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N-arylpyrazole NOD2 agonists promote immune checkpoint 
inhibitor therapy
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Abstract

The characterization of microbiota mechanisms in health and disease has reinvigorated pattern 

recognition receptors as prominent targets for immunotherapy. Notably, our recent studies 

on Enterococcus species revealed peptidoglycan remodeling and activation of NOD2 as key 

mechanisms for microbiota enhancement of immune checkpoint inhibitor therapy. Inspired by 

this work and other studies of NOD2 activation, we performed in silico ligand screening and 

developed N-arylpyrazole dipeptides as novel NOD2 agonists. Importantly, our N-arylpyrazole 

NOD2 agonist is enantiomer-specific, effective at promoting immune checkpoint inhibitor therapy 

and requires NOD2 for activity in vivo. Given the significant functions of NOD2 in innate and 

adaptive immunity, these next-generation agonists afford new therapeutic leads and adjuvants for a 

variety of NOD2-responsive diseases.
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INTRODUCTION

Pattern recognition receptors (PRRs) provide important sensors for host recognition 

of microbes as well as environmental and cellular stresses to initiate innate and 

adaptive immunity responses.1 These immune sensors have therefore emerged as excellent 

therapeutic targets for modulation of infection and inflammatory diseases in animals and 

humans. For example, the discovery of toll-like receptors (TLRs) has been transformative 

for elucidating mechanisms of innate immunity and enabled the development several TLR-

targeted therapeutics in clinical trials.2 Beyond these PRRs, nucleotide-binding domain, 

leucine-rich repeat receptors (NLRs) also encode intracellular sensors of microbial ligands 

and stress.3 Amongst the NLRs, the founding members of this protein superfamily, 

nucleotide-binding and oligomerization domain (NOD) proteins 1 and 2 have been 

recognized key protein targets for immune activation.4, 5 Notably, one of the key active 

components of the bacterial cell wall in Freund’s adjuvant,6 muramyl dipeptide (MDP) is 

the minimal ligand required for the activation of NOD2 and downstream pro-inflammatory 

NF-κB signaling.7–9 In contrast, NOD1 recognizes γ-d-glutamyl-meso-diaminopimelic acid 

(iE-DAP) an alternative peptidoglycan fragment of bacterial cell walls.10, 11 These two 

intracellular NLRs serve as important intracellular sensors of peptidoglycan fragments 

that is conserved in most bacterial species and crucial for host defense against diverse 

pathogens, as Nod1 and Nod2-deficient mice are more susceptible to bacterial and viral 

infections.12 In addition to pathogens, these immune sensors of peptidoglycan also play 

key roles for detection of microbiota and maintenance of mucosal barriers. Notably, loss-

of-function alleles of NOD2 are associated with compromised intestinal barrier function, 

microbiota dysbiosis and are major risk factors for inflammatory bowel disease (IBD) 

such as Crohn’s disease.12 Alternatively, gain-of-function NOD2 mutants are implicated in 

auto-inflammatory disease such as Blau syndrome.12 Interestingly, NOD1 and NOD2 have 

also been implicated in sensing endoplasmic reticulum (ER) stress,13 potentially through 

binding of sphingosine-1-phosphate,14 and are also associated with inflammatory disorders 

such as obesity and neurodegeneration.12 Furthermore, NOD2 expression in hypothalamic 

inhibitory neurons has been shown to regulate appetite and body temperature in mice, 

which suggests additional roles for NOD2 in metabolism and behavior.15 These intracellular 

NLRs are therefore at the nexus of health and disease and prominent targets for therapeutic 

development.16, 17

Based on the significance of NOD1 and NOD2 in health and disease, their peptidoglycan 

ligands have been extensively derivatized to generate more effective synthetic compounds 

for therapeutic applications. Early studies on iE-DAP and MDP suggests these NOD1 

and NOD2 agonists could stimulate neutrophils and monocytes, respectively, and facilitate 

the clearance of pathogens as well as tumor cells ex vivo and in vivo, but their modest 

potency and short half-lives limited their efficacy in animal models.17 Several studies 

were then initiated to improve the activity of these peptidoglycan fragments. In particular, 

the addition of lipophilic groups onto iE-DAP and MDP have improved their potency 

in cells and half-lives in vivo. For example, the addition of N-lauroyl fatty acid onto 

iE-DAP resulted in C12-iE-DAP, which exhibits ~100-fold greater activation of NOD1-

dependent NF-κB reporter activation.17 Similar approaches towards MDP have also 
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yielded more potent NOD2 agonists. Notably, the addition of fatty acyl chains onto the 

6-OH of MurNAc and/or esterification of amino acids afforded more potent MDP-based 

NOD2 agonists.17 While these and other improved NOD1/2 agonists exhibited greater 

immunostimulatory activity, their efficacy as anti-infectives or adjuvants in vivo were 

limited. However, the development of muramyl tripeptide-phosphatidylethanolamine (MTP-

PE) or mifamurtide into a liposomal formulation resulted in the drug Mepact,18 which 

has been approved to treat pediatric osteosarcoma in Europe. While Mepact was not 

approved by the FDA in USA, the collective clinical studies indicate NOD2 activation 

was beneficial for the preventing tumor metastases.18 Of note, microbiome profiling of 

cancer patients suggested immune checkpoint inhibitor therapy-responsive individuals have 

unique microbiota composition, which included several species of Enterococcus.19 Our 

subsequent studies demonstrated the Enterococcus species that express the unique secreted 

peptidoglycan hydrolase (SagA) can remodel peptidoglycan and activate NOD2 to promote 

immune checkpoint inhibitor cancer therapy in mice.20 Moreover, the co-administration of 

MDP as the free molecule20 or encapsulated in nanoparticles21 with immune checkpoint 

inhibitors resulted in enhanced tumor clearance in mice, suggesting improved NOD2 agonist 

formulation and/or composition may result in more effective immune checkpoint inhibitor 

therapy and treatment of other disease indications.

Although the MurNAc moiety is required for the activity of MDP and the dipeptide alone 

is not active,7 the monosaccharide is potentially labile in vivo, necessitating more stable 

chemotypes for NOD2 agonism. Indeed, efforts to generate more effective NOD2 agonists 

are ongoing through the development of desmuramyl dipeptide (dMDP) analogs.22 For 

example, lipophilic cinnamic acid-based dipeptide analogs have been developed as dMDP 

NOD2 agonists ex vivo23, 24 and are effective as adjuvants for promoting antigen-specific 

immune responses in mice.25 Inspired by our SagA-expressing Enterococcus peptidoglycan 

remodeling and MDP co-administration studies with immune checkpoint inhibitor therapy,20 

we explored new desmuramyl dipeptide NOD2 agonists by structure-based in silico 
screening and developed N-arylpyrazole dipeptides as novel NOD2 agonists, which are 

specific and effective at promoting immune checkpoint inhibitor therapy in vivo. These 

next-generation agonists should function as new therapeutic leads and adjuvants for a variety 

of NOD2-responsive diseases.

RESULTS AND DISCUSSION

Identification of N-arylpyrazole dipeptide NOD2 agonists by structure-based in silico 
screening.

