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Alleviation of monocyte exhaustion
by BCG derivative mycolic acid

Yajun Wu,1 Blake Caldwell,1 Jing Wang,1 Yao Zhang,1 and Liwu Li1,2,*

SUMMARY

Monocyte exhaustion with sustained pathogenic inflammation and immune-suppression, a hallmark of
sepsis resulting from systemic infections, presents a challenge with limited therapeutic solutions. This
study identifiedMethoxy-Mycolic Acid (M-MA), a branchedmycolic acid derived fromMycobacterium bo-
vis Bacillus Calmette–Guérin (BCG), as a potent agent in alleviating monocyte exhaustion and restoring
immune homeostasis. Co-treatment of monocytes with M-MA effectively blocked the expansion of
Ly6Chi/CD38hi/PD-L1hi monocytes induced by LPS challenges and restored the expression of immune-
enhancing CD86. M-MA treatment restored mitochondrial functions of exhausted monocytes and allevi-
ated their suppressive activities on co-cultured T cells. Independent of TREM2, M-MA blocks Src-STAT1-
mediated inflammatory polarization and reduces the production of immune suppressors TAX1BP1 and
PLAC8. Whole genome methylation analyses revealed M-MA’s ability to erase the methylation memory
of exhausted monocytes, particularly restoring Plac8 methylation. Together, our data suggest M-MA as
an effective agent in restoring monocyte homeostasis with a therapeutic potential for treating sepsis.

INTRODUCTION

Sepsis, initiated by severe and systemic infections or injuries, is a leading cause of mortality and morbidity for patients in critical units around

the world.1 Emerging basic and clinical studies reveal that exhausted host immune responses characterized by a paradigm of sustained path-

ogenic inflammation and immune suppression are collectively responsible for the high mortality/morbidity associated with sepsis.2–4 Sus-

tained pathogenic inflammation leads to damage of multi-organs and tissues, while immune suppression compromises the host defense to-

ward secondary infections.5,6 Currently, there is a lack of effective strategies to properly block immune exhaustion and restore host immune

homeostasis, thus impeding our effort toward the effective treatment of sepsis.

Integrated in vivo and in vitro studies reveal that host monocytes can adopt the salient features of immune exhaustion during sepsis,7,8 as

characterized by sustained expression of pathogenic inflammatorymediators such as CD38 and immune suppressors such as PD-L1, as well as

compromised expression of immune-enhancingmediators such as CD86.9–11 CD38 is an ectoenzyme responsible for the degradation of nico-

tinamide adenine dinucleotide (NAD) and the generation of inflammatory secondary metabolites.12,13 In exhausted monocytes, the NAD

level is drastically diminished, resulting in mitochondrial dysfunction.14 Independent studies indicate that CD38/NAD+ dysregulation is

involved in the pathogenesis of both acute and chronic diseases such as diabetes, cardiovascular disease, and sepsis caused by polymicrobial

infections includingCOVID-19.15–18 PD-L1 is a well-characterized suppressor elevated in septicmonocytes responsible for compromising host

T cell function.19,20 On the other hand, immune enhancer CD86 involved in maintaining effective adaptive immune function is drastically

reduced in septic monocytes.21 The key features of pathogenic inflammation and immune suppression can be recapitulated in vitro by pro-

longed treatment with bacterial endotoxin lipopolysaccharide (LPS),9 providing a robust experimental system to screen potential compounds

in effectively restoring monocyte homeostasis.

M. bovis Bacillus Calmette–Guérin (BCG) is a live attenuated vaccine against tuberculosis.22 Emerging studies suggest that BCG can also

provide cross-protection against diverse pathogens unrelated to tuberculosis.23–25 Mechanistic studies suggest that ‘‘trained’’ innate immu-

nity with immune-enhancing efficacies may be responsible for the broad protective effects of BCG as well as other microbial products such as

beta-glucan.25,26 Trained innate immune cells exhibit enhanced responses in facilitating host defense, decreasing the risk of sepsis or other

infectious diseases.4 Trehalose-6,6-dimycolate (TDM), a unique glycolipid that is glycosylated bymycolic acid (MA) identified in theMycobac-

terium tuberculosis cell wall, has been used as a vaccine adjuvant to promote and augment the intensity and duration of the immune

response.27,28 Despite these intriguing advances, the beneficial effects of BCG and its TDM derivatives in treating sepsis have not been

robustly defined in clinics, due to varying efficacies potentially caused by complex structures and variations of BCG and TDM isolates.

In this current study, we aim to define the effects of highly purified TDMderivative,MA, inmodulatingmonocyte exhaustion.We tested the

efficacies of a-MA as well as the branch-chain methoxy-MA (M-MA) in modulating monocyte exhaustion induced by prolonged challenges
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with LPS. We observed that M-MA is most potent in blockingmonocyte exhaustion and restoringmonocyte homeostasis, in both murine and

humanmonocytes. Mechanistically, we examined key cellular signaling circuitries involved in monocyte exhaustion modulated by M-MA.We

further performed genome-wide methylation analyses of exhausted monocytes and examined the erasure of imprinted methylation memory

by M-MA. Our data suggest that M-MA may serve as a potent agent in restoring monocyte homeostasis.

RESULTS

M-MA alleviates monocyte exhaustion

Although TDM was previously shown to exert some protective effects by inducing ‘‘trained’’ innate immunity and alleviating sepsis

severity,29,30 its highly variable molecular composition may result in inconsistent treatment efficacies in clinical settings that compromise

its therapeutic potential. We therefore tested whether highly purified MA derivatives of TDM can have similar effects in blocking monocyte

exhaustion and restoring monocyte homeostasis in vitro. To achieve this objective, we used the previously defined in vitro culture model by

selectively maintaining the survival of primary monocytes from bonemarrow cells with low-doseM-CSF.9,31 scRNA-seq as well as flow cytom-

etry analyses confirmed that cells harvested from mouse bone marrow cultured with media supplement with M-CSF selectively enable the

survival of monocytes/macrophages but not other hematopoietic cells.31 Similar long-term in vitro culture system with either M-CSF or

GM-CSF were independently developed to selectively sustain either monocytes/macrophages, and provide well-controlled systems for

examining innate memory development.32,33 M-CSF maintained bone marrow-derived monocytes (BMDMs) were treated by control PBS,

high-dose LPS (100 ng/mL), or high-dose LPS with M-MA (10 mg/mL), a-MA (10 mg/mL) or TDM (10 mg/mL). Fresh complete media with

M-CSF and various treatments were supplemented every 2 days as reported previously (Figure 1A).9,34 Cultured cells were harvested on

day 5 for flow cytometry analysis, and our previous analyses confirmed >99%monocytes with this condition.31 As shown in Figure 1, following

5-day culture, PBS-treated cells were primarily composed of homogeneous populations of homeostatic CD11b+Ly6C� monocytes, whereas

cells subjected to prolonged high-dose LPS stimulation shifted toward the Ly6C++ and Ly6C+ subtypes (Figures 1B–1E) characteristic of ex-

haustedmonocytes with pathogenic inflammatory and immune-suppressive functions in animal models of sepsis.35 By contrast, co-treatment

with either TDM or MA during LPS exposure alleviates the expansion of Ly6C++ and Ly6C+ populations (Figures 1C and 1D) and partially

restore the Ly6C� population (Figure 1E) relative to monocytes treated with LPS alone.

