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CHAPTER 1 

 

INTRODUCTION: MICRORNAS AND MACROPHAGES: REGULATORS OF 
ACTIVATION AND FUNCTION 

 

 

Adapted from: 

Neil T. Sprenkle, C. Henrique Serezani, & Heather H. Pua. 2023. MicroRNAs and 
macrophages: regulators of activation and function. J. Immunol. 210: 359-368. Copyright 
© 2023 The American Association of Immunologists, Inc. 

 

1.1. General Chapter Overview  

 

This chapter introduces what microRNAs (miRNA) are, canonical mechanisms 

involved in miRNA biogenesis and processing, and their role in governing networks of 

genes at the post-transcriptional level. Additionally, it provides a comprehensive summary 

of the reported roles of select miRNAs in programming effector macrophage function, how 

their dysregulation contributes to various disease outcomes, and the potential application 

of miRNA-based therapies to treat diseases containing an immunological component, 

such as metabolic diseases. Overall, initiatives integrating basic science immunology with 

bioinformatic and translational research have uncovered how dysregulation of 

functionally-relevant miRNAs and their downstream target genes aggravates 

macrophage-driven pathology and offers both clinical biomarkers and new therapeutic 

targets. 
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1.2. Introduction 

 

Macrophages are a heterogeneous population of innate immune cells that serve 

pleiotropic roles in maintenance of tissue homeostasis and host defense. This 

heterogeneity begins with cellular origin during ontogeny and expands through the 

integration of signals from the local tissue environment (reviewed1). In response to 

pathogens or injury, macrophages promote immune cell recruitment, activate local 

immune cells, phagocytose pathogens, present antigens, participate in tissue remodeling, 

and contribute to resolution of inflammation.  Historically, the activation of macrophages 

has been conceptualized as a dichotomy of classically and alternatively activated states 

(reviewed2). Classically activated proinflammatory M1-like macrophages are stimulated 

by pattern recognition receptors (PRRs) after detection of pathogen-associated molecular 

patterns (PAMPs) and inflammation-promoting cytokines such as interferon-γ (IFN-γ) to 

enhance anti-microbial effector functions and drive increased tissue inflammation through 

cytokine production. In contrast, alternatively activated M2-like macrophages respond to 

homeostatic cues and cytokines of type 2 inflammatory response including interleukin 

(IL)-4 and IL-13 to dampen type 1 inflammatory responses, clear cellular debris, and 

remodel the extracellular matrix. Yet these paradigms are only first principles, and it is 

becoming apparent that macrophage function is both intricate and complex.  

Recently, the control of macrophage function through the post-transcriptional 

regulation of gene expression has been implicated in coordinating robust changes in 

global gene expression characteristic of macrophage activation and plasticity. Among 

these are finely tuned alterations imposed by short noncoding microRNAs (miRNAs). 
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miRNAs are post-transcriptional regulators of gene expression, which use nucleotide 

binding to target sequences in mRNAs to inhibit gene expression.  

Coordinated changes in miRNA expression mediate macrophage development, 

quiescence, and commitment toward activation phenotypes in response to microbial 

motifs or intrinsic stresses. Microarray and RNA sequencing studies mapping miRNA 

expression patterns have identified more than 100 miRNAs differentially expressed during 

monocyte differentiation3, and mature macrophages have a unique miRNAome when 

compared with other mature immune cells4. Furthermore, the induction of select miRNAs 

occurs within hours after macrophage activation by key instructing signals, and the 

response is dictated by both signals received and the cellular context. Global miRNA 

expression analysis of macrophages activated in vitro with the proinflammatory agonists 

lipopolysaccharide (LPS) and IFN-γ or the alternative activation signal IL-4 show selective 

and differential upregulation of miRNA expression.  miRNAs preferentially expressed after 

LPS and IFN-γ stimulation include miR-9, miR-147, miR-155, and miR-181, while miRNAs 

preferentially expressed after IL-4 treatment included let-7 family members, miR-23, miR-

27, and miR-2235,6. These alterations in select miRNA expression contribute to 

macrophage functional plasticity, which is guided by signals present within the local 

immunological milieu.   

miRNAs selectively expressed in response to these signals following or during 

macrophage activation play an active role in controlling macrophage programing. 

Detection of bacterial or viral motifs induces the expression of miRNAs such as miR-125b, 

miR-127, and miR-155 to strengthen commitment toward a proinflammatory M1-like state. 

These activating miRNAs are balanced by expression of miR-21 and miR-146, which are 
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upregulated following PAMP exposure participate in feedback inhibition loops to limit 

aberrant inflammatory activity and reestablish homeostasis.   Similar strategies are 

overseen by distinct miRNA molecules during alternative macrophage activation, with Let-

7c, miR-124, miR-181, and miR-223 supporting and miR-23, miR-27, and miR-511 

inhibiting alternative macrophage activation. Finally, while many of the most studied gene 

networks regulated by miRNAs center around signaling pathways that modulate 

immunological genes, recent progress in the miRNA field has uncovered previously 

unappreciated regulatory networks that result in metabolic and epigenetic changes which 

dictate immune cell function to modulate disease severity, which include miR-33 and miR-

222. 

Here, we will summarize evidence demonstrating that miRNAs are critical 

molecular effectors that control macrophage gene expression and function, regulating 

activation programs in response to extrinsic cues and intrinsic stresses. We chose to 

focus on mechanistic studies which leverage genetic and biochemical tools to 

demonstrate key miRNA-target interactions and the importance of these nodes in 

controlling downstream macrophage biology.  

 

1.3. Biogenesis and Processing of miRNAs 

 

Molecular mechanisms involved in the canonical miRNA biogenesis paradigm 

have been well characterized following decades of thorough investigation. Genes 

encoding miRNAs are dispersed across the genome, where many miRNA loci exist within 

intergenic or intronic regions7. Interestingly, many genomic regions are enriched with 2-7 
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miRNA loci, termed miRNA clusters, and are co-transcribed in polycistronic transcription 

units7,8. Gene duplication is thought to contribute to the formation of miRNA clusters, and 

miRNAs derived from a single transcript can cooperatively and/or redundantly target 

functionally-related genes9. Moreover, examples involving miRNA and protein-coding 

gene co-transcription highlight a potential feedback loop where miRNAs residing in 

introns of the transcript (i.e. mirtrons) regulate the translation of transcripts to complement 

the cellular functions of co-expressed host genes10,11. Therefore, the spatial distribution 

of miRNA loci likely supports the heterogenous regulatory mechanisms imposed on a 

particular process. 

Transcription of isolated or clustered miRNA genes by RNA polymerase II or III, 

depending on their associated cis-elements12, produces primary-miRNA (pri-miRNA) 

transcripts containing stem-loop motifs. After which, the Microprocessor complex 

converts pri-miRNA to a more mature intermediate called precursor miRNA (pre-miRNA). 