Structure-based in silico screening is a powerful approach to generate new ligand 

scaffolds.26 To enable in silico screening for NOD2 agonists, whose ligand-bound structure 

remains unknown, we docked MDP onto the putative ligand-binding leucine-rich repeat 

(LRR) domain of NOD2 with the induced-fit approach (Figure 1A).27 This model shows 

MDP makes contacts with amino acid residues that are critical for receptor activation.28–30 

To further validate the model, we performed template-based docking of active and inactive 

MDP derivatives and dMDPs reported in literature by aligning the maximum common 

substructures with the bound MDP (Figure 1B). This resulted in the enrichment of the 
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active derivatives in generated models. While the template-based approach was less sensitive 

for dMDPs, perhaps indicative of the weak or moderate affinity of nearly all reported 

dMDPs compared to MDP, it remained highly selective for our screening purpose. With 

the template-based docking method in hand, we virtually screened a library of ~31,000 

dMDPs (Figure 1C). We constructed this in silico library by conjugating enamine carboxylic 

acid building blocks to the dipeptide L-Val-D-Glu, which improves the on-target activity of 

dMDPs and decreases pyrogenicity relative to the native L-Ala-D-Glu17 and then filtered the 

candidate ligands based on their physicochemical properties. Template docking resulted in 

1,683 poses, and the top-scoring 10% were clustered and manually inspected. As further 

validation of our in silico method, our screening returned multiple, structurally distinct 

hits. In addition, some hits resembled previously reported dMDPs, including cinnamoyl-

Gly-L-Val-D-Glu(OEt)2 or CinGVE.23 A subset of the top 10% virtual screening hits 

encompassing a broad diversity of chemical structures were synthesized and tested for 

activity with the NOD2-HEK-Blue NF-κB reporter cells (Figure 1D). Six of the initial 

nine compounds effectively activated NOD2 with similar efficacy as CinGVE (Figure 1E). 

Interestingly, one of the N-arylpyrazole compounds TT007 was active whereas the other two 

N-arylpyrazole compounds TT008 and TT009 were inactive, which suggested a structure–

activity relationship around the pyrazole ring. Importantly, TT007 was inactive in the NULL 

and NOD1 HEK-Blue NF-κB reporter cells (Supporting Information Figure 1A,B), which 

confirmed its selectivity for NOD2, and elicited a clear dose-dependent NOD2 activation 

with pEC50 ~6.0 (Figure 1F). Encouraged by these results, we subsequently focused our 

effort on the N-arylpyrazole scaffold.

Optimization of N-arylpyrazole dipeptide NOD2 agonists.

We explored the chemical space of the N-arylpyrazole scaffold in two parts: (1) pyrazole 

group and (2) N-aryl group (Fig. 2A and Supporting Information Figure 2A). The dipeptide 

was synthesized as previously described and conjugated to N-arylpyrazole scaffolds that 

were either purchased or synthesized via Knorr pyrazole synthesis or Chan-Evans-Lam 

coupling routes (Supporting Information Figure 2B–D). As the initial screening results 

suggested that substitutions on the pyrazole ring have a large effect on potency, we designed 

analogs of the three N-arylpyrazole compounds with different substitutions (Figure 2B). 

Removing either one of the methyl groups from TT007 as in TT010 and TT011 reduced 

potency by up to two orders of magnitude. Increasing the size of a substituent as in 

TT009 and TT012 did not compensate the lack of the other substituent. This trend was 

also observed with compounds with various N-aryl group as in TT013-TT017 (Supporting 

Information Figure 2E). Methyl groups can have profound effects on the binding affinity 

of small molecule ligands.31 One possible explanation for our observation may be that 

the two methyl groups stabilize the binding conformation by creating an energy barrier 

for the rotation around the bond between the aryl and pyrazole groups or the bond 

between the pyrazole and the amide groups. In addition, N-methylation on Val (TT018 
vs. TT019, TT010 vs. TT020, TT011 vs. TT021, Figure 2C), which was introduced to 

perturb the dihedral angle between the pyrazole and amide groups, abolished the activity 

regardless of substituents on the pyrazole ring. We then designed analogues of TT007 
with various N-aryl groups. Topliss tree approach32 as in TT018, TT022, TT023, and 

TT024 did not yield compounds with appreciable differences in potency except for a slight 
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increase in TT022 possibly due to the increased steric bulk (Figure 2D). We therefore 

introduced heteroaromatic rings that could increase steric bulk and potentially participate 

in polar interactions. Substitutions with a hydrogen bond donor group on the para or 

meta position relative to the pyrazole ring as in TT025-TT030 increased potency up to 

~10-fold (Figure 2E). On the other hand, replacing the fluorophenyl group with a hydrogen 

bond acceptor group such as pyridine, pyrimidine, or anisole as in TT031-TT036 did not 

improve potency relative to TT007 (Figure 2F). Because MDP activity can be improved 

by lipid acylation,17 we wanted to ensure that the increased activity of our compounds 

was not due to a concomitant increase in lipophilicity. Comparison of the N-arylpyrazole 

compounds showed a moderately higher potency from the initial hit while also decreasing 

compound lipophilicity (Figure 2G), with TT030 exhibiting the highest overall lipophilic 

ligand efficiency (LLE) of 6.81. Together, these structure–activity relationship studies led to 

improved potency for the N-arylpyrazole hit guided by the modification of tolerant portions 

of the pharmacophore while also maintaining low lipophilicity.

In silico characterization of lead N-arylpyrazole NOD2 agonist.

To compare the binding of our novel lead agonist TT030 with MDP, we docked the 

compound with TT030 as performed in the initial virtual screen. Overall, the simulated 

complex of TT030 with NOD2 was similar to the NOD2-bound structure of MDP 

(Supporting Information Figure 3A). The dipeptide moieties from each molecule closely 

aligned with each other, and the side chain and α-carboxylic acids of D-Glu were found 

to form a salt bridge with R857 and K969, respectively (Supporting Information Figure 

3B). Attempts to generate a docked structure of the inactive enantiomer of TT030 did 

not yield a model, further underscoring the importance of the dipeptide stereochemistry in 

NOD2 binding. To understand the role of the 2-arylpyrazole pharmacophore, we examined 

its orientation in the binding site compared to the MurNAc residue of MDP that it replaced. 

Unlike the native monosaccharide moiety, the 2-pyridone group of TT030 was shifted 

downward in the docked structure to occupy a hydrophobic dip in the putative binding 

pocket and accept a hydrogen bond from W887. The pyrazole ring was also found to 

participate in π-π interactions with F831 and W887. Thus, the inclusion of aromatic or other 

hydrophobic groups in the aglycon agonists were crucial to stabilize the ligand-receptor 

complex through novel hydrophobic interactions.

N-arylpyrazole NOD2 agonist promotes cytokine production ex vivo.

To screen NOD2 activation in a more physiologically relevant system, we examined the 

cytokine release profile of the optimized lead TT030 using primary human immune cells. 