We then examined the impact of MA treatment on the expression of key exhaustion markers. In agreement with our previous study, ex-

hausted monocytes express elevated levels of PD-L1 and CD38 and reduced levels of CD86.9 We observed that only M-MA and TDM treat-

ment reduced the induction of PD-L1 by LPS (Figure 1F) and bothMA and TDMpartially restored cell surface levels of CD86 in LPS-exhausted

monocytes (Figure 1G). Furthermore, we observed that co-treatment withMAor TDMcan potently reduceCD38 expression in LPS-exhausted

monocytes (Figure 1H). Collectively, these results suggest that, similar to TDM, MA treatment has the potential to resolve many of the path-

ogenic features of exhausted monocytes during septic challenge. We found that M-MA is much more potent compared to a-MA in restoring

monocyte homeostasis, and therefore focused on using M-MA in all subsequent analysis.

We next tested whether M-MA may have similar effects on primary human monocytes. As monocytes from PBMCs are more sensitive to

LPS, we exhausted human cells with the lower dose of LPS (50 ng/mL) in the presence or absence of 10 mg/mL M-MA for a one-day culture

period. We validated that LPS treatment alone can reduce the population of non-classical CD14lo CD16hi monocytes and expand the classical

CD14hi CD16lo monocyte population (Figures S1A–S1C). Co-treatment with M-MA led to a partial restoration of the non-classical monocyte

population as compared to LPS treatment alone (Figure S1A). In terms of key exhaustionmarkers, LPS treatment led to increased expression of

PD-L1, and a reduction of CD86 expression on cultured PBMCs, consistent withmurinemonocytes (Figures S1D andS1E). LPS also significantly

increased the levels of CD38 in both the non-classical and intermediate monocytes (Figures S1G and S1H). Co-treatment with MA strongly

reduced the expression of PD-L1 andCD38 and restored CD86 on LPS-exhausted humanmonocytes (Figures S1D, S1E, S1G, and S1H). Taken

together, our data reveal that M-MA can effectively block exhaustion and restore homeostasis in both murine and human monocytes.

M-MA treated monocytes exhibit improved mitochondrial integrity and promote T cell proliferation

We next examined the consequences of monocyte functional exhaustion by LPS and restoration by M-MA. CD38, an ectoenzyme involved in

the metabolism of NAD, has been implicated in the initiation of pathogenic inflammation of diseases such as diabetes, cardiovascular dis-

ease, sepsis, and Covid-19.15–18 In the context of monocyte exhaustion, increased expression of CD38 leads to a reduction in NAD+ levels,

resulting in mitochondrial dysfunction and subsequent pathogenic inflammatory processes.14 To investigate whether M-MA can alleviate

oxidative stress in exhausted monocytes by restoring NAD+ levels, we assessed intracellular NAD+ levels in monocytes co-treated with

M-MA and LPS. Whereas NAD+ levels were drastically reduced in LPS-exhausted monocytes, they were significantly restored by M-MA

co-treatment (Figure 2A). Previous research has also shown that reduced cellular NAD+ levels can shift metabolism toward anaerobic respi-

ration via lactic acid fermentation.14 In our study, we observed increased intracellular lactate levels in LPS-exhaustedmonocytes, while the co-

treatment of M-MA and LPS reduced lactate to the control levels (Figure 2B). To further characterize mitochondrial stress in exhausted

monocytes, we evaluatedmitochondrial membrane potential usingMitoTracker Deep Red (MTDR). LPS-stimulatedmonocytes showed a sub-

stantial decreasing in MTDR intensity and expansion of the MTDR-negative population, indicative of impaired mitochondrial function

(Figures 2C and 2D). In contrast, M-MA co-treatment attenuated this effect, restoring the MTDR-positive population (Figure 2D).

To explore potential molecular regulators of mitochondrial function, we measured intracellular levels of PGC-1a using flow cytometry.

PGC-1a is a transcriptional coactivator that plays a vital role in facilitating efficient cellular energymetabolism, therebymaintainingmitochon-

drial biogenesis and cellular NAD levels.36–38 Increased NAD levels can also serve as positive feedback in sustaining the activation of
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Figure 1. M-MA alleviates monocyte exhaustion

(A) M-CSFmaintained BMDMs were treated with PBS, high dose LPS (100 ng/mL), high dose LPS plus M-MA (10 mg/mL), high dose LPS plus a-MA (10 mg/mL), or

high dose LPS plus TDM (10 mg/mL) for 5 days.

(B) Flow cytometry analysis was performed to assess the populations of Ly6C++ CD11b+, Ly6C+ CD11b+, and Ly6C�CD11b+ cells in the cell cultures treated with

different conditions for 5 days.

(C–E) The percentage of the indicated populations was quantified based on flow cytometry data.

(F–H) The Mean Fluorescent Intensity (MFI) of PD-L1, CD86, and CD38 on day 5 was measured using flow cytometry. The flow data shown are representative of

three independent biological replicates, and error bars indicate themeansG standard deviation (SD) with n = 3 for each group. Statistical analysis was performed

using one-way ANOVA, ***p < 0.001.
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PGC-1a.38 Indeed, we observed a significant increase in PGC-1a levels in M-MA and LPS co-stimulated monocytes relative to LPS-treated

monocytes (Figure 2E), consistent with improved mitochondria function.

Due to reducedCD86 and elevated PD-L1 levels, exhaustedmonocytes can potently suppress T cell functions both in vitro and in vivo.39–41

We next tested whether M-MA co-treatment can alleviate the myeloid suppressor functions of exhausted monocytes toward CD4 and CD8

T cells. 5-day pre-treated monocytes were subjected to co-culture assays with CFSE-labeled T cells (Figure 3A). Monocytes exhausted by LPS

alone significantly reduced the proliferation of co-cultured CD4 or CD8 T cells (Figures 3B–3D). This inhibitory effect was partially relieved in

monocytes treated with both LPS and M-MA (Figures 3B–3D). Additionally, we observed an increased expression of CD69 on both CD8 and

CD4 T cells in M-MA and LPS co-treated group, as compared to the group stimulated with LPS alone (Figures 3E and 3F). This provides addi-

tional evidence thatM-MA co-treatedmonocytes have the potential to augment T cell activation, thereby increasing T cell proliferation. Thus,

our data reveal thatM-MA can potently alleviate themyeloid suppressor functions of exhaustedmonocytes and restore immune homeostasis.