Composing the Microprocessor ensemble is the type III RNase enzyme Drosha and the 

RNA-binding protein DiGeorge Critical Region 8 (Dgcr8). Initial recognition of double-

stranded RNA (dsRNA)-single-stranded RNA (ssRNA) junctions by Dgcr8 stabilizes the 

pri-miRNA for subsequent cleavage by Drosha, thereby releasing a 60-100 nt hairpin 

product (pre-miRNA). This step in the miRNA processing model appears to be tightly 

regulated by multiple pathways to encourage a miRNA milieu that reflects intrinsic 

conditions (reviewed extensively by Beezhold et al.13 & Ha et al.14). Moreover, 

autoregulatory mechanisms are ingrained in the system to appropriately control the 

activity of the Microprocessor complex during normal states. 
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Nuclear exportation of pre-miRNA follows enzymatic processing and is considered 

the rate limiting step in miRNA biogenesis15. Exportin-5 mediates the mobilization of most 

pre-miRNAs from the nucleus to the cytoplasm via a sequence-independent 

mechanism16. Instead, recognition of dsRNA motifs presented by properly processed pre-

miRNA seems to stimulate the activity of the export machinery15,16. Once localized in the 

cytoplasm, pre-miRNA undergoes additional maturation by the endoribonuclease Dicer. 

As proposed by Park and colleagues17, human Dicer possesses binding pockets for the 

3’ and 5’ ends of pre-miRNA that help position the substrate within the catalytic domain 

so site-specific cleavages occur ~22 nt from the 3’ and 5’ terminus of the hairpin, 

consequently producing a miRNA duplex containing 3’overhangs of 2 nt. Similar to how 

Dgcr8 facilitates Drosha-mediated processing, another protein called transactivation 

response element RNA-binding protein (Trbp) is involved in recruiting pre-miRNA to Dicer 

and stabilizing the interaction between the two18. 

Upon cleavage, the duplex is unwound, and one of the strands, referred to as the 

guide miRNA, is loaded onto Argonaute 2 (Ago2) within the RNA-induced silencing 

complex (RISC), an ensemble which also contains Dicer and Trbp19. The passenger 

strand – that is, the strand not incorporated onto Ago2 – is thought to be quickly degraded, 

though reports suggest that the passenger strand may have some underappreciated 

regulatory properties20. Of note, the mechanism deciding which strand is selected is not 

uniform across different miRNA-Ago isoform pairs, as either the sequence of the 

5’terminus of miRNA or the thermostability of the miRNA-Ago interaction appear to 

contribute to strand selection21. Nevertheless, gene silencing is ready to commence once 

the guide strand is integrated into the RISC.  
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While most miRNAs are produced through the canonical biosynthetic pathway, 

there are examples that deviate from this paradigm. Differences between canonical and 

non-canonical miRNA biogenesis is largely based on the requirement of factors that 

contribute to the canonical pathway. For instance, since mirtrons reside in short introns 

of host genes and their ends resemble splice sites, excised introns containing mirtrons 

can bypass Drosha processing and serve as pre-miRNAs 22. Furthermore, group II pre-

miRNA contain a 1 nt 3’overhang as opposed to the typical 2 nt 3’overhang seen in group 

I pre-miRNAs and require 3’mono-uridylation in order to be processed by Dicer23,24. As it 

stands now, however, molecular characterizations into non-canonical pathways are not 

as extensive as compared to the classical miRNA biosynthetic process. Based on our 

understanding that both classical and atypical subgroups of miRNA have profound 

impacts on immune response, further insight into the details regulating abnormal miRNA 

transcription and processing could prove to be invaluable for therapeutic intervention. 

 

1.4. Mechanism of Action of miRNAs 

 

Following incorporation into the RISC, the selected miRNA “guides” the RISC to 

target mRNA by annealing to miRNA response elements (MRE) typically located within 

the 3’ untranslated region (UTR). The 5’ end of miRNA contains a 2-8 nt seed sequence 

that is critical for nucleating miRNAs to its cognate MRE on target mRNA20. The 

consequent messenger ribonucleoprotein (mRNP) complex formed concentrate to 

cytoplasmic foci called processing bodies (P bodies), which are considered membrane-

less compartments consisting of translationally stalled mRNA25. These P bodies serve as 
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sites of translational repression or RNA degradation, where the majority of miRNAs 

promote mRNA deadenylation, decapping, and exonuclease-mediated degradation26,27. 

Imperfect binding of miRNA to its target can suppress mRNA translation by 

encouraging the sequestration of the mRNP within storage compartments of P bodies. 

Transcripts stored in this manner are capable of undergoing future translation under the 

appropriate conditions. While it still remains a topic of debate as to how stalled mRNAs 

become competent for translation, Bhattacharyya et al. proposed that the mechanism of 

starvation-induced de-repression requires an external factor for the localization of cationic 

amino acid transporter 1 (CAT1) mRNA out of P bodies28. Here, they found that by binding 

to AU-rich elements within CAT1 mRNA in P bodies, the RNA-binding protein human 

antigen R (HuR) could competitively antagonize the binding of miR-122 to the 3’UTR, 

consequently altering the fate of the miRNA-targeted transcript to encourage protein 

translation. Therefore, it appears that factors outside of the canonical miRNA regulatory 

components assist in making stored mRNA translationally active.  

Uncommon to endogenous miRNAs, perfect binding of miRNA with its MRE 

triggers Ago-mediated cleavage of the transcript to permanently silence the message. 

This regulatory strategy is often manipulated experimentally through the administration of 

synthetic small-interfering RNA (siRNA) to produce successful gene knockdowns. 

Introduced RNA duplexes mimic the structure of pre-miRNA and enters the Dicer-

mediated step in the miRNA biogenesis pathway to produce siRNA generally bearing a 2 

nucleotide overhang on the 3′ end of each strand29. Because synthetic siRNA are 

engineered to base pair perfectly with MREs residing on mRNAs of interest, the 

endonuclease activity of Ago2 within the RISC goes on to facilitate mRNA cleavage30. 
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1.5. Global miRNA Expression Restrains Classical Macrophage Activation 

 

The expression and function of most mature miRNAs require well-conserved 

protein processing machinery. While the whole-body loss of this machinery results in 

embryonic lethality in mice31–34, lineage-restricted deletion of these proteins has 

uncovered critical roles for miRNAs in regulating proinflammatory macrophage activation 

programs. In bone marrow-derived macrophages (BMDMs), genetic loss of the miRNA 

processing enzyme DICER1 results in cell-autonomous increases in classic 

proinflammatory gene expression including Nos2, Tnf, Stat1, CD86, and select 

chemokines35,36. Dicer1 deletion also impairs the acquisition of alternative activation 

programs, with failed induction of oxidative metabolism and mitochondrial mass 

accumulation in response to IL-436. Together, these results suggest that the dominant 

output of global miRNA expression is to restrict classic M1-like macrophage activation. 

Interestingly, these findings parallel observations made in Dgcr8-, Drosha-, or Dicer1-

deficient CD4+ T cells, which have enhanced proinflammatory T-helper type 1 cell 

differentiation and cytokine production37–39. 