Healthy human peripheral mononuclear blood cells (PBMCs) were first depleted of red 

blood cells and then stimulated overnight with vehicle, 10 μM MDP, or 10 μM TT030. 

Because bacterial lipopolysaccharide has been reported to amplify cytokine secretion 

caused by NOD2 stimulation, we also conducted the experiment in parallel with LPS 

co-stimulation. As expected, MDP stimulation led to a significant increase of canonical, 

NOD2-dependent cytokines in the medium after 24 h, including interleukin-1 beta (IL-1β) 

(Figure 3A) and tumor necrosis factor alpha (TNFɑ) (Figure 3B). Similarly, TT030 was 

able to induce equivalent concentrations of these cytokines. In addition, TT030 caused an 
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increase in IL-12p70 secretion with and without LPS (Fig. 3C), as well as the production 

of the IL-1 family member IL-18 (Supporting Information Figure 4A) and the IL-12 family 

member IL-23 (Supporting Information Figure 4B), highlighting the broad impact of NOD2 

activation on the overall cytokine environment. Importantly, IL-12 family cytokines lead to 

the production of interferon gamma (IFNɣ) by activated T and NK cells to enhance adaptive 

immune responses, and increased IFNɣ levels were also observed for both MDP and TT030 
stimulation (Figure 3D).

N-arylpyrazole NOD2 agonist promotes immunotherapy in vivo.

We next compared TT030 activity against MDP in vivo. Our previous work had 

demonstrated that MDP can potentiate the activity of anti–PD-L1 checkpoint inhibitor 

treatment of a subcutaneous B16-F10 melanoma model in a NOD2-dependent manner.20 

Using a similar treatment model, mice inoculated with B16 tumors were co-administered 

with anti–PD-L1 and either MDP or TT030. In addition, the enantiomer of TT030 
(TT030-ent) was chemically synthesized (Figure 3E) and shown to be NOD2-inactive 

using the HEK-Blue in vitro assay (Figure 3F). As a control compound, TT030-ent was 

administered to a separate cohort of tumor-bearing animals along with the checkpoint 

inhibitor. As anticipated, administration of anti–PD-L1 alone was not effective at controlling 

B16 tumor growth over time, whereas co-treatment with MDP significantly inhibited tumor 

growth (Figure 3G). This anti-tumor activity was also observed for the TT030 but not for 

TT030-ent, indicating the N-arylpyrazole NOD2 agonist was active in vivo and enantiomer-

specific. We then repeated this experiment in wild-type and Nod2−/− mice (Figure 3H). 

NOD2 knockout caused a loss in the anti-tumor activity observed in the wild-type cohort, 

demonstrating that NOD2 was required for the ability of TT030 to augment anti–PD-L1 

immunotherapy in vivo.

N-arylpyrazole NOD2 agonist enhances intratumoral immune responses in vivo.

We then further characterized the anti-tumor mechanism of action of the N-arylpyrazole 

NOD2 agonist in vivo. Infiltrating leukocytes from tumors treated with anti–PD-L1 and 

either TT030 or TT030-ent were harvested via cell sorting and subjected to single cell 

transcriptomic profiling (Figure 4A and Supporting Information Figure 5). After assignment 

of cell clusters using well-defined markers, we examined the overall composition of 

intratumoral immune cells by comparing the relative proportions of each cell cluster. 

Here, we found that tumors treated with TT030 showed a significant increase in the 

amount of a T cell cluster characterized by the expression of Cd8a, Ifng, Gzmb, 

and Mki67 (Figure 4B,C and Supporting Information Figure 5,6A), suggesting that the 

TT030 sample contained a higher amount of dividing cytotoxic T cells. In fact, overall 

expression of both Ifng and Gzmb were elevated in the TT030 sample compared to 

the enantiomer control (Supporting Information Figure 6B), indicating heighted CD8+ 

T cell activation and effector function. We also observed shifts in multiple clusters of 

mononuclear phagocytes (monocytes and macrophages) (Figure 4B,C), which indicated that 

TT030 stimulation could also remodel the intratumoral myeloid compartment. To better 

characterize changes to downstream signaling caused by TT030, we performed differential 

gene expression and gene set enrichment analyses (Supporting Information Tables 1–15). 
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Numerous inflammatory, immune activation, and metabolic pathways were upregulated in 

multiple clusters from tumors treated with TT030, including IFNɑ and IFNɣ response as 

well as NF-κB signaling (Figure 4D). As mentioned above, NOD2 initiates transcriptional 

changes through the transcription factor NF-κB, which we observed with broad enrichment 

in REACTOME pathways annotated for NF-κB activation (Figure 4E). We also found 

enrichment in REACTOME pathways annotated for signaling via IL-1β (Figure 4E), 

indicating that TT030 activated the canonical NOD2–NF-κB–IL-1β signaling axis within 

the tumor microenvironment akin to our results ex vivo and our previous studies with MDP 

in vivo.20

CONCLUSIONS

PRRs represent an attractive class of drug targets due to their broad involvement in 

inflammation and immune regulation. Nevertheless, many synthetic approaches to design 

and improve PRR agonists rely on the addition of lipophilic moieties such as lipid anchors 

or their incorporation into novel formulations such as liposomes and other nanoparticles. 

Here, we describe the development of a novel class of NOD2 agonists built upon the 3,5-

dimethyl-N-arylpyrazole head group. This moiety has several advantages, including facile 

synthetic routes to access the scaffold and commercial availability of diverse precursors for 

structure–activity relationship studies. These factors enabled the generation and screening 

of multiple analogs, ultimately providing lead compounds with nanomolar EC50 values in 
vitro. Importantly, we found that the N-arylpyrazole group played a critical role in NOD2 

binding, with multiple desmethyl analogs showing significantly decreased potency. The 

two methyl groups may potentially play an important role in orienting the planarity of the 

N-arylpyrazole group with respect to the neighboring amide bond. Further conformational 

studies of the molecules or structural analyses of NOD2 in the ligand-bound state may 

provide additional insights into the binding mode of this pharmacophore.

As expected, our results indicate that the N-arylpyrazole NOD2 agonist TT030 functions 

similarly to MDP, the naturally occurring molecular pattern for NOD2. Both MDP and 

TT030 elicit a variety of cytokines that mediate innate and adaptive immune responses, 

including IL-1β, TNFɑ, and IL-12p70. TT030 also exhibited equivalent anti-tumor 

activity as MDP in combination with anti–PD-L1. We have previously demonstrated 

that MDP can synergize with antibodies against all clinically approved checkpoint 

targets; therefore, the N-arylpyrazole NOD2 agonist may also function as an adjuvant 

for multiple checkpoint inhibitors and will be examined in future studies. A recent 

report has indicated that phosphorylation of MDP at the 6-O-hydroxyl position by 

N-acetylglucosamine kinase (NAGK) is required for NOD2 activation using Nagk−/− 

mammalian cells ex vivo.33 Our results, along with other reports of desmuramyl NOD2 

agonists that lack a potential phosphorylation site,22–25 suggest that synthetic agonists 

can engage NOD2 without further modification, and additional biophysical or structural 

studies may help to illuminate potentially multiple binding poses of NOD2 agonists. 