The effects of M-MA in restoring monocyte homeostasis are not dependent upon TREM2

Mechanistically, a previous study reported that TREM2may serve as a specific cell-surface receptor for mycolic acid.42 To test whether TREM2

is responsible for mediating the effects of M-MA in restoring monocyte homeostasis, we compared the responses of murine WT and TREM2

KOmonocytes in our in vitro experimental system as described above. However, addition of M-MA still robustly expanded Ly6C� population

and reduced Ly6C++ population (Figures 4A–4C) in TREM2 KO monocytes. Likewise, TREM2-deficient monocytes co-treated with LPS and

M-MA showed the reduction of CD38 and PD-L1 and restoration of CD86 (Figures 4D–4F), suggesting that the protective effects of M-MA

in restoring monocyte homeostasis are not TREM2-dependent.

Additive effects of M-MA with TRAM deletion in restoring monocyte homeostasis

We posit that M-MA may exert its protective effects via generic intervention of cell membrane-mediated stress signaling. TLR4 intracellular

adaptors are known to cluster around membrane lipid rafts to assemble signalosomes that mediate signal strength- and history-dependent
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Figure 2. M-MA treatment improves mitochondrial integrity in exhausted monocytes

M-CSFmaintained BMDMs were stimulated with PBS, high dose LPS (100 ng/mL) or 100 ng/mL LPS plus 10 mg/mLM-MA for 5 days. NAD+ levels (A) and Lactate

levels (B) in monocytes were normalized to the PBS group. To assess the effect of M-MA on mitochondrial potential, monocytes were stained with MitoTracker

Deep Red (MTDR).

(C and D) displays the results as both the MFI and the percentage of cells within the population.

(E) The intracellular level of PGC1- a was determined by flow cytometry. The data shown are representative of three independent biological replicates, and error

bars indicate the means G SD with n = 3 for each group. Statistical analysis was performed using one-way ANOVA, *p < 0.05, ***p < 0.001.
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monocyte activation.43,44 While cholesterol and related lipids can increase membrane rigidity and lipid raft formation, branched fatty acids

were shown to reduce membrane rigidity and potentially reduce the incidence of lipid rafts.45,46 With particular significance, TRAM can be

covalently myristoylated and inserted into lipid membrane rafts.47 Given that TRAM deletion was previously shown to inhibit monocyte

exhaustion, we next tested whether the branchedmethoxy-MAmay potentially synergize with TRAM deletion and completely restore mono-

cyte homeostasis.
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Figure 3. M-MA treatment results in elevated T cell activation and proliferation

(A) T cells isolated from the spleen were pre-labeled with CFSE and cocultured with the treated monocytes for an additional 48 h.

(B) CFSE peaks were indicated in the T cells proliferating generation.

(C and D) The proliferating percentages of CD8 and CD4 T cells were quantified.

(E and F) TheMFI of CD69 onCD8 andCD4 T cells was detected by flow cytometry. The data shown are representative of three independent biological replicates,

and error bars indicate the meansG SD with n = 3 for each group. Statistical analysis was performed using one-way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001.
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Consistent with our previous study, we validated that TRAM deletion can drastically reduce monocyte exhaustion induced by persistent

LPS challenges. TRAM-deficient monocytes exhibited a dramatically reduced expansion of Ly6C++ monocytes, reduced expression of CD38

and PD-L1, and partially restored expression of CD86 compared to WT monocytes (Figures 5A–5F). Although M-MA did not further reduce

PD-L1 levels in LPS-treated Tram�/� monocytes (Figure 5D), M-MA co-treatment with LPS further reduced the population of Ly6C++ mono-

cytes (Figure 5A) and completely restored the expression of CD86 (Figure 5E). Our data suggest that the effects of M-MA are partially related

to blocking TRAM-mediated monocyte exhaustion, and likely involve the relief of additional cellular stress signaling processes.

M-MA potently blocks key signaling circuitry involved in monocyte exhaustion

Next, we tested the effects of M-MA on key intracellular signaling processes involved in monocyte exhaustion. Innate adaptor-mediated acti-

vation of Src kinases was shown to induce prolonged activation of STAT1,48 which can cause sustained induction of pathogenic inflammatory

mediators such as CD38 as well as immune-suppressive PD-L1.49,50 Functionally, elevated STAT1 exacerbates sepsis pathogenesis, and ge-

netic deletion of STAT1 can alleviate sepsis severity.51,52 Therefore, we tested the effects of M-MA on modulating these key signaling mol-

ecules in exhausted monocytes.

As shown in Figures 6A and 6D–6H, monocytes exhausted by prolonged challenges with LPS exhibit robust induction of Src, Syk, and

STAT1. In contrast, co-incubation with M-MA significantly reduced the activation of Src, Syk, and STAT1 in monocytes (Figures 6A and

6D–6H).

As a compensatory mechanism, exhausted monocytes challenged with prolonged LPS stimulation exhibit elevated autophagy-mediated

suppression of Akt and NF-kB.53 Reanalyzing our previously published monocyte exhaustion scRNA-seq dataset,9 we found that exhausted

monocytes express high levels of Tax1bp1 and Plac8, both of which are involved in autophagy-mediated suppression of Akt and NF-kB

through targeting TBK1.54,55 Elevated PLAC8 levels were also independently reported in monocytes collected from experimental septic an-

imals and septic patients.56–58 We confirmed via western blot that TAX1BP1 is robustly induced in exhausted monocytes, and that this induc-

tion was blocked by the co-treatment with M-MA (Figures 6B and 6I). Likewise, we validated the induction of PLAC8 in exhausted monocytes
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Figure 4. The effects of M-MA in restoring monocyte homeostasis are not dependent upon TREM2

M-CSFmaintained BMDMs fromWT or TREM2 KOmice were treated with PBS, high dose LPS (100 ng/mL) in the presence of M-MA (10 mg/mL) or without LPS for

5 days.

(A–C) Ly6C++ CD11b+, Ly6C+ CD11b+, and Ly6C� CD11b+ were shown as frequency.

(D–F) The MFI of PD-L1 (D), CD38 (E), and CD86 (F) were measured by flow cytometry. Data represent three independent biological replicates; error bars show

means G SD (n = 3 per group). Statistical analysis: two-way ANOVA, ***p < 0.001.
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and suppression by M-MA (Figures 6B and 6J). Consequently, we observed a robust reduction of Akt in exhausted monocytes, and a partial

restoration of Akt by M-MA (Figures 6B and 6K). Our data is consistent with independent studies reporting the restoration of Akt by immune-

enhancing agents such as beta-glucan.59 Collectively, our data revealM-MA can potently restore the polarized signaling circuitry in exhausted

monocytes (Figure 6C).

M-MA effectively re-balances the genomic methylation landscape of exhausted monocytes

Given the emerging appreciation of epigenetic alterations as the underlying mechanism for innate immune memory,60–62 we next tested

whether M-MA restores epigenetic homeostasis in exhausted monocytes. We analyzed genome-wide DNA methylation levels in cultured

monocytes using an Infinium Mouse Methylation BeadChip arrays to profile changes in 5-methylcytosine (5mC) at CpG islands, gene pro-

moters and enhancers, and additional sites of regulatory significance. Exhausted monocytes exhibited a significant increase in global

DNA methylation levels that is partially restored by M-MA treatment (Mood’s median test = 1.55 x 10�13) (Figures 7A and 7B). Principal com-

ponents and phylogenetic analysis different culture conditions revealed distinct patterns for PBS control, LPS, and LPS+MA cultured cells

(Figures 7A and 7C). In total, we identified 12,034 hypermethylated and 4,108 hypomethylated CpG probes, most of which were shared be-

tween the LPS and LPS+MA conditions (Figures 7D and 7E, and Table S1). Based on chromatin state discovery and characterization

(chromHMM) analysis, many of these changes were observed at gene enhancers and transcription start site flanking regions, suggesting their

differential methylation is of regulatory significance (Figure S2A and Table S2).