These molecular changes in gene expression and cellular function are sufficient to 

alter disease processes. Myeloid-specific Dicer1-deficiency shifts M2-like tumor-

associated macrophages (TAMs) to a proinflammatory program, increasing recruitment 

of tumor-infiltrating CD8+ T cells, inhibiting tumor growth, and potentiating checkpoint 

blockade35. Deficiency of DICER1 in myeloid cells can also exacerbate atherosclerotic 

disease in Apolipoprotein E (Apoe)-/- mice, with increased foam cell formation and lesion 
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necrosis36. Dicer1-deficient adipose tissue macrophages also have increased 

inflammatory gene expression and reduced beige adipogenesis during adipose tissue 

remodeling40. Is regulation of global miRNA levels relevant to disease? Interestingly, 

reductions in DICER1 and mature miRNA levels in alveolar macrophages of smokers 

have been observed41,42. And activation of the phosphatase PTEN during sepsis induces 

nuclear relocalization of DROSHA-DGCR8 complexes and facilities processing of a group 

of miRNAs that dampen inflammatory responses that includes miR-125b43.  

Investigations into these models have uncovered some of the critical miRNAs 

including let-7 family and miR-10 miRNAs that inhibit proinflammatory macrophage 

programs. Reconstituting let-7d into Dicer1-/-TAMs returns them to an M2-like phenotype, 

attenuates inflammatory gene expression, and lowers immune cell infiltration into 

tumors35. Exogenous expression of let-7b in Dicer1-/- BMDMs from Apoe-/- mice restores 

mitochondrial respiration acting in part by suppressing the expression of the direct target 

gene Lcor36. Let-7 family miRNAs inhibit both the NF-κB pathway and cytokine 

production44,45 as well as the epigenetic regulator Tet246. miR-10 mimics repress 

inflammatory gene expression in monocytes and macrophages47, and in vivo treatment 

of miR-10a in Dicer1-deficient atherosclerotic and adipose therapeutic remodeling studies 

rescues their phenotype36,40. Together, these results point to defined molecular roles for 

miRNAs in restraining classic macrophage activation and the power of using globally 

miRNA deficient models to uncover critical functional miRNA and target gene interactions. 

 

1.6. A Subset of miRNAs is Required for Macrophage Proinflammatory Activation 

 



11 
 

Although global miRNA expression restrains proinflammatory function in 

macrophages, a subset of miRNAs is essential for macrophage proinflammatory 

activation in vitro and in vivo (Figure 1.1). miR-155 is not only highly upregulated in 

response to proinflammatory cytokines and PAMPs48, but it has emerged as a central hub 

for macrophage activation. Downstream of TLR4 activation by LPS, Akt2 programs 

macrophage activation in part through induction of miR-155 which directly represses the 

expression of CCAAT-enhancer-binding protein (C/EBP)β, a transcription factor that 

normally limits inflammation49. miR-155 induction by other endogenous danger signals 

such as the extracellular matrix glycoprotein Tenascin-C can potentiate TLR4-mediated 

proinflammatory cytokine production to further strengthen proinflammatory cell 

activation50, while signals that restrict classic macrophage such as IL-10 and vitamin D 

reduce miR-155 expression51,52. Interestingly, emerging data suggest that this regulation 

may extend beyond transcriptional control, with IL-10 mediated inhibition of mature miR-

155 production depending on the activity of the RNA binding protein CELF binding to the 

pre-miR-155 sequence53.  

An important molecular function of miR-155 is inhibiting mRNA targets that 

normally serve as breaks on macrophage activation. miR-155 targets the 3’UTR of SH-2 

containing inositol 5' polyphosphatase 1 (SHIP1; encoded by Inpp5d) mRNA to reduce 

RNA and protein expression51,54 of this lipid phosphatase that canonically inhibits PI3K 

signaling, mitogen-activated protein kinases, and NF-κB in immune cells55,56. 

Suppression of SHIP1 gives way to sustained cell cycle progression, allowing for robust 

proliferation during immunogenic challenges. The suppressor of cytokine signaling 1 
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(Socs1) 3’UTR is also directly regulated by miR-15557, and acts as an inhibitor of 

activating JAK/STAT signaling downstream of engaged cytokine receptors and TLRs58.  

Given the importance of miRNAs in regulating networks of gene expression, 

additional mRNA targets of miR-155 are likely relevant to macrophage function. 

Transcriptome-wide mapping of miR-155 targets in wild type and miR-155 deficient cells 

has identified >300 direct mRNA targets in macrophages59. This analysis identified both 

shared and unique miR-155 target sites among immune cells, providing a foundation for 

cell-type-specific function for this miRNA. Intriguingly, even when identical 3’UTR sites 

were expressed, miR-155 binding was different among different immune cell subsets, 

suggesting cell-type specific complexities in the regulation of miRNA target selection. 

Determining the source of this differential binding will be critical to understanding the finely 

tuned activity of miRNAs in both macrophages and other immune cells. 
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Given its central role in promoting inflammation, miR-155 both drives protective 

and pathogenic macrophage-driven inflammatory responses. mir155-/- mice have 

reduced acute inflammatory responses to systemic bacterial infection, with decreased 

levels of serum IL-6 after injection of Listeria monocytogenes60. While miR-155 

overexpression leads to enhanced NF-kB activation and increased systemic cytokine 

production after intraperitoneal injection of LPS in models of sepsis60. miR-155 is also 

essential for circadian regulation of macrophage proinflammatory function, with miR-155 

targeting transcripts of the gene Bmal1 required for diurnal regulation of macrophage 

TNF-α production in response to LPS61.  

 

Figure 1.1. Select miRNAs Regulate Classical Activation Programs. Regulated 
expression of miRNAs controls positive and negative feedback loops in response to 
extracellular signals that drive “classically-activated” M1-like macrophage 
programming. Details in text. 
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This key driver of macrophage proinflammatory activation has also been implicated 

in disease processes, both in pre-clinical animal models and human disease. Kupffer cell 

proinflammatory responses to alcohol require miR-155, which reduces the expression of 

critical inhibitors of the proinflammatory responses, including SHIP1, SOCS1, IRAK-M, 

and C/EBPβ, and may help to drive alcoholic hepatitis62. Not only do synovial 

macrophages from patients with rheumatoid arthritis have increased miR-155 and 

decreased SHIP1 levels63, but transfection of patient monocytes with miR-155 antagomirs 

is sufficient to reduce inflammatory activation in favor of an alternative activation 

program64. Finally, miR-155 is upregulated in alveolar macrophages of cigarette smoke-

exposed mice65, suggesting miR-155 regulation of this tissue-resident macrophage 

populations may contribute to lung disease.  

Although miR-155 is the most well-studied proinflammatory activator, it is not the 

only miRNA that supports macrophage activation. Increased miR-125b expression in 

macrophages enhances co-stimulatory molecule expression and IFN-γ responsiveness, 

augmenting the capacity of macrophages to activate T cells and kill tumor cells in vitro66. 

