experiments suggested that IFA responses were reduced in
Nod2~/~ mice (data not shown). In subsequent experiments reported here we did not use any
exogenous MDP emulsified into IFA. Rather, we injected control or Nod2~/~ mice with IFA-
TB-OTII-NE236 or IFA-TB-OTII-NE236 mixed with LPS as a positive control. We then
determined the titers of each TB-OTII-NE236-specific antibody isotype . Surprisingly, we
found that Nod2 was partially required for IgG1 and 1gG2c production, compared to controls
because anti-TB-OTI1-NE236 titers were reproducibly lower in the absence of Nod2 (Fig. 4).
By contrast, Nod2~/~ mice were indistinguishable from control mice when IFA was emulsified
with LPS and TB-OTII-E236 supporting previous data showing that deficiency in Nod2 has
no obvious effects on the TLR4 pathway and Nod2-deficient mice to do have any obvious
defects on lymphocyte function. Taken together, these data argue that like NLRP3 for alum,
Nod2 plays a partial role in the optimal adjuvant response to IFA.

3.4 Role of MyD88 in the response to antigens emulsified in IFA

The preceding results suggested that IFA was a sufficiently strong adjuvant, regardless of added
LPS or MDP. This led us to test if TLR and IL-1p signaling via MyD88 was needed for an
antibody response when mixed with IFA. The role of TLR signaling in promoting B cell
responses has recently been debated, with arguments made for and against a critical role of
MyD88 signaling (and by extension, TLR and other receptors that use MyD88 such as IL-1,
IL-18 and IL-33) [42] in antibody generation [40,43]. In parallel with our analysis of Nod2 in
adjuvant responses, we tested the antibody response to TB-OTII-NE236 emulsified in IFA in
mice lacking MyD88 (Fig. 5). We did not observe any essential role of MyD88 in the response
to TB-OTII-NE236 emulsified in IFA, excluding an essential role for MyD88 signaling via
the IL-1, IL-18 or I1L-33 receptors in the IFA response. Therefore, Nod2 is required for the
optimal response to IFA, independently of MyD88.

4. Discussion

Our data suggests that MDP is a poor adjuvant and caution should be used should MDP be
considered for inclusion in test adjuvant preparations for use in human studies. However, we
cannot exclude the possibility that MDP derivatives, where lipids or carbohydrates are
chemically added to MDP, could be tested for enhanced adjuvant effects [24]. Our findings
also suggest that MDP, either alone or in combination with LPS, does not efficiently enhance
antibody responses to two model antigens, HSA and TB-OTII-NE236. These studies argue
against suggestions that MDP is the ‘minimal’ peptidoglycan component of CFA capable of
engendering a strong antigen-specific B cell response at least to the highly purified antigens
used here [14]. We suggest that these older studies, ensconced in the literature, are most likely
the result of contamination of MDP preparations with bacterial components that stimulate the
TLR pathways.

An unexpected finding of our systematic studies of the role of Nod2 in MDP-driven antibody
production was that responses to IFA and antigen (without the addition of MDP) were reduced
in the absence of Nod2. We noted that recent data has shown that another NLR member, NLRP3
(previously called cryopyrin or Nalp3) plays a critical role in the adjuvant response to alum,

the most commonly used adjuvant in humans [4,5,9]. However, a more recent study has shown
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that NLRP3 is not required for the alum adjuvant effect when HSA was used as the antigen
[11]. Exposure of myeloid-lineage cells to alum causes the release of IL-1f3 in an NLRP3-
dependent way, suggesting that the NLRP3 ‘inflammasome’ is activated by alum to
subsequently activate caspase-1 and then IL-1p secretion [9]. Thus, IL-1 might be considered
a key player in the adjuvant response. However, the underlying mechanism of alum-mediated
activation of IL-1p production and how IL-1f (or other caspase-1 processed cytokines)
promotes an adjuvant effect remains unresolved.