Focusing on specific DMRs, we validated by BisPCR2 sequencing that DNA methylation at the Plac8 promoter is fully rescued by M-MA

treatment (Figure 7F). Gene ontology (GO) analysis of DMR nearest-linked genes revealed an enrichment of terms ‘‘oxidative phosphoryla-

tion’’ and ‘‘electron transport chain’’ specifically in M-MA-treated cells, highlighting the potential impact of M-MA on restoring metabolic ho-

meostasis, as well as ‘‘adipogenesis’’, ‘‘TNF signaling’’, and ‘‘MAPK signaling’’ terms shared with cells treated with LPS alone (Table S3). Taken
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Figure 5. Additive effects of M-MA with TRAM deletion in restoring monocyte homeostasis

M-CSF maintained BMDMs from WT or TRAM KO mice were treated with the same treatments as described above.

(A–C) The frequencies of Ly6C++ CD11b+, Ly6C+ CD11b+ and Ly6C� CD11b+ were quantified.

(D–F) The MFIs of PD-L1 (D), CD38 (E), and CD86 (F) in WT and TRAM KO monocytes were measured via flow cytometry. The data shown are representative of

three independent biological replicates, and error bars indicate the means G SD with n = 3 for each group. Statistical analysis was performed using two-way

ANOVA, *p < 0.05, ***p < 0.001.
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together, our data suggest that the exhaustionmemory is imprinted at the level of DNAmethylation, and this stable imprint can be effectively

reversed by co-treatment with M-MA.

DISCUSSION

Our current study characterizesM-MAas a potential agent in relievingmonocyte exhaustion based on the following observations. First,M-MA

potently reduces the expression of pathogenic inflammatory mediator CD38 and immune suppressor PD-L1, as well as restores the expres-

sion of immune enhancer CD86. Second, M-MA restores mitochondria function and monocyte’s capability in supporting T cell proliferation.

Third, M-MA attenuates pathogenic inflammatory signaling circuitry through reducing Src family kinase-mediated activation of STAT1 and

restores immune-enhancing Akt activation through blocking STAT1-mediated expression of molecular suppressors such as PLAC8 and

TAX1BP1. Fourth, M-MA can potently erase epigenetic memory at the level of DNA methylation.

Our data complement emerging basic and clinical studies that reveal conceptual as well as clinical significance of ‘‘trained’’ innate immu-

nity related to the potential protection against polymicrobial-induced sepsis. Selected microbes such as BCG as well as microbial compo-

nents including fungal products beta-glucan were shown to ‘‘train’’ innate monocytes into a memory state with elevated expression of im-

mune-enhancing mediators.63,64 Clinical trials based on the concept of trained innate immunity are emerging with the objective of

developing innate-based vaccines in offering broad-spectrum protection against diverse infectious agents including SARS-CoV-2.65,66 The

experimental model of ‘‘trained’’ immunity relies upon the two-hit approach, with the first hit with immune-enhancing agents enabling innate

cells to have a more robust immune response to a secondary challenge.67 Despite its translational potential in the development of innate-

based preventative vaccines, this approach is not amenable to addressing the progression of immune exhaustion after the onset of sepsis.

Patients recovering from sepsis or severe COVID-19 often exhibit chronic complications with lingeringmorbidity andmortality risks.68,69 Anal-

ogous to T cell exhaustion which can develop following repetitive and prolonged challenges,monocytes exposed to prolonged septic signals

develop a chronic exhausted state, characterized by reduced differentiation as well as pathogenic inflammatory and immune suppressive

features.9,70 Monocyte exhaustion can be observed in human and murine sepsis,10,71,72 and can be generated in vitro through prolonged

treatment with bacterial endotoxin LPS.9,73

The persistence of exhausted monocytes compromises host’s immune defense and aggravates pathological tissue damage, leading to

elevated sepsis mortality/morbidity. Despite its vital clinical relevance, efforts in alleviating monocyte exhaustion due to prolonged chal-

lenges were limited, and our current study fills this critical gap in knowledge. Our data demonstrate the potency of methoxy-MA in effectively

attenuating monocyte exhaustion generated by prolonged LPS challenge. We validate that exhausted monocytes due to repetitive and pro-

longed LPS treatment exhibit not only keymolecular signatures reported in sepsis (e.g., elevatedCD38, PD-L1, and reducedCD86),74 but also

functional signatures of exhaustion (e.g., compromised mitochondria function, potent suppression of T cell proliferation and activation). Our

data further demonstrate thatM-MA co-treatmentmay alleviate the development of monocyte exhaustion, atmolecular and functional levels.

Our study complements existing studies in the area of innate training and suggests potential strategies in alleviating monocyte exhaustion.

Mechanistically, our current study reveals several less-appreciated principles for the generation and alleviation of monocyte exhaustion. It

is well-known that the responses of naive cells to initial LPS challenge involve the activation of multiple signaling pathways and transcription

factors that include NFkB and IRFs,73,75 leading to the pleiotropic expression of genes ranging from pro- and anti-inflammatory mediators;

immune-enhancers as well as suppressors.73,76 Independent reports reveal that the TLR4 adaptor TRAM serves as the most critical node

essential for the generic cellular response to LPS ranging from NFkB as well as IRFs.47,77 Following the initial phase of pleiotropic responses,

LPS-treated cells exhibit a second phase of ‘‘tolerance’’, as reflected in a generic suppression of pro-inflammatory cytokines, interferon-

related genes and immune-enhancing mediators.73,76 During the second phase of tolerance, both NFkB and IRF signaling pathways are sup-

pressed.73,75 Intriguingly, exhausted monocytes with repetitive and prolonged LPS challenges are not only tolerant with reduced NFkB and

IRF signaling,75 but also preferentially retain robust induction and activation of STAT1 protein.9 We validated that both the total and phos-

phorylated levels of Src family kinases (SFKs) such as Syk and Src are highly elevated in exhausted monocytes following 5-day culture. Sus-

tained induction of SFKs can contribute to the activation loop involving the induction as well as phosphorylation of STAT1 which further sus-

tains the induction of pathogenic inflammatory mediators such as CD38 in exhausted monocytes. We confirmed the increased levels of total

as well as phosphorylated STAT1, Syk, and Src in exhausted monocytes, and demonstrated a robust reduction of these key signaling medi-

ators in monocytes co-treated with M-MA. Our mechanistic studies are consistent with a previous study showing that deletion of STAT1 can

potently protect experimental animals in developing severe sepsis.51 STAT1 not only drives the expression of inflammatory mediators but

may also induce the expression of immune suppressors such as PLAC8 and TAX1BP1. Both TAX1BP1 and PLAC8 are shown to cause immune

suppression by inhibiting TBK1.54,55 TBK1 activation is important for Akt andNFkB-mediated expression of immune-enhancing genes such as

CD86. Consistent with our protein analyses, our methylation data reveal the differential methylation of Plac8 in exhausted monocytes and its

restoration by M-MA.