Indeed, our docking studies suggest that our aromatic agonists may engage NOD2 through 

novel π-π interactions in a neighboring pocket, which may in turn explain how the 

binding site could accommodate both a hydrophilic phosphorylated monosaccharide and 

hydrophobic head groups. Importantly, the activity observed in our system required both 
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the proper stereochemistry of the N-arylpyrazole dipeptide as well as the expression of host 

NOD2, providing further evidence for its predicted, on-target activity. Finally, alterations 

in intratumoral immune cell composition and activation mirror those observed with MDP 

stimulation, including increased levels of CD8+ effector T cells and activation of NF-κB and 

IL-1β signaling. Altogether, our results support TT030 and the 3,5-dimethyl-N-arylpyrazole 

scaffold as a potent lead compound and chemotype to stimulate NOD2 signaling for eliciting 

both innate and adaptive immune responses in vivo for immunotherapy.

METHODS

General synthetic procedures.

All chemicals and solvents were purchased from Acros Organics, Alfa Aesar, Ambeed, 

Enamine, Sigma-Aldrich, TCI America and others and used without further purification. 

Detailed synthetic procedures are provided in the Supporting Information.

HATU-mediated coupling.—The corresponding carboxylic acid derivative (1.0–1.1 

equiv.) and HATU (1.0–1.1 equiv.) were weighed in a scintillation vial and dissolved in 

DCM or DMF (0.2 M). The vial was flashed with argon gas and cooled to 0 °C. To this was 

added DIPEA (5.0 equiv.), and the reaction mixture was stirred for 15 min. Then, a solution 

of the corresponding dipeptide (deprotected by acidolysis with 25 % TFA/DCM or 4N 

HCl/1,4-dioxane) (1.0 equiv.) in DCM or DMF (0.2 M) was added, and the reaction mixture 

was allowed to warm to RT and stirred for 24–72 h. The reaction mixture was directly 

purified with flash chromatography when DCM was used as solvent or first concentrated by 

half before loading onto column when DMF was used as solvent. Alternatively, the reaction 

mixture was diluted with 70 % EtOAc/hexanes, washed with aqueous NH4Cl and brine, 

dried over MgSO4, filtered, and concentrated before loading column. Flash chromatography 

was typically performed with a gradient of EtOAc/hexanes or MeOH/DCM.

Alkaline hydrolysis.—The corresponding ester was weighed in a scintillation vial and 

dissolved in ethanol. The vial was flashed with argon gas. To a solution of ethyl ester in 

ethanol, was added 2 M LiOH (final concentration of LiOH: 1 M), and the reaction mixture 

was stirred at 50 °C for 24 h. Upon completion of the reaction, as monitored by TLC, the 

aqueous phase was acidified with 1 N HCl to pH ≈ 3 and extracted with EtOAc. The organic 

layer was dried over MgSO4, filtered, and concentrated. Alternatively, the reaction mixture 

was acidified with Amberlite resin, filtered, and concentrated. The residue was dried under 

vacuum at 50 °C.

Cell culture.

The following cell lines were used and sourced as follows: HEK-Blue NOD2 (InvivoGen, 

hkb-hnod2), HEK-Blue NOD1 (InvivoGen, hkb-nod1), HEK-Blue Null2 (hkb-null2), and 

B16-F10 (ATCC CRL-6475). All cell lines were cultured at 37 °C in 5% CO2 in DMEM 

(ThermoFisher, 11995065) supplemented with 10% fetal bovine serum (FBS), 100 U 

mL−1 penicillin, and 100 μg mL−1 streptomycin. Cells were maintained at no greater 

than 70% confluency and subcultured using TrypLE Express. Cell lines were routinely 

cultured without antibiotics to ensure no bacterial infection and tested for mycoplasma 
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using a Universal Mycoplasma Detection Kit (ATCC 30-1012K). Primary human peripheral 

mononuclear blood cells (PBMCs) were cultured at 37 °C in 5% CO2 in RPMI 1640 

(ThermoFisher, 61870143) supplemented with 10% FBS. All experimental work using 

human samples was reviewed and approved by the Scripps Research Institutional Review 

Board (Protocol IRB-21-7816NOD2).

Animals.

Specific pathogen-free, eight-week old male C57BL/6J (B6, 000664) and B6.129S1-

Nod2tm1Flv/J (Nod2−/−, 005763 from Flavell Lab, Yale School of Medicine) were obtained 

from The Jackson Laboratory. Animals were housed in autoclaved caging with SaniChip 

bedding and enrichment for nest building on a 12-hour light/dark cycle. Animals were 

provided gamma-irradiated chow (LabDiet, 5053) and sterile drinking water ad libitum. 

Animal care and experiments were conducted in accordance with NIH guidelines and 

approved by the Institutional Animal Care and Use Committee at Scripps Research (Protocol 

AUP-21-095).

Preparation of NOD2/LRR–MDP docking model.

All computational studies were carried out using the Schrödinger Drug Discovery Platform 

and RDKit. Structures and NOD2 agonist activity data of MDP and its analogues and 

derivatives were curated from literature. These ligands were prepared for docking using 

LigPrep to test the performance of docking models. MDP conformers were generated using 

an expanded sampling protocol in MacroModel.34 The leucine-rich repeat (LRR) domain of 

NOD2 was excised from the crystal structure of OcNOD2 (PDB ID: 5IRN) and prepared 

for docking using Protein Preparation Wizard. A receptor-based pharmacophore model was 

generated by E-Pharmacophore. In Phase, this pharmacophore model was used to screen 

the MDP conformers to generate initial docking models. These docking models were then 

refined using Glide SP with vdW scaling and clustered, and 100 representative models were 

selected. For each of the 100 models, the side chains within 5 Å of MDP were minimised 

using Prime MM-GB/SA to account for local receptor flexibility. Resulting receptors were 

clustered, and 13 representative models were selected for re-docking. In each receptor of the 

ensemble was docked MDP using Glide SP-PEP. These docking models were then refined 

and rescored using Prime MM-GB/SA, and 10 top-scoring models were selected for further 

evaluation. To test if any of these models can correctly tell active ligands from inactive 

ligands, the set of known MDP analogues and derivatives was docked using Glide SP 

while their maximum common structures with MDP were fixed in position. For desmuramyl 

dipeptides with aromatic surrogates, an additional positional constraint for an aromatic atom 

was inferred from receptor-based pharmacophore models and applied in Glide XP. The 

best-performing model was selected based on the balance of sensitivity and selectivity and 

visually inspected.

DMDP library preparation and screening.

Chemical structures of Enamine Carboxylic Acid Building Blocks were downloaded as SDF 

(07/18/2020). Using an RDKit script, these carboxylic acid derivatives (31344 compounds) 

were conjugated with L-Val-D-Glu, and resulting DMDPs were filtered against PAINS and 

required to have at least one aromatic ring and to reside within the beyond-rule-of-five space 
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boundaries. The filtered ligands were prepared for docking using LigPrep and docked using 

a cascade of Glide SP (passed: 3938 compounds) and XP (passed: 1683 compounds) while 

their maximum common structures with MDP were fixed in position. Resulting models were 

refined and rescored using Prime MM-GB/SA, and the top 10% (168 ligands) were selected 

for further analysis. Filtering out ligands that considerably deviated from their original 

docking poses during the refinement (RMSD for MCS with MDP > 1.5 Å) and tautomers 

left 77 unique compounds, which were clustered and visually inspected.