This results through miRNA targeting the interferon responsive gene Irf4, a negative 

regulator of macrophage activation. miR-141/200c deficiency in BMDM reduces IL-6, IL-

1β, and iNOS production by macrophages, and miR-141/200c-/- mice have reduced liver 

inflammation in models of nonalcoholic steatohepatitis (NASH)67. miR-127 is also 

upregulated in macrophages after PAMP stimulation or pathogen exposure, with 

pharmacologic manipulation of levels with mimics and inhibitors demonstrating that miR-

127 can support a proinflammatory gene expression program in macrophages in vitro and 

exacerbate LPS-induced lung injury68. miR-127 targets the 3’UTR of the transcription 
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factor BCL6 to reduce Dusp1 expression and increase JNK activation, demonstrating yet 

another critical role for miRNAs in removing the breaks on macrophage activation.  

Finally, some miRNAs that have been shown to inhibit macrophage 

proinflammatory activation may also potentiate it in certain cellular contexts. Leukotriene 

LTB4-mediated expression of miR-146 can potentiate TLR4 signaling by increasing 

MyD88 expression in macrophages through the inhibition of SOCS169. In addition, the 

role of miR-27 in proinflammatory activation is complex, as this miRNA has been 

implicated in promoting, in addition to inhibiting, macrophage activation by reducing IL-10 

levels70. Pharmacologic manipulation of other miRNAs in vitro has been used to explore 

the role of miRNAs in macrophage activation, including in human monocytes and 

monocyte-derived macrophages, and has been reviewed elsewhere (reviewed71).  

 

1.7. miRNAs Contribute to Feedback Inhibition of Classic Macrophage Activation 

 

 Various miRNAs have been shown to antagonize canonical signaling pathways 

downstream of PAMP stimulation to limit proinflammatory macrophage responses in vitro 

and in vivo (Figure 1.1). miR-146 is upregulated in macrophages exposed to bacterial or 

viral products as well as cytokines, including TNF-α and IL-1β72–74. Its expression is driven 

by NF-κB72,75, and it serves to negatively regulate macrophage proinflammatory pathways 

downstream of TLR4, TNF-α, IL-1β, and RIG-I pathways through directly suppressing 

protein expression of key signaling intermediates such as TRAF6, IRAK1, and IRAK272,73. 

Loss of miR-146 expression results in enhanced proinflammatory cytokine production in 

response to PAMPs in vitro and endotoxin-induced sepsis in vivo60. It also regulates type 
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1 IFN responses after viral infection, participating in negative feedback loops that limit 

IFN-dependent antiviral immunity73,76, as well as limiting proinflammatory activation of 

Kupffer cells in the liver to support hepatitis B viral infection74. miR-147 similarly serves in 

a negative feedback loop, which is induced by and then inhibits canonical signaling 

downstream of TLRs77, though the molecular targets through which it acts remain 

undetermined. Additionally, TLR4-induced IL-10 induces the expression the of miR-

125a∼99b∼let-7e cluster which suppresses late pro-inflammatory cytokine production 

through let-7e targeting of Tlr4 and miR-125a targeting of Tlr4, Cd14 and Irak178.  miR-

146 is upregulated in monocyte-derived macrophages in patients with cystic fibrosis79, 

and upregulation of miR-125a is observed in both Kupffer cells from ethanol-fed rats and 

monocytes from patients with alcoholic hepatitis80, indicating that miRNAs maybe 

important in limiting inflammation in disease.  

 miR-21 also has a role in restricting macrophage responses to immunogenic 

signals. Similar to miR-146, levels of miR-21 rise during proinflammatory macrophage 

activation81,82. miR-21 restricts macrophage proinflammatory responses by suppressing 

NF-κB signaling and promoting the expression of the anti-inflammatory cytokine IL-10 

through the regulation of direct target genes Pten and Pdcd482–84. At sites of injury, 

clearance of apoptotic cells by macrophages through efferocytosis induces miR-21 

expression to inhibit proinflammatory cell activation and promote resolution of wound 

inflammation84. This powerful anti-inflammatory role of miR-21 has important 

consequences on tissue inflammation. miR-21 expression can be beneficial by restricting 

pathogenic proinflammatory pathways, with loss of miR-21 worsening LPS-induced 

peritonitis81 and atherosclerosis85. Alternatively, miR-21 expression can be detrimental by 
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limiting beneficial M1-like macrophage polarization in TAMs to promote anti-tumoral 

immune responses86,87 as well as in Mycobacterium tuberculosis infections where robust 

inflammation is required to control infection88.  

 Additional miRNAs also restrict proinflammatory macrophage activation. miR-27 

regulates the target gene Bag2, a molecular co-chaperone protein involved in NF-kB 

signaling and apoptosis89. miR-127 inhibits the high-affinity FCGR190, miR-27 inhibits 

Siglec1 and the E3 ubiquitin ligase Trim27 downstream of type 1 IFN signaling91, and 

miR-145 inhibits Uvrag to regulate autophagy92, which together control inflammatory 

function of macrophages in viral and bacterial infections. And miR-145 suppresses the 

expression of the histone deacetylase HDAC11 to promote IL-10 production93. This work 

demonstrates that miRNAs regulate multiple facets of key biologic processes in 

macrophage activation. 

 

1.8. miRNAs Regulate Macrophage Alternative Activation Programs  

 

 miRNAs do not exclusively regulate proinflammatory macrophage activation, and 

individual miRNAs also support alternative M2-like macrophage activation programs 

(Figure 1.2). Among miRNAs selectively expressed in M2-like macrophages with 

important functions in polarization is miR-223. Expression of miR-223 is driven by IL-4 

through the activity of the nuclear receptor PPAR-y and supports alternative macrophage 

activation by suppressing the mRNA target genes, including Rasa1 and Nfat594. miR-223 

simultaneously represses the expression of the gene Pknox1 to limit proinflammatory 

activation95. In vivo, miR-223 expression protects against diet-induced obesity by 
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promoting alternative macrophage activation to alleviate nutrient-induced inflammation 

and systemic metabolic impairment94,95. Feedback inhibition of miR-223 expression by 

TLR-mediated IL-6 production during proinflammatory macrophage activation highlights 

the central role of miR-223 in regulating the M1-like and M2-like balance in 

macrophages96.  

Additional miRNAs support M2-like polarization in macrophages. miR-142 is 

induced by IL-4 and IL-13 and supports a pro-fibrogenic program in alternatively activated 

macrophages by inhibiting the negative regulator of STAT6 signaling SOCS197. 