The potential role of IL-1f (or other known caspase-1 dependent cytokines such as IL-18 or
IL-33) does not agree with data suggesting that MyD88 is not required for adjuvant effects as
shown by detailed studies in mice lacking both MyD88 and Trif (and therefore no TLR or
IL-1R signaling) [43]. By contrast, Medzhitov and colleagues have provided evidence that
shows MyD88 in B cells is essential for antibody production when antigens are co-administered
with TLR agonists [40]. It is important to recognize that the studies of the Medzhitov and Gavin
groups differ substantially in the immunization route, antigen, adjuvants and assay methods.
The interpretation of our studies using HSA (data not shown) or TB-OTII-NE236 in
combination with different adjuvants suggests that the MyD88-dependent promotion of an
antibody response depends on the antigen-adjuvant combination and the route of injection:
thus, we were able to recapitulate previous data [43] showing that MyD88 was not essential
for a normal antibody response to HSA (data not shown), or the TB-OTI1-NE236 peptide when
mixed with LPS (LOM, unpublished data). Additionally, we found that the IFA adjuvant effect
was independent of MyD88 (Fig. 5), similar to findings observed in IFA-immunized MyD88-
Trif doubly-deficient mice [43].

More surprising, however, were our results that showed that Nod2 was required for an optimal
IgG1 and 1gG2c response to TB-OTII-NE236 in the presence of IFA. We favor a model where
Nod2 is involved, in part, in the coordinated immune and inflammatory response driven by oil
emulsions. Recent studies have suggested that Nod2 forms complexes with NLRP1, another
NLR member that seems to be involved in MDP sensing [30,31]. Given these data, it appears
that NLR proteins have the potential for multiple types of interactions with each other, some
of which might be involved in detecting cellular damage elicited by IFA. Multiple mechanisms
must however, be required to detect the presence of IFA: these mechanisms, and the reason
for the potency of IFA remain an open question. We also note that even though IFA was
abandoned for human use some years ago due to toxicity, there is significant interest in
revisiting the use of IFA and other oil-based adjuvants such as MF59 in humans for new vaccine
development [44]. Establishing the pathways that respond to oil emulsions will be a necessary
first step in determining how best to harness their potent adjuvant properties.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Antibody production by C57BL/6 mice immunized with HSA in the presence of MDP or LPS.
Mice were primed at day 0 and boosted at days 14 and 21. At 42 days, mice were bled and
sacrificed. All serum time points were processed at the same time to determine the HSA-
specific titers for each isotype. Each point represents the serum antibody titer to HSA for an
individual mouse and titer values represent reciprocal serum dilution yielding half-maximal

signal. *, p<0.05.
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Fig. 2.

Antibody production by C57BL/6 and Nod2-deficient mice immunized with HSA in the
presence or in the absence of MDP or LPS. Mice were immunized as described in Fig. 1 and
serum anti-HSA titers determined by ELISA. *, p<0.05.
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Fig. 3.

Antibody production by C57BL/6 mice after peritoneal injection with TB-OTI1-NE236 peptide
plus IFA in the presence or in the absent of MDP or LPS. Mice were immunized at day 0 and
boosted at days 14 and 21 with TB-OTII-NE236 in IFA alone, IFA and LPS or IFA and MDP.
Each point represents the serum antibody titer to NE236 for an individual mouse and titer
values represent reciprocal serum dilution yielding half-maximal signal.
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Fig. 4.

Antibody production by C57BL/6 or Nod2-deficient mice immunized with TB-OTII-NE236
peptide plus IFA (top graphs) or IFA+LPS (lower graphs). Mice were immunized as described
in Fig. 1 and serum titers to NE236 measured by isotype-specific ELISA. *, p<0.05.
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Fig. 5.

Immunization of control (Myd88*/*) or MyD88-deficient mice immunized with TB-OTII-
NE236 peptide plus IFA. Mice were immunized as described in Figs 1. Shown are 1gG1
antibody titers specific for NE236. Antigen-specific IgM, 1gG2b and 1gG2c responses were
also determined in these experiments and did not show any significant differences comparing
control or Myd88~/~ mice.
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