Reporter cell line activation assay.

Approximately 24 h before the assay, culture medium for each of the HEK-Blue reporter 

cell lines was replaced with a 1:1 mixture of DMEM supplemented with 10% FBS and 

OptiMEM. On the day of the assay, single cell suspensions (150,000 cells/mL) were 

produced in HEK-Blue detection medium (InvivoGen, hb-det2). Cells were aliquoted at 

200 uL per well of a 96-well plate containing 0.2 μL of a 1000x stock of each test 

compound in DMSO. Cells were then incubated at 37 °C in 5% CO2 for 8–10 h. To measure 

activity, wells were then gently pipetted up and down to mix the conditioned medium, and 

absorbance from the colorimetric product of the secreted alkaline phosphatase was measured 

at 630 nm. In some assays, cells were stimulated for 16 h with compounds as described 

above in complete DMEM. Then, 20 μL of the conditioned medium was mixed with 180 μL 

QUANTI-Blue solution (InvivoGen, rep-qbs) and incubated for 2-4 h at 37 °C. Activity was 

then measured by absorbance as described above.

Cytokine release assay.

Human PMBCs were obtained from whole blood donated by healthy individuals via 

the Scripps Normal Blood Donor Service. Whole blood was diluted 1:1 with phosphate-

buffered saline (PBS) containing 2% FBS and then layered onto Lymphoprep (STEMCELL 

Technologies, 07851) in SepMate-50 isolation tubes (STEMCELL Technologies, 85480). 

The discontinuous gradient was centrifuged for 10 min at 1,200 x g, and mononuclear cells 

were removed by pouring off. Mononuclear cells were then resuspended in PBS + 2% 

FBS and centrifuged for 3 min at 200 x g twice before further use. Washed mononuclear 

cells were then aliquoted at 5 x 105 cells per well of a 48-well plate with 300 μL RPMI 

containing 10% FBS (complete RPMI). Cells were then diluted with 100 μL complete RPMI 

containing 50 μM of the test compound (10 μM final concentration). Then, 100 μL complete 

RPMI (−LPS) or 100 μL complete RPMI containing 5 ng mL−1 LPS (+LPS, 10 ng mL−1 

final concentration) was added. Cells were incubated overnight at 37 °C in 5% CO2, and 

conditioned medium was harvested and centrifuged for 5 min at 500 x g to remove residual 

cells. Samples were used directly for cytokine analysis with the LEGENDPlex Human 

Inflammatory Panel 1 (BioLegend, 740809) according to the manufacturer’s protocol. For 

analysis, 25 μL of the conditioned medium was used for −LPS samples, and 12.5 μL was 

used for the +LPS samples. On-bead ELISA readouts were measured using the standard 

PE and APC detection filter parameters on a ZE5 flow cytometer (Bio-Rad; 405, 488, 561, 

and 640 lasers) in the Scripps Research Flow Cytometry Core Facility. Raw data files were 

then imported into the LEGENDPlex Cloud Data Analysis software suite (BioLegend) and 

analyzed using the manufacturer’s pre-set parameters.
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Tumor growth assay.

Tumor growth assays were carried out as previously described.20 B16-F10 cells were 

subcultured on the day prior to harvesting for tumor inoculation. On the day of injection, 

cells were harvested using TrypLE Express, washed and resuspended in cold PBS, and 

counted with a hemocytometer. Cells were then resuspended at 2 x 106 cells mL−1 in 

PBS and mixed 1:1 with Matrigel matrix (Corning; growth factor reduced, 356231). 

Cell suspensions were kept on ice prior to injection. Animals were anesthetized using 

3% isoflurane, and their right flank was shaved with hair clippers. Animals were then 

subcutaneously injected with 100 μL of the cell suspension on their mid-right flank (1 x 105 

cells per injection). Once tumors were established at roughly 25-100 mm3, tumor volume 

was measured every other day. Digital calipers were used to measure the length and width 

of each tumor, and tumor volume was calculated as length x width x 0.5, where width was 

the smaller of the two measurements. Checkpoint inhibitor treatment was started two days 

following the first measurement and continued every other day for three total injections. For 

each injection, 100 μg anti-PD-L1 (BioXCell, clone 10F.9G2, BP0101) and 100 μg of either 

MDP (InvivoGen, tlrl-mdp), TT030, or TT030-ent were intraperitoneally injected using 

200 μL antibody diluent (BioXCell, IP0065). Animals were humanely euthanized with CO2 

asphyxiation at the end of each experiment.

Single cell RNA sequencing.

Sample preparation and analysis were performed as previously described.20 Tumors treated 

with either TT030 or TT030-ent (n = 8 tumors per condition) were dissected the day 

following the third anti-PD-L1 treatment, minced with scissors, and resuspended in 5 mL of 

RPMI. Each suspension was then supplemented with 0.1 mL of RPMI containing 1.25 mg 

mL−1 Liberase TM (Roche, 5401119001) and 20 mg mL−1 DNase I (Roche, 11284932001) 

and then incubated at 37 °C for 30 min with gentle shaking (80 rpm). Digested tumor 

tissue was then passed through a 70 μm filter using the blunt end of a syringe plunger, 

and cells were then pelleted by centrifugation for 2 min at 300 x g. Cell pellets were 

then resuspended in 5 mL of red blood cell lysis buffer (ThermoFisher, 00-4333-57) and 

incubated for 5 min at RT. Lysis was halted by addition of 20 mL of RPMI, and cells 

were centrifuged as described above, washed with PBS + 2% FBS, and centrifuged again. 

Cells were then transferred to flow cluster tubes, centrifuged, and resuspended in 50 μL 

of residual liquid after aspiration of the PBS wash. To each tube, 1 μL FcBlockX was 

added, and samples were incubated for 10 min on ice. Cells were then diluted with 50 

μL PBS + 2% FBS and FITC anti-CD45 (BioLegend, 304005; 1:1,000 final dilution) 

and incubated for 20 min on ice in the dark. Cells were washed twice with PBS + 2% 

FBS and then resuspended in 400 μL PBS + 2% FBS containing DAPI (Millipore Sigma, 

D9542; 1 mg mL−1 stock solution, 1:50,000 final dilution). From each sample, 20,000 

CD45+DAPI− live tumor-infiltrating leukocytes were isolated by using a MoFlo Astrios EQ 

jet-in-air sorting flow cytometer (Beckman Coulter; 355, 405, 488, 561, and 640 lasers) 

in the Scripps Research Flow Cytometry Core Facility. Sorted cells from each condition 

were pooled, and 10,000 cells per condition were targeted for droplet formation using a 