Figure 6. M-MA potently blocks key signaling circuitry involved in monocyte exhaustion

M-CSF maintained BMDMs were treated PBS, high dose LPS (100 ng/mL), or high dose LPS plus M-MA (10 mg/mL) for 5 days. Monocytes were collected for

western Blot. The levels of p-Src, t-Src, Syk, p-STAT, t-STAT1 (A) and TAX1BP1, PLAC8, p-Akt, t-Akt (B) were determined by western blot.

(C) Schematic illustration summarizing the possible mechanisms implicated in the prevention of monocyte exhaustion by M-MA blockade. The relative levels of

p-Src (D), t-Src (E), Syk (F), p-STAT1 (G), t-STAT1 (H), TAX1BP1 (I), and PLAC8 (J) were normalized to b-actin. The relative level of p-AKT (K) was normalized to t-Akt.

The data are representative of three independent biological replicates, and error bars represent means G SD. *p < 0.05, **p < 0.01, ***p < 0.001, one-way

ANOVA.
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Figure 7. M-MA effectively re-balances the genomic methylation landscape of exhausted monocytes

(A) Correlation heatmap for DNA methylation at differentially methylated CpG probes following 5 days of PBS control or repetitive LPS stimulation in the

presence or absence of M-MA (R5% difference in % 5mC vs. PBS control; FDR <5%; n = 4 for each treatment).

(B) Violin plots of average DNAmethylation levels at each probe CpG for the BMMCs under PBS control or repetitive-LPS stimulation +/�M-MA treatment, with

boxplots indicating medians, interquartile ranges, and 95% confidence intervals (n = 4 for each condition).

(C) Principal component analysis of differentially methylated CpG probes in PBS control- (blue), LPS- (red), or LPS+M-MA-treated (green) BMMCs. Ovals indicate

the normal distribution for each treatment.

(D) Venn diagrams for differentially methylated CpG probes in cells treated with LPS alone (red) or LPS + M-MA (green).

(E) Volcano plot for altered DNA methylation at DMRs in LPS+M-MA-treated BMMCs versus treatment with LPS alone. Probes are colored based on observed

differential methylation patterns in LPS-treated cells relative to PBS control (red: hypermethylated; blue: hypomethylated) or probes that exhibit differential

methylation only in LPS+M-MA cells (green). Dotted lines indicate the change in DNA methylation (+/� 5%) and adjusted p value (<0.1) cut-offs for DMRs.

Nearest linked genes for select DMRs are indicated.

(F) UCSC browser track views (left) and mean DNA methylation levels (right) of MiSeq-validated DMRs at the Plac8 promoter (chr5:100,570,157-100,573,097)

regions for PBS control, LPS, or LPS+M-MA-treated BMMCs. ENCODE annotated promoters (red) are depicted in the bottom track. Bar graphs represent

means G standard deviation (SD) with n = 4 for each group. Statistical analysis was performed using one-way ANOVA, *p < 0.05, **p < 0.01.
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Previous studies regarding the related concept of innate priming or tolerance primarily focused on epigenetic changes caused by histone

modifications.62,78 However, emerging studies suggest that histone-related chromatin modifications may be transient, whereas we have

recently demonstrated broad changes in the DNA methylome of exhausted cells.79,80 Our data reveal profound changes in genome-wide

DNA methylation patterns in exhausted monocytes (Figure 7). Massive genome-wide methylation correlated with global gene suppression

of most cytokines and IFN related genes reported in endotoxin tolerance,76 and reflected in our previously published scRNA-seq dataset.9

We also independently validated through targeted RT-PCR assay that IFNb and IFNARwere not induced in exhaustedmonocytes (Figure S3).

However, despite the global increase in DNAmethylation related to tolerance, we validated the selective hypo-methylation of Plac8, allowing

the selective induction of PLAC8 mediated by STAT1.

We also observed systemic alterations in methylated genes involved in metabolisms, consistent with an independent in vivo study report-

ing compromised mitochondria metabolism and bioenergetic failure in exhausted human monocytes isolated from septic patients with liver

failure.81 Together, our integrated signaling studies and genome-wide methylation analyses reveal key molecular signatures of monocyte

exhaustion, as well as potencies of M-MA in restoring monocyte homeostasis.

Limitations of the study

Despite the promising phenotype of M-MA in restoring monocyte homeostasis, it is yet to be determined regarding how M-MA exerts its

beneficial functions. Although a previousNature Communications report suggests that all forms of free mycolic acid share the TREM2 recep-

tor in mediating cellular responses,42 our data reveal that the restoration effects of M-MA on exhausted monocytes are independent of

TREM2. Other scavenger receptors such as Mincle should be tested in future studies.82 The fact that the branched M-MA has better efficacy

than the non-branched alpha-mycolic acid suggests that M-MAmay generically relieve cell membrane lipid-raft stress and reduce exhaustion

signaling, in a receptor independent fashion. Thismight be a rudimentary principle of innate cell regulation independent of cellular receptors.

Key innate signaling adaptors and mediators such as TRAM and SRC kinase are known to be covalently conjugated with lipids,47,83 enabling

their intercalation within membrane rafts. Activation of lipid raft mediated by TRAM may then be generically responsible for innate immune

activation dynamics. This receptor independent as well as dependent processes need to be carefully addressed in future studies in order to

fully understand the underlying mechanisms.

Our observation holds conceptual relevance inmodulating innate immunememory throughM-MA, which resonateswith emerging clinical

interests of ‘‘trained innate immunity’’ in potentially mitigating sepsis severity as well as other diseases.84,85 Despite these promising advances

in the general area of innate immunememory, the complex in vivomodulations of immune environments during the early and late courses of

sepsis still remain poorly understood. Immune and/or inflammatory dysregulation during sepsis likely involves a wide array of immune cells

and tissues with complex adaptation dynamics during distinct phases of sepsis pathogenesis. Our current study serves as an initial attempt in

addressing one unique aspect of innatememorymodulation related tomonocyte exhaustion, whichmay assist future in vivo studies aimed at

better harnessing the efficacies of innate memory training in managing monocyte exhaustion during various stages of sepsis pathogenesis.

The pharmacodynamics and pharmacokinetics of M-MA and related BCG compounds should be carefully examined in animal models, in or-

der to better evaluate the proper window of intervention as well as side effects.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY

B Lead contact

B Materials availability

B Data and code availability

d EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

B Animals and ethics statement

d METHOD DETAILS

B Murine primary monocyte isolation and culture

B Human monocyte culture

B T Cell Isolation and coculture

B NAD and lactate assay

B Western blot

B Flow cytometry

B Quantitative RT-PCR

B Infinium Mouse Methylation BeadChip array

B Bisulfite next-generation sequencing

B Infinium BeadChip array analysis

B BisPCR2 sequencing analysis

d QUANTIFICATION AND STATISTICAL ANALYSIS

ll
OPEN ACCESS

iScience 27, 108978, February 16, 2024 11

iScience
Article



SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.isci.2024.108978.