Pharmacologic inhibition of miR-142 in vivo is protective in mouse models of lung and 

liver fibrosis97. miR-182 is induced in macrophages within the breast tumor 

microenvironment to support an M2-like program, in part by limiting expression of TLR4 

and proinflammatory pathway induction98. Finally, miR-181, miR-124, and let-7c are 

upregulated in M2-like macrophages and likely support alternative activation programs by 

inhibiting key transcription factors, including KLF6, C/EBPα, and C/EBPδ99–101.  
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miRNAs also participate in inhibitory feedback loops to restrain alternative 

macrophage activation (Figure 1.2). miR-511 is expressed from an intron of the mannose 

receptor (CD206) locus, a gene whose expression is upregulated in alternatively activated 

macrophages102.  miR-511 limits the pro-tumoral M2-like function of TAMs102 and reduces 

Ccl2 expression in M2-like macrophages in the lung to protect against allergic 

inflammation103. The clusters of miRNAs that encode miR-23, miR-24, and miR-27 are 

also upregulated in M2-like macrophages activated by IL-4 through STAT6 promoter 

binding6,104,105. The M2 macrophage-associated transcription factors IRF4 and PPAR-y 

Figure 1.2. Select miRNAs Regulate Alternative Activation Programs. Regulated 
expression of miRNAs controls positive and negative feedback loops in response to 
extracellular signals that drive “alternatively-activated” M2-like macrophage 
programming. Details in text. 
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are reported targets of miR-27, while miR-23 is predicted to repress expression of A20, 

which encodes a negative regulator of NF-κB signaling104.  

Pre-clinical models have demonstrated that regulation of alternative activation 

programs in macrophages may be critical in disease pathogenesis. Co-injection of 

RAW264.7 macrophages overexpressing miR-23, miR-24, or miR-27 with 4T1 mammary 

tumor cells reduces tumor growth in vivo104. Tumor growth is enhanced in mice lacking 

the miR-23a~miR-27a~miR-24-2 cluster or in tumors co-injected with BMDM deficient in 

these miRNAs105. miR-21 can restrict M2-like macrophage polarization in response to 

prostaglandin E2 stimulation by regulating Stat3 and Socs1106. And in a cecal ligation and 

puncture model of sepsis, mice with a myeloid lineage-restricted deletion of miR-21 show 

enhanced survival with increased bacterial clearance and reduced inflammation107,108. 

M2-like macrophage proliferation and growth are also temporally controlled by miR-378, 

which is induced in the later stages of a Brugai malayi nematode infection model and 

proposed to limit type 2 inflammation through regulation of a IL-4/PI3K/Akt signaling 

axis109. Together, these findings highlight that miRNAs participate in regulatory feedback 

loops to both strengthen and dampen macrophage alternative activation pathways to 

control type 2 inflammation. 

 

1.9. miRNAs in Macrophage Priming, Tolerance, and Trained Immunity 

 

Although long considered a unique feature of the adaptive immune system, cells 

of the innate immune system can exhibit memory-like behaviors that lead to adaptations 

in their function. This can result in dampened or enhanced immune responses to 
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subsequent stimuli and depends critically on the type, dose, and duration of the inducing 

signal (reviewed in110,111). In both tolerance and trained immunity, macrophages receive 

a primary signal and then return to their basal state. Subsequently, on re-challenge they 

demonstrate either reduced (tolerance) or enhanced (trained immunity) molecular and 

cellular function. In priming, macrophages receive a second stimulus before returning to 

a basal activation state, and this results in additive or synergistic function. These activities 

variably rely on signaling, transcriptional, epigenetic and/or metabolic reprogramming of 

the cells, and the participation of miRNAs in this process is adding a layer of post-

transcriptional regulation of gene expression to this critical macrophage function.  

Recent work has demonstrated that miRNA regulation of epigenetics and signal 

transduction may play a critical role in immune tolerance, helping to program reduced 

responsiveness in tolerized macrophages (Figure 1.3). High dose LPS stimulation 

upregulates the expression of miR-222 in macrophages, which in turn impairs cytokine 

responses toward subsequent LPS treatment by repressing the target gene Brg1, 

encoding a central catalytic subunit of multiple chromatin-modifying enzymatic 

complexes112. In support of its role in LPS tolerance, genetic deletion of both miR-221 

and miR-222, which are found on the same transcript and predicted to have overlapping 

targets, increases susceptibility to LPS-induced septic shock following pretreatment with 

LPS. Another miRNA critical for sustaining homeostatic immune tolerance is miR-146a. 

In Kupffer cells, physiologic induction of miR-146a through PPRs confers beneficial 

maintenance of liver homeostasis by attenuating secondary inflammatory responses74. In 

contrast, reduction of miR-146a can result in reduced tolerance and adverse in vivo 
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outcomes. Suppression of miR-146a expression through chronic morphine treatment 

disrupts endotoxin tolerance113.  

Indeed, miRNAs serve as essential downstream effectors of macrophage 

programming during immune tolerization. For example, Akt1-/- mice exhibit significant 

defects in LPS-induced tolerance due in part to the loss of inhibition of TLR4 expression 

by let-7e and elevated suppression of SOCS1 by miR-15557. Their ability to program this 

innate immunologic memory may reply on Ago-miRNA complexes which maintain their 

repressive capacity for up to 3 weeks following mitogenic stimulation114, preconditioning 

late macrophage responsiveness.  These findings demonstrate the importance of 

miRNAs in regulating immunological tolerance under homeostatic and inflammatory 

conditions. 

Yet miRNAs are critical for more than immune tolerance and may be fundamental 

to regulating how macrophages respond to different doses and kinetics of signal 

exposure. Various secondary responses have been proposed to rely on the sustained 

expression of miRNAs115. For instance, low doses of LPS primes atherosclerotic 

inflammation by increasing levels of miR-24116. Upregulation of miR-24, in turn, 

suppresses SMAD4, which is required for the expression of the key negative-feedback 

regulator IRAK-M, resulting in the persistence of inflammatory monocytes. Reduction of 

miR-3473b suppression of PTEN contributes to the priming effects of IFN-γ on 
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macrophage activation117. Therefore, miRNAs serve as downstream effectors critical for 

the context-specific dynamics of immune tolerization and priming of macrophages.   

 

1.10. miRNA Control of Macrophage Function in Obesity and Metabolic Diseases 

 

miRNAs are emerging as significant regulators of both homeostasis and disease 

in adipose tissue, liver, and the cardiovascular system. As discussed above, the global 

deletion of miRNA expression in macrophages changes their inflammatory function in 

atherosclerotic lesions36 and adipose tissue118, highlighting a critical role for miRNAs in 

 
Figure 1.3. miRNAs Regulate LPS Tolerization. Expression of select miRNAs (e.g. 
let-7e, miR-155, and miR-222) and/or presence of mRNP complexes following initial 
LPS stimulation dampens inflammatory responses to subsequent LPS exposure. 
Details in text. 
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regulating inflammatory cell behavior in metabolic disease. miR-146 restrains 

macrophage proinflammatory programs in obese adipose tissue by inhibiting the direct 

target gene Traf6119. And loss of miR-17~92 cluster miRNAs in macrophages results in a 

dysregulation of pro and anti-inflammatory cytokine production through control of a YYF-

Fos-IL-10 pathway which enhances weight gain and metabolic dysfunction120. Loss of 

miR-223 in bone marrow cells which normally restricts proinflammatory programs in 

macrophages enhances atherosclerotic disease in mice121. In contrast, miR-155 supports 

macrophage-driven inflammation in atherosclerotic lesions through repression of the 

transcription factor BCL6, inhibiting macrophage recruitment and activation by limiting 

CCL2 and TNF-α production122. However, the role of miRNAs in macrophages in 

metabolic diseases extends beyond the control of inflammatory programs (Figure 1.4).  