Chromium Single Cell System (10x Genomics) in the Scripps Research Genomics Core 

Facility. Samples were processes according to the manufacturer’s protocol (10x Genomics, 
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Chromium Next Single Cell 3’ GEM Library and Gel Bead Kit, PN-1000121). Libraries 

were then sequenced on an Illumina NovaSeq 6000 sequencer with a NovaSeq SP flow 

cell. Pre-processing of the sequencing results were conducted using the 10x Genomics Cell 

Ranger pipeline (v6.0.0) with default settings, and analysis was performed in R (v4.2.1) 

using Seurat (v4.2.0).35, 36 Datasets were converted into Seurat objects, and ambient RNA 

was removed by DecontX.37 Single particles were filtered using the following cut-offs: 

mitochondrial RNA < 10%, number of genes > 500, number of UMIs > 1,000, and log(genes 

UMI−1) > 0.75. Seurat objects were then normalized, integrated, and combined. Preliminary 

clustering was used to identify B16-F10 cells by expression of Pmel and Mlana, which 

were removed from downstream analyses. Additionally, clusters containing empty droplets 

with few to no differentially expressed genes were excluded from further analysis. Data 

processing of the TT030 and TT030-ent samples yielded an expression matrix of 10,082 

cells x 19,991 genes. Principle component analysis (PCA) was performed, and the top 

18 PCs, which cumulatively contained >90% of the relative standard deviation and <5% 

incremental increase, were used to cluster the data by FindNeighbors and FindClusters 

with a resolution of 0.5. Uniform manifold approximation and projection (UMAP) was 

used for two-dimensional representation of the data. Clusters were assigned identities 

based on markers described in Supporting Information Fig. 5. Differential gene expression 

analysis and single-cell gene set enrichment analysis (scGSEA) between samples were 

performed with MAST (Bioconductor v3.15).38 Genes with false discovery rates (FDRs) 

less than 0.01 were identified as differentially expressed between groups. Positive z scores 

represent enrichment in the TT030 sample and vice versa. For scGSEA, hallmark, curated 

(C2:CP), and biological process gene ontology (C5:GOBP) gene sets were fetched from the 

Molecular Signatures Database (MSigDB, v7.5).39 Gene sets with a combined adjusted P 
value less than 0.25 were identified as significantly enriched, and the sign of the z score was 

used to denote sample enrichment as described above. Visualizations and quantile-quantile 

plots of selected genes from enriched pathways were generated by R.

Statistical analyses.

Unless otherwise noted, non-sequence data were analyzed with Prism 8.4.0 (GraphPad). 

Sequence-based data were analyzed with R as described in the appropriate methods section. 

Single concentration activation assays or cytokine release assays were analyzed using a 

one-way ANOVA with Dunnett’s multiple comparisons test compared to the relevant DMSO 

control. Dose-dependent response assays were analyzed by fitting to a three-parameter 

nonlinear regression with the Hill coefficient set to 1. Tumor growth assays were analyzed 

using a mixed-effects analysis on the log pre-processed tumor volumes with Tukey’s 

multiple comparisons post hoc test (https://github.com/kroemerlab/TumGrowth). P < 0.05 

was considered statistically significant for all assays, and individual P values are denoted as 

follows: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Griffin et al. Page 12

ACS Chem Biol. Author manuscript; available in PMC 2023 October 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://github.com/kroemerlab/TumGrowth


ACKNOWLEDGEMENTS

This work was supported by the National Institutes of Health (1R01CA245292-01, H.C.H.). M.E.G. is a Hope 
Funds for Cancer Research Fellow supported by the Hope Funds for Cancer Research (HCFR-19-03-02) and is also 
funded by a career development award from the Melanoma Research Foundation. T.T. thanks the Tri-Institutional 
Program in Chemical Biology at The Rockefeller University and Takenaka Scholarship.

REFERENCES

1. Takeuchi O; Akira S, Pattern recognition receptors and inflammation. Cell 2010, 140 (6), 805–20. 
[PubMed: 20303872] 

2. Anwar MA; Shah M; Kim J; Choi S, Recent clinical trends in Toll-like receptor targeting 
therapeutics. Med Res Rev 2019, 39 (3), 1053–1090. [PubMed: 30450666] 

3. Jones JD; Vance RE; Dangl JL, Intracellular innate immune surveillance devices in plants and 
animals. Science 2016, 354 (6316), aaf6395. [PubMed: 27934708] 

4. Philpott DJ; Sorbara MT; Robertson SJ; Croitoru K; Girardin SE, NOD proteins: regulators of 
inflammation in health and disease. Nat Rev Immunol 2014, 14 (1), 9–23. [PubMed: 24336102] 

5. Caruso R; Warner N; Inohara N; Nunez G, NOD1 and NOD2: signaling, host defense, and 
inflammatory disease. Immunity 2014, 41 (6), 898–908. [PubMed: 25526305] 

6. 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. 
[PubMed: 4606813] 

7. Girardin SE; Travassos LH; Herve M; Blanot D; Boneca IG; Philpott DJ; Sansonetti PJ; Mengin-
Lecreulx D, Peptidoglycan molecular requirements allowing detection by Nod1 and Nod2. J Biol 
Chem 2003, 278 (43), 41702–8. [PubMed: 12871942] 

8. Inohara N; Ogura Y; Fontalba A; Gutierrez O; Pons F; Crespo J; Fukase K; Inamura S; Kusumoto 
S; Hashimoto M; Foster SJ; Moran AP; Fernandez-Luna JL; Nunez G, Host recognition of bacterial 
muramyl dipeptide mediated through NOD2. Implications for Crohn’s disease. J Biol Chem 2003, 
278 (8), 5509–12. [PubMed: 12514169] 

9. Kobayashi KS; Chamaillard M; Ogura Y; Henegariu O; Inohara N; Nunez G; Flavell RA, Nod2-
dependent regulation of innate and adaptive immunity in the intestinal tract. Science 2005, 307 
(5710), 731–4. [PubMed: 15692051] 

10. Girardin SE; Boneca IG; Carneiro LA; Antignac A; Jehanno M; Viala J; Tedin K; Taha MK; 
Labigne A; Zahringer U; Coyle AJ; DiStefano PS; Bertin J; Sansonetti PJ; Philpott DJ, Nod1 
detects a unique muropeptide from gram-negative bacterial peptidoglycan. Science 2003, 300 
(5625), 1584–7. [PubMed: 12791997] 

11. Chamaillard M; Hashimoto M; Horie Y; Masumoto J; Qiu S; Saab L; Ogura Y; Kawasaki A; 
Fukase K; Kusumoto S; Valvano MA; Foster SJ; Mak TW; Nunez G; Inohara N, An essential 
role for NOD1 in host recognition of bacterial peptidoglycan containing diaminopimelic acid. Nat 
Immunol 2003, 4 (7), 702–7. [PubMed: 12796777] 

12. Trindade BC; Chen GY, NOD1 and NOD2 in inflammatory and infectious diseases. Immunol Rev 
2020, 297 (1), 139–161. [PubMed: 32677123] 