ACKNOWLEDGMENTS

This study was supported in part through grants from NIH R01 AI172133 to L.L, NIH 5TL1DK132771 to B.C, and American Heart Association

Postdoctoral Fellowship Award 23POST1027469 to J.W. We appreciate that technical assistance from the staff member of Li Laboratory

including Feng Xu. Images were made using BioRender.

AUTHOR CONTRIBUTIONS

Y.W. designed the studies; performed experiments; analyzed the data; and drafted the manuscript. B.C., J.W., and Y.Z. conducted experi-

ments, analyzed the data and wrote the manuscript. L.L. designed, supervised the studies, and wrote the manuscript.

DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: September 15, 2023

Revised: November 27, 2023

Accepted: January 16, 2024

Published: January 19, 2024

REFERENCES
1. CDC (2020). Sepsis. https://www.who.int/

news-room/fact-sheets/detail/sepsis.
2. Hotchkiss, R.S., Monneret, G., and Payen, D.

(2013). Sepsis-induced immunosuppression:
from cellular dysfunctions to immunotherapy.
Nat. Rev. Immunol. 13, 862–874. https://doi.
org/10.1038/nri3552.

3. Angus, D.C., and van der Poll, T. (2013).
Severe sepsis and septic shock. N. Engl. J.
Med. 369, 840–851. https://doi.org/10.1056/
NEJMra1208623.

4. Wiersinga, W.J., Leopold, S.J., Cranendonk,
D.R., and van Der Poll, T. (2014). Host innate
immune responses to sepsis. Virulence 5,
36–44. https://doi.org/10.4161/viru.25436.

5. Baudesson de Chanville, C., Chousterman,
B.G., Hamon, P., Laviron, M., Guillou, N.,
Loyher, P.L., Meghraoui-Kheddar, A.,
Barthelemy, S., Deterre, P., Boissonnas, A.,
and Combadière, C. (2020). Sepsis triggers a
late expansion of functionally impaired
tissue-vascular inflammatory monocytes
during clinical recovery. Front. Immunol. 11,
675. https://doi.org/10.3389/fimmu.2020.
00675.

6. Hotchkiss, R.S., Monneret, G., and Payen, D.
(2013). Immunosuppression in sepsis: a novel
understanding of the disorder and a new
therapeutic approach. Lancet Infect. Dis. 13,
260–268. https://doi.org/10.1016/s1473-
3099(13)70001-x.

7. Bomans, K., Schenz, J., Sztwiertnia, I.,
Schaack, D., Weigand, M.A., and Uhle, F.
(2018). Sepsis induces a long-lasting state of
trained immunity in bonemarrowmonocytes.
Front. Immunol. 9, 2685. https://doi.org/10.
3389/fimmu.2018.02685.

8. Naler, L.B., Hsieh, Y.-P., Geng, S., Zhou, Z., Li,
L., and Lu, C. (2022). Epigenomic and
transcriptomic analyses reveal differences
between low-grade inflammation and severe
exhaustion in LPS-challenged murine
monocytes. Commun. Biol. 5, 102. https://
doi.org/10.1038/s42003-022-03035-2.

9. Pradhan, K., Yi, Z., Geng, S., and Li, L. (2021).
Development of exhausted memory
monocytes and underlying mechanisms.

Front. Immunol. 12, 778830. https://doi.org/
10.3389/fimmu.2021.778830.

10. Ferreira da Mota, N.V., Brunialti, M.K.C.,
Santos, S.S., Machado, F.R., Assuncao, M.,
Azevedo, L.C.P., and Salomao, R. (2018).
Immunophenotyping of monocytes during
human sepsis shows impairment in antigen
presentation: a shift toward nonclassical
differentiation and upregulation of FCgRi-
receptor. Shock 50, 293–300. https://doi.org/
10.1097/SHK.0000000000001078.

11. Patil, N.K., Guo, Y., Luan, L., and Sherwood,
E.R. (2017). Targeting immune cell
checkpoints during sepsis. Int. J. Mol. Sci. 18,
2413. https://doi.org/10.3390/ijms18112413.

12. Hogan, K.A., Chini, C.C.S., and Chini, E.N.
(2019). The multi-faceted ecto-enzyme CD38:
roles in immunomodulation, cancer, aging,
and metabolic diseases. Front. Immunol. 10,
1187. https://doi.org/10.3389/fimmu.2019.
01187.

13. Aksoy, P., White, T.A., Thompson, M., and
Chini, E.N. (2006). Regulation of intracellular
levels of NAD: a novel role for CD38.
Biochem. Biophys. Res. Commun. 345, 1386–
1392. https://doi.org/10.2174/
138161209787185788.

14. Camacho-Pereira, J., Tarragó, M.G., Chini,
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-Src Cell Signaling RRID:AB_10691385

anti-phospho-Src Cell Signaling RRID:AB_331034

anti-Syk Cell Signaling RRID:AB_2197223

anti-STAT1 Cell Signaling RRID:AB_2198300

anti-phospho-Stat1 (Ser727) Cell Signaling RRID:AB_2197983

anti-TAX1BP1 Proteintech RRID:AB_2198921

anti-PLAC8 Proteintech RRID:AB_11182285

anti-Akt Cell Signaling RRID:AB_329827

anti-phospho-Akt 473 Cell Signaling RRID:AB_329825

anti-b-actin Cell Signaling RRID:AB_2223172

HRP-conjugated anti-rabbit IgG antibody Cell Signaling RRID:AB_2099233

HRP-conjugated anti-mouse IgG antibody Cell Signaling RRID:AB_330924

anti-mouse CD16/32 (Fc blocker) BD Biosciences RRID:AB_394657

Human TruStain FcX Biolegend RRID:AB_2818986

APC-Cy7 anti-mouse CD11b Biolegend RRID:AB_830642

PE-Cy7 anti-mouse Ly6C Biolegend RRID:AB_1732093

APC anti-mouse PD-L1 Biolegend RRID:AB_10612741

PE anti-mouse CD38 Biolegend RRID:AB_312929

FITC anti- mouse CD86 Biolegend RRID:AB_313149

FITC anti- human CD66b Biolegend RRID:AB_314495

PE-Cy7 anti- human CD14 Biolegend RRID:AB_389353

APC-Cy7 anti- human CD16 Biolegend RRID:AB_2562952

APC anti- human CD86 Biolegend RRID:AB_493231

PE anti- human PD-L1 Biolegend RRID:AB_940368

APC anti- human CD38 Biolegend RRID:AB_2561902

FITC anti- human CD4 Biolegend RRID:AB_312690

APC anti- human CD8 Biolegend RRID:AB_312751

APC-Cy7 anti-CD69 Biolegend RRID:AB_10679041

Chemicals, peptides, and recombinant proteins

M-CSF PeproTech Cat#315-02

Lipopolysaccharide (LPS) Sigma-Aldrich Cat#L2630

Propidium iodide Invitrogen Cat#00-6990-50

Trehalose-6,6-dimycolate (TDM) invivoGen Cat#tlrl-tdm-1

Fetal bovine serum (FBS) Peak Cat#PS-FB1

Penicilin / Streptomycin Gibco Cat#15140122

GlutaMAX Gibco Cat#35050061

a-mycolic acid Avanti Cat#791280P

Methoxy-mycolic acid Avanti Cat#791281P

carboxyfluorescein succinimidyl ester Invitrogen Cat#C34554

anti-CD3 antibody Bio X Cell Cat#BE0001-1

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Liwu Li (lwli@

vt.edu).