The identification of critical roles for miR-33 in lipid handling in macrophages has 

demonstrated important direct links between lipid metabolism and disease-associated 

macrophage activity. miR-33 is an intronic miRNA encoded within the sterol-responsive 

transcription factor gene Srebf2, which regulates the expression of genes that control 

cholesterol uptake and metabolism. The gene and miRNA are co-transcriptionally 

regulated, and both Srebf2 and miR-33 expression is upregulated after cholesterol 

depletion or in response to insulin11. Co-expression of miR-33 with Srebf2 cooperatively 

drives changes in cholesterol homeostasis, with miR-33 preventing cholesterol efflux 

through the repression of the direct target genes including the cholesterol transporters 

Abca1 and Abcg111,123. Given the central role of macrophages in regulating cholesterol in 

atherosclerotic vascular disease, pharmacologic antagonism of miR-33 or selective 

genetic loss of miR-33 in hematopoietic cells induces regression of atherosclerotic 
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plaques in low-density lipoprotein receptor- or Apoe-deficient mice fed a high-fat diet124–

128. These effects are associated with enhanced Abca1 expression, decreased 

macrophage accumulation in plaques, and reduced proinflammatory macrophage 

accumulation in lipid-rich environments. Regulation of cholesterol handling by miR-33 in 

macrophages is also important in macular degeneration, where inhibition of miR-33 can 

also improve mouse models of disease129.   

Additional miRNAs such as miR-144, miR-204, miR-223, and miR-758 have 

evolved to directly target cholesterol transporters, including ABCA1 or scavenger 

receptors in macrophages, demonstrating that lipid transport is an essential molecular 

hub for miRNA-mediated regulation in metabolic disease121,130–132. Models demonstrating 

the efficacy of pharmacologic delivery of miRNAs such as miR-204 through adeno-

associated virus130 or inhibitors of miR-33128,133 in ameliorating atherosclerotic disease 

and shifting the local immune infiltrate highlight the therapeutic potential of miRNAs in 

treating macrophage-associated cardiovascular pathology.  

Consistent with the evolved function of miRNAs in regulating large networks of 

genes, miR-33 acts on additional target transcripts to control metabolic programming in 

macrophages. Pharmacologic or genetic inhibition of miR-33 in macrophages shifts cells 

away from aerobic glycolysis and toward mitochondrial fatty acid oxidation. This results 

from the inhibition of critical fatty acid oxidation enzymes, including carnitine 

palmitoyltransferase 1A and the inhibition of AMPK pathway activation126,134. This 

metabolic shift molecularly couples miR-33 with a glycolytic signature associated with 

proinflammatory macrophage activation and contributes to macrophage-driven 

inflammation in cardiovascular disease.  miR-33 regulation of cellular metabolism also 
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impacts macrophage function in classic pathogen-associated responses. miR-33 induced 

in response to Mycobacterium tuberculosis infection contributes to pathogen survival by 

inhibiting AMPK pathway activation and downstream fatty acid oxidation and 

autophagy135.  

 

 

1.11. Conclusions 

 

RNA-dependent post-transcriptional regulation is a critical component of gene 

circuits and networks that control immune cell behavior. In macrophages, miRNAs have 

been implicated in fundamental aspects of cell function, including classic proinflammatory 

activation, alternative activation, metabolism, and innate memory (Table 1). The study of 

 
Figure 1.4. miRNAs Regulate Atherogenic Macrophage Programming. Details in 
text. 
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miRNA biology is helping to unlock a myriad of macrophage functions dictated by 

ontogeny, location, and environment that define these highly adaptable cells of the 

immune system. Yet the function of only a handful of the most abundantly expressed 

miRNAs in macrophages has been investigated. Future work will need to be guided by 

continued advances in genome-wide tools that identify key mRNA-miRNA-Argonaute 

interactions such as high-throughput sequencing RNAs isolated by crosslinking 

immunoprecipitation (HITS-CLIP) or photoactivatable ribonucleoside-enhanced CLIP 

(PAR-CLIP)136,137. It will also likely need to focus on the multi-layered control of miRNAs 

with other post transcriptional regulators of gene expression including long noncoding 

RNA (lncRNA)138–140 and RNA binding proteins141.  

Finally, understanding the function of miRNAs not only can offer a window into key 

aspects of the cellular and molecular function of macrophages, but also holds promise for 

addressing human disease. Single nucleotide polymorphisms (SNPs) in miR-146 that 

reduce miRNA processing from the pre-miRNA to the mature miRNA form142 have been 

linked with autoimmune disease143 and sepsis144, demonstrating that miRNAs important 

in controlling macrophage function may be disease-associated. Whether the activity of 

this and other miRNAs specifically in macrophages is relevant for disease remains an 

important area of future investigation. There have also been several human clinical trials 

for miRNA therapeutics in infectious or inflammatory diseases including miR-122 in 

hepatitis C virus infection, miR-103/107 in non-alcoholic steatohepatitis, and miR-124 in 

inflammatory bowel disease, demonstrating the potential of miRNAs mimics and inhibitors 

as novel therapeutics145. Overall, this demonstrates that miRNAs may both contribute 
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directly to disease pathogenesis as well as offer attractive therapeutic targets for 

modulating macrophage behavior.  
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CHAPTER 2 

 

MYELOID-SPECIFIC EXPRESSION OF THE MIR-23-27-24 CLUSTERS PROMOTES 

GLUCOSE METABOLISM AND LIPID-ASSCOIATED MACROPHAGE ACCRUAL IN 

OBESITY  

 

Adapted from: 

Neil T. Sprenkle, Nathan C. Winn, Kaitlyn E Bunn, Yang Zhao, Deborah J. Park, Brenna 
G Giese, John J. Karijolich, K Mark Ansel, C. Henrique Serezani, Alyssa H. Hasty, & 
Heather H. Pua. 2023. Cell Rep. 42. Copyright © 2023 The Authors. 
 

 

2.1. General Chapter Overview 

 

Studies from this chapter provide novel insights into how expression of miR-23, 

miR-24, and miR-27 in macrophages regulates systemic glucose-handling and 

reprograms the innate immune cell compartment of adipose tissue during chronic obesity. 