13. Keestra-Gounder AM; Tsolis RM, NOD1 and NOD2: Beyond Peptidoglycan Sensing. Trends 
Immunol 2017, 38 (10), 758–767. [PubMed: 28823510] 

14. Pei G; Zyla J; He L; Moura-Alves P; Steinle H; Saikali P; Lozza L; Nieuwenhuizen N; Weiner 
J; Mollenkopf HJ; Ellwanger K; Arnold C; Duan M; Dagil Y; Pashenkov M; Boneca IG; Kufer 
TA; Dorhoi A; Kaufmann SH, Cellular stress promotes NOD1/2-dependent inflammation via the 
endogenous metabolite sphingosine-1-phosphate. EMBO J 2021, 40 (13), e106272. [PubMed: 
33942347] 

15. Gabanyi I; Lepousez G; Wheeler R; Vieites-Prado A; Nissant A; Wagner S; Moigneu C; Dulauroy 
S; Hicham S; Polomack B; Verny F; Rosenstiel P; Renier N; Boneca IG; Eberl G; Lledo PM, 
Bacterial sensing via neuronal Nod2 regulates appetite and body temperature. Science 2022, 376 
(6590), eabj3986. [PubMed: 35420957] 

Griffin et al. Page 13

ACS Chem Biol. Author manuscript; available in PMC 2023 October 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



16. Geddes K; Magalhaes JG; Girardin SE, Unleashing the therapeutic potential of NOD-like 
receptors. Nat Rev Drug Discov 2009, 8 (6), 465–79. [PubMed: 19483708] 

17. Griffin ME; Hespen CW; Wang YC; Hang HC, Translation of peptidoglycan metabolites into 
immunotherapeutics. Clin Transl Immunology 2019, 8 (12), e1095. [PubMed: 31798878] 

18. Meyers PA; Chou AJ, Muramyl tripeptide-phosphatidyl ethanolamine encapsulated in liposomes 
(L-MTP-PE) in the treatment of osteosarcoma. Adv Exp Med Biol 2014, 804, 307–21. [PubMed: 
24924182] 

19. Helmink BA; Khan MAW; Hermann A; Gopalakrishnan V; Wargo JA, The microbiome, cancer, 
and cancer therapy. Nat Med 2019, 25 (3), 377–388. [PubMed: 30842679] 

20. Griffin ME; Espinosa J; Becker JL; Luo JD; Carroll TS; Jha JK; Fanger GR; Hang HC, 
Enterococcus peptidoglycan remodeling promotes checkpoint inhibitor cancer immunotherapy. 
Science 2021, 373 (6558), 1040–1046. [PubMed: 34446607] 

21. Priem B; van Leent MMT; Teunissen AJP; Sofias AM; Mourits VP; Willemsen L; Klein ED; 
Oosterwijk RS; Meerwaldt AE; Munitz J; Prevot G; Vera Verschuur A; Nauta SA; van Leeuwen 
EM; Fisher EL; de Jong KAM; Zhao Y; Toner YC; Soultanidis G; Calcagno C; Bomans PHH; 
Friedrich H; Sommerdijk N; Reiner T; Duivenvoorden R; Zupancic E; Di Martino JS; Kluza 
E; Rashidian M; Ploegh HL; Dijkhuizen RM; Hak S; Perez-Medina C; Bravo-Cordero JJ; de 
Winther MPJ; Joosten LAB; van Elsas A; Fayad ZA; Rialdi A; Torre D; Guccione E; Ochando 
J; Netea MG; Griffioen AW; Mulder WJM, Trained Immunity-Promoting Nanobiologic Therapy 
Suppresses Tumor Growth and Potentiates Checkpoint Inhibition. Cell 2020, 183 (3), 786–801 
e19. [PubMed: 33125893] 

22. Nabergoj S; Mlinaric-Rascan I; Jakopin Z, Harnessing the untapped potential of nucleotide-binding 
oligomerization domain ligands for cancer immunotherapy. Med Res Rev 2019, 39 (5), 1447–
1484. [PubMed: 30548868] 

23. Gobec M; Tomasic T; Stimac A; Frkanec R; Trontelj J; Anderluh M; Mlinaric-Rascan 
I; Jakopin Z, Discovery of Nanomolar Desmuramylpeptide Agonists of the Innate Immune 
Receptor Nucleotide-Binding Oligomerization Domain-Containing Protein 2 (NOD2) Possessing 
Immunostimulatory Properties. J Med Chem 2018, 61 (7), 2707–2724. [PubMed: 29543461] 

24. Guzelj S; Bizjak S; Jakopin Z, Discovery of Desmuramylpeptide NOD2 Agonists with Single-
Digit Nanomolar Potency. ACS Med Chem Lett 2022, 13 (8), 1270–1277. [PubMed: 35978688] 

25. Guzelj S; Nabergoj S; Gobec M; Pajk S; Klancic V; Slutter B; Frkanec R; Stimac A; Sket P; Plavec 
J; Mlinaric-Rascan I; Jakopin Z, Structural Fine-Tuning of Desmuramylpeptide NOD2 Agonists 
Defines Their In Vivo Adjuvant Activity. J Med Chem 2021, 64 (11), 7809–7838. [PubMed: 
34043358] 

26. Shoichet BK, Virtual screening of chemical libraries. Nature 2004, 432 (7019), 862–5. [PubMed: 
15602552] 

27. Sherman W; Day T; Jacobson MP; Friesner RA; Farid R, Novel procedure for modeling ligand/
receptor induced fit effects. J Med Chem 2006, 49 (2), 534–53. [PubMed: 16420040] 

28. D’Ambrosio EA; Bersch KL; Lauro ML; Grimes CL, Differential Peptidoglycan Recognition 
Assay Using Varied Surface Presentations. J Am Chem Soc 2020, 142 (25), 10926–10930. 
[PubMed: 32520538] 

29. Maekawa S; Ohto U; Shibata T; Miyake K; Shimizu T, Crystal structure of NOD2 and its 
implications in human disease. Nat Commun 2016, 7, 11813. [PubMed: 27283905] 

30. Tanabe T; Chamaillard M; Ogura Y; Zhu L; Qiu S; Masumoto J; Ghosh P; Moran A; Predergast 
MM; Tromp G; Williams CJ; Inohara N; Nunez G, Regulatory regions and critical residues of 
NOD2 involved in muramyl dipeptide recognition. EMBO J 2004, 23 (7), 1587–97. [PubMed: 
15044951] 

31. Schonherr H; Cernak T, Profound methyl effects in drug discovery and a call for new C-H 
methylation reactions. Angew Chem Int Ed Engl 2013, 52 (47), 12256–67. [PubMed: 24151256] 

32. Richter L, Topliss Batchwise Schemes Reviewed in the Era of Open Data Reveal Significant 
Differences between Enzymes and Membrane Receptors. J Chem Inf Model 2017, 57 (10), 2575–
2583. [PubMed: 28934851] 

33. Stafford CA; Gassauer AM; de Oliveira Mann CC; Tanzer MC; Fessler E; Wefers B; Nagl D; Kuut 
G; Sulek K; Vasilopoulou C; Schwojer SJ; Wiest A; Pfautsch MK; Wurst W; Yabal M; Frohlich 