Materials availability

This study did not generate any new reagents.

Data and code availability

� The underlying numerical data Figures 1A–1H, 2A–2C, 2E, 3C–3F, 4A–4F, 5A–5F, 6D–6K, and 7F, and western blot original figures were

deposited on Mendeley Data, and are publicly available as of the date of publication. Mendeley Data: https://doi.org/10.17632/

bdgy79rt48.1.
� Raw andprocessedDNAmethylation array data produced during this study are available through theGene ExpressionOmnibus under

the accession number: GSE242825.

� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

anti-CD28 Bio X Cell Cat#BE0015-1

protease inhibitor Cocktail Sigma Cat#P5726, P0044, and P8340

Critical commercial assays

NAD/NADH Quantitation Kit Sigma-Aldrich Cat#MAK037

Lactate Assay Kit Sigma-Aldrich Cat#MAK064

Bio-Rad DC Protein Assay kit Bio-Rad Laboratories Cat#5000112

ECL detection kit VWR Cat#490005-020

Experimental models: Organisms/strains

C57BL/6 mice The Jackson Laboratory Cat#000664

TRAM-/- mice Eltzschig Laboratory N/A

TREM2-/- mice Colonna Laboratory N/A

Software and algorithms

ImageJ software NIH https://imagej.nih.gov/ij/

FlowJo (v10) BD Life Sciences https://www.flowjo.com

Prism (v9) Graphpad www.graphpad.com

BD FACSDiva (v8.0.2) BD Life Biosciences www.bdbiosciences.com/en-us/products/

software/instrument-software/bd-facsdiva-software

R (v4.2.0) R Core Team cran.r-project.org/bin/windows/base/

sesame (R package; v1.14.2) Zhou et al.8 www.bioconductor.org/packages/release/

bioc/html/sesame.html

Other

Multiplex PCR Kit QIAGEN Cat#206143

PyroMark PCR Kit QIAGEN Cat#978703

RNeasy Plus Mini Kit QIAGEN Cat#175028095

Reverse transcription kit Applied Biosystems Cat#74134

PowerSYBR Green PCR Master Mix Applied Biosystems Cat#4367659
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals and ethics statement

This study does not involve any in vivo animal procedures or experiments, and is solely limited to in vitro culture of harvested murine bone

marrow cells from sex and age comparablemice (male and female, 6-12 weeks were used in this study). Leg bones frompreviously euthanized

Trem2-/- mice with C57BL/6 background were kindly provided by Dr. Marco Colonna’s group at Washington University. C57BL/6 mice orig-

inally from the Jackson Laboratory, Tram-/- (Ticam2-/-) micewith C57BL/6 background fromDr. Holger Eltzschig at University of Texas Houston

were bred and housed in the Virginia Tech Life Science 1 facility. All mice were in a controlled temperature at 23�C and 12 h light-dark cycle

with ad libitum access to food and water. All animal procedures were in accordance with the U.S. National Institutes of Health Guide for the

Care and Use of Laboratory Animals and approved by Institutional Animal Care and Use Committee (IACUC) of Virginia Tech.

METHOD DETAILS

Murine primary monocyte isolation and culture

Bone marrow was harvested from tibias and femurs of 6- to 12- weeks old mice with matched genders, and maintained in the 1640-RPMI me-

dia supplemented with 10% fetal bovine serum (FBS), 1% penicillin-streptomycin, and 1% L-Glutamine and 10 ng/mLM-CSF (PeproTech).86,87

Cells were stimulated with PBS (negative control), high-dose LPS (HLPS, 100 ng/mL) in the presence or absence of methoxy mycolic acid

(M-MA, 10 mg/mL) (Avanti), a-mycolic acid (a -MA, 10 mg/mL) (Avanti), or Trehalose 6,60-Dimycolate (TDM, 10 mg/mL) (Invivogen) for 5 days

at 37�C in a humidified 5%CO2 atmosphere. Treatments were given repeatedly with the same concentrations in conjunction with a changing

media on day 1 and day 4. Bone marrow-derived monocytes cultured under such conditions were still monocyte-like and no mature macro-

phage marker CD71 expression, as previously established.31

Human monocyte culture

Human whole blood was purchased from PBS Research Blood Components. PBMCs were isolated using Ficoll-Paque PLUS (GE Healthcare

Bio Science) and subsequently cultured in complete 1640-RPMI media. The media was supplemented with human M-CSF (PeproTech). Hu-

man PBMCs were then treated with LPS in the presence of without methoxy-MA at 0-h and 5-h time points and cultured for 1 day.

T Cell Isolation and coculture

Murine CD3+ T cells were isolated from the spleen of C57BL/6mice using theMojoSort Mouse CD3 T Cell Isolation Kit (Biolegend), yielding a

purity of >95%. Isolated CD3+ T cells were labeled with 5 mM carboxyfluorescein succinimidyl ester (CFSE; Invitrogen) for 8 min at room tem-

perature (RT) and neutralized by 3 mL FBS for 10min at 37�C. CFSE-labeled T cells with the density of 1 3 106 cells/mL were resuspended in

RPMI 1640 media supplemented with 10% PBS, 1% penicillin-streptomycin, 1% L-Glutamine, 10 mM HEPES, and 0.055 mM

2-mercaptoethanol. For monocyte-T cell coculture, pre-treated monocytes were washed with PBS twice, and a total of 1 3 105 cells/well

of CFSE-labeled T cells were co-cultured with monocytes at a ratio of 1:1 in the U-bottom 96-well plates. These monocytes were pre-treated

with either PBS, LPS, or a combination of LPS andM-MA for 5 days. Cells weremaintained in the T cell culture conditionedmedia and exposed

to 2.5 mg/mL of coated anti-CD3 antibody (Bio X Cell) and 2.5 mg/mL of soluble anti-CD28 antibody (Bio X Cell) for 2 days.

NAD and lactate assay

The NAD assay and lactate assay were performed using the NAD/NADH Quantitation Kit (Sigma-Aldrich) and Lactate Assay Kit (Sigma-

Aldrich) in accord with the manufacturer’s instructions. Intracellular NAD and lactate concentrations were measured using the spectraMax

M2 Microplate Reader (Molecular Devices).