Male mice containing a genetic deletion of the miR-23a-27a-24-2 and miR-23b-27b-24-1 

miRNA clusters– herein referred to together as the miR-23-27-24 clusters - in myeloid 

cells exhibited greater glucose and insulin intolerance in a diet-induced model of murine 

obesity (20 weeks high-fat diet feeding). This regulation on systemic glucose metabolism 

is not influenced by baseline differences in glucose tolerance and is sex-dependent, as 

no differences in glucose-handling were observed in miR-23-27-24-deficient female mice 
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following dietary intervention. Additionally, worsened glucose-handling was uncoupled to 

enhanced weight gain and increases in 1) inflammatory adipose tissue macrophage 

(ATM) accumulation, 2) inflammatory gene expression in purified ATMs and whole 

adipose tissue, and 3) systemic inflammatory signatures in obese miR-23-27-24-deficient 

mice. Further immunophenotyping via flow cytometry revealed a selective reduction in 

protective CD9+ lipid-associated macrophages (LAMs) in obese perigonadal white 

adipose tissue (WAT) of knockout male and female mice. This was accompanied by a 

reduction in crown-like structures in obese WAT, histological structures where ATMs 

surround dying or dead adipocytes. Overall, these studies demonstrate that expression 

of the miR-23-27-24 clusters in macrophages confers protection against obesity-induced 

dysfunction in nutrient metabolism in male mice, a phenomenon linked to the reduction in 

a protective subset of ATM reported to mediate tissue-level lipid homeostasis in obese 

adipose tissue. 
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2.2. Introduction 

 

Obesity is a risk factor for metabolic diseases, including type 2 diabetes and 

cardiovascular disease, by promoting peripheral insulin resistance (IR)1. Visceral white 

adipose tissue (WAT) IR is a crucial contributor to obesity-induced metabolic impairments 

due to its roles as a primary lipid storage depot and dynamic endocrine organ2. 

Accompanying WAT dysfunction in obesity is dramatic cellular and physiological 

remodeling within the myeloid cell compartment3,4. A critical event contributing to WAT IR 

is macrophage accumulation and sterile activation. In lean WAT, adipose tissue 

macrophages (ATMs) maintain tissue integrity by fostering an immunosuppressive 

 

Figure 2.1. Proposed Model of Chapter 2: Expression of the miR-23-27-24 Clusters 
Confers Protection Against Obesity-Induced Glucose Intolerance and Promotes LAM 
Accrual in Obese Adipose Tissue. 
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microenvironment and regulating tissue iron and lipid homeostasis5–8. In contrast, chronic 

overnutrition and increased visceral adiposity incite local proliferation of tissue-resident 

macrophages and recruitment of monocyte-derived macrophages into WAT, where they 

acquire a unique activation program that promotes aberrant production of pro-

inflammatory factors that disrupt adipocyte function9–14.  

While early studies assigned ATMs as key drivers of WAT dysfunction by 

propagating low-grade tissue inflammation, recent evidence indicates that the lipid-

handling and phagocytic capabilities of monocyte-derived CD9+Trem2+ ATMs can confer 

protection against adipocyte hypertrophy and systemic metabolic dysregulation in 

obesity4. Mechanistically, it has been proposed that these lipid-associated macrophages 

(LAMs) accrue within crown-like structures and phagocytize dying lipid-laden adipocytes 

from the microenvironment to prevent lipid spillover that results in pathology4. Importantly, 

the regulation of LAMs is poorly defined. While most work has focused on Trem2 as a 

major driver of the transcriptional and functional profile of LAMs, reports on the metabolic 

consequences of Trem2 ablation are mixed4,15,16. This suggests that other key regulators 

could be involved in LAM function and highlight a complex interaction between innate 

immunity and WAT physiology. Mechanisms driving macrophage accumulation in obese 

WAT and their physiologic functions remain incompletely understood. Determining the 

molecular regulation and function of macrophage subpopulations in obesity is essential 

for understanding the pathophysiology of obesity-associated metabolic diseases.  

Observations from our group and other laboratories indicate that the cooperative 

regulation of gene expression by the paralogous miR-23a-27a-24-2 (Mirc11) and miR-

23b-27b-24-1 (Mirc22) clusters – together referred to as the miR-23-27-24 clusters here- 
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controls effector immune cell responses23,25–27. In macrophages, expression of miR-23a 

or miR-27a has been reported to restrain interleukin-4 (IL-4)-induced alternative “M2-like”  

macrophage activation, a functional state associated with homeostasis, tissue repair, and 

wound healing18,27. Nevertheless, how the miR-23-27-24 clusters regulate ATM 

programming in obesity and the physiologic outcomes of these interactions remains 

unknown due to the heterogeneous nature of ATMs in vivo and the lack of published 

studies utilizing macrophage-specific methods to investigate the biology of the clusters in 

models of obesity.  In this study, we used a myeloid-specific deletion of the miR-23-27-

24 clusters to test the function of these miRNAs in ATMs, identify genes regulated by 

these clusters, and define a role for these miRNAs in obesity-associated metabolic 

function. 

 

2.3. Materials & Methods 

 

Animals and Diets 

All animal studies were performed after obtaining approval from the Vanderbilt 

Institutional Animal Care and Use Committee. C57BL/6 ES cells were targeted using 

constructs generated as a resource for the conditional deletion of miRNA clusters as 

described28 to produce chimeric mice with a conditionally mutant allele of the miRNA 

cluster containing miR-23a, miR-27a, and miR-24-2 (the Mirc11 cluster). These chimeras 

were crossed to Rosa26-Flp mice (Gt(ROSA)26Sortm1(FLP1)Dym; 009086, the Jackson 

Laboratory) to delete the selection cassette. Mice previously generated with a 
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conditionally mutant allele containing miR-23b, miR-27b and miR-24-1 (the Mirc22 

cluster)25 were backcrossed for 10 generations to C57BL/6J mice (000664, the Jackson 

Laboratory). These two lines were intercrossed, and the progeny crossed to Lyz2Cre mice 

(B6.129P2-Lyz2tm1(cre)Ifo/J; 004781, the Jackson Laboratory) to generate mice with 

myeloid cells lacking expression of Mirc11 and Mirc22 clusters in myeloid cells (MyelΔ). 

For the diet-induced obesity model, 7–9-week-old male or female Mirc11fl/flMirc22fl/fl and 

Mirc11fl/flMirc22fl/flLyz2Cre mice were fed a high-fat diet (HFD, 60% kcal fat; Research 

Diets) for 20+ weeks. Body weight and food intake were recorded weekly. Body 

composition measurements, collection of fasting blood samples, and intraperitoneal 

glucose and insulin tolerance tests were performed before or during HFD feeding. All 

other analyses were performed after the mice were euthanized. 

Body Composition 

Fat and lean mass were quantified at the Vanderbilt University Mouse Metabolic 

Phenotyping Center via nuclear magnetic resonance (Bruker Minispec, Woodlands, TX). 

Bone Marrow-Derived Macrophage Cultures 

Primary bone marrow-derived macrophages (BMDMs) were prepared by culturing bone 

marrow of mice in RPMI-1640 media supplemented with 20% L929-conditioned medium, 

10% FBS, gentamicin, glutamine, HEPES, non-essential amino acids, and penicillin-

streptomycin for 7+ days. Media was changed on Day 1, then every three days of culture. 

To plate for experiments, BMDMs were detached from the flask using cold PBS 

containing 0.5 - 5 mM EDTA and plated into tissue culture plates at a concentration of 1 

x 106 cells/mL.   
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To metabolically activate BMDMs, BMDMs were cultured in supplemented DMEM media 

containing 25 mM glucose, 10 nM insulin (Novolin), and 150-250 μM palmitic acid (MP 

Biomedicals) conjugated to BSA (Research Products International) for 24 h – 48 h. 