Griffin et al. Page 14

ACS Chem Biol. Author manuscript; available in PMC 2023 October 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



T; Mann M; Gisch N; Jae LT; Hornung V, Phosphorylation of muramyl peptides by NAGK is 
required for NOD2 activation. Nature 2022, 609 (7927), 590–6. [PubMed: 36002575] 

34. Chen IJ; Foloppe N, Tackling the conformational sampling of larger flexible compounds and 
macrocycles in pharmacology and drug discovery. Bioorg Med Chem 2013, 21 (24), 7898–920. 
[PubMed: 24184215] 

35. Butler A; Hoffman P; Smibert P; Papalexi E; Satija R, Integrating single-cell transcriptomic data 
across different conditions, technologies, and species. Nat Biotechnol 2018, 36 (5), 411–420. 
[PubMed: 29608179] 

36. Stuart T; Butler A; Hoffman P; Hafemeister C; Papalexi E; Mauck WM 3rd; Hao Y; Stoeckius M; 
Smibert P; Satija R, Comprehensive integration of single-cell data. Cell 2019, 177 (7), 1888–1902 
e21. [PubMed: 31178118] 

37. Yang S; Corbett SE; Koga Y; Wang Z; Johnson WE; Yajima M; Campbell JD, Decontamination 
of ambient RNA in single-cell RNA-seq with DecontX. Genome Biol 2020, 21 (1), 57. [PubMed: 
32138770] 

38. Finak G; McDavid A; Yajima M; Deng J; Gersuk V; Shalek AK; Slichter CK; Miller HW; 
McElrath MJ; Prlic M; Linsley PS; Gottardo R, MAST: a flexible statistical framework for 
assessing transcriptional changes and characterizing heterogeneity in single-cell RNA sequencing 
data. Genome Biol 2015, 16, 278. [PubMed: 26653891] 

39. Subramanian A; Tamayo P; Mootha VK; Mukherjee S; Ebert BL; Gillette MA; Paulovich A; 
Pomeroy SL; Golub TR; Lander ES; Mesirov JP, Gene set enrichment analysis: a knowledge-based 
approach for interpreting genome-wide expression profiles. Proc Natl Acad Sci U S A 2005, 102 
(43), 15545–50. [PubMed: 16199517] 

Griffin et al. Page 15

ACS Chem Biol. Author manuscript; available in PMC 2023 October 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Virtual screening for small molecule NOD2 agonists.
(A) Docked structure of muramyl dipeptide (MDP) in the leucine-rich repeat (LRR) domain 

of rabbit NOD2 (PDB ID: 5IRN). Inset shows amino acids within 5 angstroms of the docked 

MDP molecule. (B) Results of virtual docking approach with reported chemical structures 

related to MDP. (C) Workflow of virtual screening in which a library was generated using 

carboxylic acids appended to the L-Val-D-Glu dipeptide and then docked to the NOD2 

LRR domain. (D) Desmuramyl MDP (dMDP) structures resulting from the virtual screen 

that were synthesized for further screening. Chemicals shown as a pure enantiomer were 

synthesized as a racemic mixture. (E) Activation of NOD2-expressing HEK-293T cells 

treated for 16 h with 10 μM of the indicated compound using a colorimetric assay (n = 

3). (F) Dose-dependent activation of NOD2-expressing HEK-293T cells using the indicated 

compounds (n = 3). Numbers in parentheses represent calculated negative log of the half 

maximal effective concentration (pEC50) values. NOD activation assays were analyzed 

using a one-way ANOVA with Dunnett’s multiple comparisons test compared to the 

DMSO control. pEC50 values were derived by a three-parameter dose-response nonlinear 

regression. **** P < 0.0001.
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Figure 2. Structure-activity relationship studies of 3,5-dimethyl-N-arylpyrazole NOD2 agonists.
(A) Structures of 3,5-dimethyl-N-arylpyrazole structures synthesized for SAR studies. (B-
F) Dose-dependent activation of NOD2-expressing HEK-293T cells using the indicated 

compounds grouped by similar structural perturbations. Numbers in parentheses represent 

calculated pEC50 values (n = 3). (G) Graph of calculated pEC50 values vs. calculated 

partition coefficient (clogP). Dotted lines show equivalent lipophilic ligand efficiency (LLE) 

values. Red arrow indicates optimization of the TT007 scaffold to TT030. pEC50 values 

were derived by a three-parameter dose-response nonlinear regression.
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Figure 3. NOD2 agonist TT030 activates cytokine production in vitro and improves immune 
checkpoint inhibitor treatment of tumor growth in vivo.
(A-D) Measurements of secreted cytokine levels from human peripheral mononuclear 

blood cells (PMBCs) treated with the indicated compounds for 24 h without or with 

lipopolysaccharide (LPS) (n = 4). (E) Structures of TT030 and its enantiomer (TT030-
ent). (F) Activation of NOD1- and NOD2-expressing HEK-293T cells with the indicated 

compounds. C12-iE-DAP is a lipophilic version of the NOD1 agonist, iE-DAP (n = 5). (G) 
Growth profiles of B16-F10 subcutaneous tumors in wild-type C57BL/6 mice treated with 

100 μg ɑ-PD-L1 and 100 μg of the indicated compounds every other day starting at Day 

7 (n = 8). (H) Growth profiles of B16-F10 subcutaneous tumors in wild-type or Nod2−/− 

C57BL/6 mice treated with 100 μg ɑ-PD-L1 and 100 μg TT030 every other day starting at 

Day 7 (n = 8). Cytokine secretion assays and NOD activation assays were analyzed using a 

one-way ANOVA with Dunnett’s multiple comparisons test compared to the DMSO control. 

Longitudinal tumor growth assays were analyzed using linear mixed-effects model analysis 

on the log transformed data. ns = not significant, * P < 0.05, ** P < 0.01, *** P < 0.001, 

**** P < 0.0001.
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Figure 4. NOD2 agonist TT030 remodels intratumoral immune cell composition and elicits broad 
inflammatory signaling.
(A) Uniform manifold approximation and projection (UMAP) reduction of single 

intratumoral immune cells harvested from ɑ-PD-L1 and TT030- and TT030-ent-treated 

tumors (n = 8 pooled). (B-C) Heatmap and quantification of the relative composition of 

intratumoral immune cell types divided by clusters. (D) Quantification of the number of 

clusters that were enriched for individual Molecular Signature Database (MSigDB) hallmark 

gene sets. (E) Bubble plot for enrichment of curated REACTOME gene sets involving 

NF-κB or interleukin 1 across cell clusters. For relative composition, absolute cell counts 

were analyzed by Pearson’s chi-square test for count data with Holm’s correction for 

multiple comparisons; exact P values are given. False discovery rates (FDRs) for gene set 

enrichment were obtained using model-based analysis of single transcriptomics (MAST). 
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NOD activation assays were analyzed using a one-way ANOVA with Dunnett’s multiple 

comparisons test compared to the DMSO control.
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