Western blot

Cell culture samples were collected and lysed in 2% SDS cell lysis buffer containing phosphatase inhibitor 2, phosphatase inhibitor 3, and

protease inhibitor Cocktail (Sigma). Cell lysates were denatured at 95�C for 5 min. Bradford assay was performed to determine protein con-

centrations using the Bio-Rad DC Protein Assay kit (Bio-Rad Laboratories). Proteins were separated by size using electrical current through

10% acrylamide Gel and wet-transferred onto a PVDF membrane. Membranes were then blocked with 5% milk for 1h at room temperature.

Post block, membranes were incubated with anti-Src (Cell Signaling), anti-phospho-Src (Cell Signaling), anti-Syk (Cell Signaling), anti-STAT1

(Cell Signaling), anti-phospho-STAT1 (Cell Signaling), anti-TAX1BP1 (Proteintech), anti-PLAC8 (Proteintech), anti-Akt (Cell Signaling), anti-

phospho-Akt 473 (Cell Signaling), and anti-b-actin (Cell Signaling) primary antibody at 4�Covernight and secondaryHRP-conjugated anti-rab-

bit IgG antibody (Cell Signaling) or HRP-conjugated anti-mouse IgG antibody (Cell Signaling) at room temperature for 1 hour. Images were

developed with ECL detection kit (VWR). Relative protein expressions were quantified with ImageJ software (NIH).

Flow cytometry

Murine monocytes and human monocytes were harvest at day 5 or day 1 and blocked FcBlock (anti-mouse CD16/32, BD Biosciences or Hu-

man TruStain FcX, Biolegend) followed by stanning with mouse anti-CD11b (APC-Cy7, Biolegend), anti-Ly6C (PE-Cy7, Biolegend), anti-PD-L1

(APC, Biolegend), anti-CD38 (PE, Biolegend), anti-CD86 (FITC, Biolegend) or human anti-CD66b (FITC, Biolegend), anti-CD14(PE-Cy7,
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Biolegend), anti-CD16 (APC-Cy7, Biolegend), anti-CD86 (APC, Biolegend), anti-PD-L1 (PE, Biolegend), anti-CD38 (APC, Biolegend) for 30 mi-

nutes. For monocyte-T cell coculture, T cells were blocked and stained with mouse anti-CD4 (FITC, Biolegend), anti-CD8 (APC, Biolegend),

and anti-CD69 (APC-Cy7, Biolegend). Stained cells were washed with FACS buffer and resuspended into the FACS buffer containing Propi-

dium Iodide (Invitrogen). MitoTracker� Deep Red FM kit (Invitrogen) was used to detect mitochondrial potential as described by the man-

ufacturer’s instructions. Antibodies labeled samples were analyzedwith a FACSCanto II (BDBiosciences), and data were analyzedwith FlowJo

(BD Life Sciences).

Quantitative RT-PCR

RNA extraction was isolated using the RNeasy PlusMini Kit (QIAGEN), followed by cDNA synthesis using the reverse transcription kit (Applied

Biosystems). Real-time PCR was performed using PowerSYBR Green PCR Master Mix (Applied Biosystems) on a CFX96 real-time PCR instru-

ment (Bio-Rad Laboratories). The determination of relative expression levels for transcripts utilized the doubleDCTmethod and normalization

to the expression of the housekeeping gene Bactin. Graphs and statistical analyses were conducted using GraphPad Prism v9.0.

Infinium Mouse Methylation BeadChip array

Genomic DNA was prepared from cultured monocytes using a DNeasy Blood & Tissue Kit (QIAGEN) and bisulfite (BS)-treated using an

EpiTect Bisulfite Kit (QIAGEN). For Infinium Mouse Methylation BeadChip (Illumina) arrays, 500 ng of BS-treated DNA was processed and

hybridized to individual array wells according to the manufacturer’s protocol. BeadChip array signal was measured using the iScan System

(Illumina). All samples were processed and run at the Children’s Hospital of Philadelphia Center for Applied Genomics.

Bisulfite next-generation sequencing

A modified BisPCR2 workflow was used to validate differentially methylated regions of interest identified on the Infinium array, as previously

described.80,88 Briefly, genomic DNAwas bisulfite converted as described above and then used as a template for Plac8 promoter enrichment

using a PyroMark PCR Kit (QIAGEN). Amplified regions were pooled for column purification, and the purified pools were barcoded with Illu-

mina indexing primers using a Multiplex PCR Kit (QIAGEN). All indexed pools for each sample were then pooled during column purification,

after which library quality was determined using Tapestation DNA ScreenTape analysis (Agilent) at the Fralin Life Sciences Institute at Virginia

Tech Genomics Sequencing Center. Finally, all indexed libraries were pooled with 6% PhiX spike-in DNA and sequenced using a MiSeq Re-

agent Nano Kit v2 (500 cycles) (Illumina) at the Fralin Genomics Sequencing Center.

Infinium BeadChip array analysis

Raw Infinium IDAT files were processed into corrected beta values using the openSesame pipeline (1.14.2; default parameters), and differ-

entially methylated regions (DMRs) were identified using the sesame DML function.89 PBS- and LPS-treated cultured bonemarrowmonocyte

array values were previously published, but were collected and sequenced at the same time as M-MA samples.80 Infinium BeadChip probe

annotations, including transcription factormotif enrichment and chromatin state discovery and characterization (ChromHMM), were obtained

using the sesame KYCG function. For gene ontology (GO) enrichment analysis, differentially methylated probes were matched to their near-

est gene using sesameData_getGenesByProbes, and ontology enrichment was performed using the g:Profiler2 package (0.2.1). Average

DNA methylation signal and unsupervised clustering heatmaps were prepared using the Rpackage pheatmap (1.0.12; https://www.

rdocumentation.org/packages/pheatmap; clustering_method = ‘‘average’’), and average signal violin plots were prepared using the Rpack-

age vioplot (0.4.0; https://github.com/TomKellyGenetics/vioplot). Principal components analysis (PCA) and Moods nonparametric median

tests were performed using the R stats package.

BisPCR2 sequencing analysis

Sequenced readswere trimmedusing TrimGalore (0.6.7; http://www.bioinformatics.babraham.ac.uk/projects/trim_galore) andmappedwith

Bismark (0.22.3; https://www.bioinformatics.babraham.ac.uk/projects/bismark) in paired-endmode. Non-deaminated reads were filtered out

based on the presence ofR 3 consecutive instances of non-CG methylation (function: filter_non_conversion ; parameters: –paired –consec-

utive). Bedgraph files were prepared using the Bismark Methylation Extractor to calculate percent methylation at each CpG with R 100x

coverage. Aligned reads were converted to Bigwig tracks for UCSC browser visualization (http://genome.ucsc.edu).

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism v9.0 was used for graph generation and statistical analysis. Significance was determined using either one-way ANOVA fol-

lowed by Tukey’s post hoc test for multi-group comparisons or two-way ANOVA for analyses involvingmultiple factors. Statistically significant

findings (p-values) are denoted as follows: *p < 0.05; **p < 0.01; ***p < 0.001.
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