BMDMs in the control group were cultured in supplemented RPMI-1640 medium (11 mM 

glucose) containing BSA alone. Conditions were adapted from Kratz et al.12. 

Fasting Glucose, Insulin, and Glucose/Insulin Tolerance Tests 

Fasting blood samples were collected from the tail vein following a 5-6 h fast. After 

collecting baseline blood samples, mice underwent an intraperitoneal glucose or insulin 

tolerance test. In brief, blood samples were collected by massaging the tail at the 

indicated time points after receiving an intraperitoneal injection of glucose (1 g/kg lean 

body mass) or insulin (0.5 U/kg lean body mass), respectively. Blood glucose levels were 

measured using a CONTOUR®NEXT glucometer. Fasting plasma insulin concentrations 

were determined using a radioimmunoassay; insulin measurements were carried out by 

the Hormone Assay & Analytical Services Core at Vanderbilt University. 

Luminex Analysis 

Serum samples from mice fed an HFD were sent to Vanderbilt Hormone Assay & 

Analytical Services Core for Luminex analysis. Analytes examined in this study were 

chosen from their “Mouse Metabolic Hormone Panel”. 

miRNA and mRNA Quantification via RT-qPCR 

TRIzol® Reagent (Life Technologies) was used to extract and purify RNA from tissues 

and cultured cells. Small RNA (< 200 nt) of F4/80-selected adipose tissue macrophages 

from perigonadal fat pads was isolated using the RNeasy Mini Kit (Qiagen). For miRNA 
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quantitation, the Mir-X miRNA First-Strand Synthesis Kit (Takara) was used for cDNA 

synthesis. For mRNA quantitation, the SuperScriptTM IV First-Strand Synthesis System 

Kit (Invitrogen) was used for cDNA synthesis. Real-time PCR of cDNA was performed on 

a CFX96 Real-Time PCR Detection System (BioRad) located at the Vanderbilt Cell & 

Developmental Biology Equipment Resource Core using FastStart Universal SYBR 

Green master mix (Roche). Expression of the indicated genes was normalized to β-actin 

(Actb) using the 2-ΔΔCt method. 

Stromal Vascular Fraction Isolation and Flow Cytometric Analysis 

The stromal vascular fraction (SVF) from perigonadal fat pads were isolated following 

collagenase digestion and differential centrifugation as previously described30. Adipose 

tissue (AT) myeloid cells were characterized via flow cytometry using the following anti-

mouse antibodies [BioLegend, eBioscience, BD Pharmingen, Tonbo]: PE-Cy7 F4/80; 

FITC Ly6G; PE Siglec F; APC and V450 CD9; V450 CD9; APC CD64; FITC and PerCP-

Cy5.5 CD64; FITC CD11c; PE CD163; PE-Cy7 CD206; BV421 CCR2; FITC Ly6C; PE-

Cy7 TCRβ. Dead cells were identified with e780 viability dye (ThermoFisher). 

Statistical Analyses 

Statistics were done on experiments with 3+ biological replicates or independent 

experiments as outlined in figure legends. Analyses were performed using R (www.r-

project.org) and GraphPad Prism8 (GraphPad Software, Version 8.02). P values of less 

than 0.05 were considered significant. 

 

 

http://www.r-project.org/
http://www.r-project.org/
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2.4. Results 

 

Expression of the miR-23-27-24 Clusters in Myeloid Cells Protects Against Obesity-

Induced Glucose and Insulin Intolerance  

Given the important role of macrophages on obesity-induced metabolic 

outcomes4,9–12 and studies demonstrating the ability of the miR-23-27-24 clusters to 

regulate macrophage function18,23,27, we sought to study how loss of expression of these 

miRNAs in macrophages regulates metabolic function in an in vivo murine model of 

obesity. We generated mice from embryonic stem cells with a targeted allele for Mirc11 

(the miR-23a-27a-24-2 cluster)28 and crossed them to mice with a targeted allele for 

Mirc22 (the miR-23b-27b-24-1 cluster)25 and mice with Lyz2Cre to generate 

Mirc11fl/flMirc22fl/fl (fl/fl) control and Mirc11fl/flMirc22fl/flLyz2Cre (MyelΔ) mice. In bone 

marrow-derived macrophages (BMDMs) (Figure 2.2A), peritoneal macrophages (Figure 

2.2B), and bead-selected F4/80+ ATMs from mice fed a high-fat diet (HFD, 60% kcal of 

fat) (Figure 2.2C), miR-23, miR-24 and miR-27 expression was reduced by ≥ 70-95% in 
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MyelΔ compared to fl/fl controls. These results indicate that the clusters are effectively 

deleted in bone marrow-derived and tissue-resident macrophage populations. 

To determine how expression of the miR-23-27-24 clusters in myeloid cells 

regulates systemic metabolic function, we first examined metabolic parameters in young 

lean mice. Neither male nor female MyelΔ mice exhibited altered body weights (Figure 

 
 

Figure 2.2. Myeloid-Specific Deletion of the miR-23-27-24 Clusters Does Not Alter 
Systemic Glucose Tolerance in Male and Female Lean Mice. Relative levels of the 
indicated miRNAs in (A) bone marrow-derived macrophages (BMDMs), (B) peritoneal 
macrophages from lean fl/fl or MyelΔ mice, or (C) F4/80-selected ATMs from obese fl/fl or 
MyelΔ mice (two-way ANOVA with Sidák’s multiple comparison test). (D) Total bodyweight or 
(E) fasting glucose levels were recorded in lean male or female fl/fl or MyelΔ mice (two-tailed 
t-test). (F) Intraperitoneal glucose tolerance test was performed on lean male or female fl/fl or 
MyelΔ mice 1 wk before HFD feeding (two-way ANOVA for curves; two-tailed t-test for AUC). 
(G) Myeloid cell numbers were quantified in the epididymal WAT of lean fl/fl or MyelΔ mice 
(one-way ANOVA with Sidák’s multiple comparison test). (D-G) All lean mice were 7-9 weeks 
old.  ± S.E.M.  ****, p<0.0001. 
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2.2D), fasting glucose levels (Figure 2.2E), or glucose tolerance (Figure 2.2F). 

Additionally, myeloid cell numbers in visceral-like epididymal WAT (eWAT) were not 

different between genotypes (Figure 2.2G). These findings demonstrate that lean fl/fl and 

MyelΔ mice display similar immunometabolic characteristics. 

To test how expression of these clusters in myeloid cells regulates systemic 

metabolic function in obesity, male fl/fl and MyelΔ mice were fed a high-fat diet (HFD, 

60% kcal of fat) for 20 weeks to induce obesity (Figure 2.3A). Male MyelΔ mice gained 

less body weight over 20 wks of HFD feeding (Figure 2.3B-C). Fat mass was ~3g lower 

in obese MyelΔ mice, while lean mass remained unchanged (Figure 2.3D). Slopes for 

cumulative energy intake curves differed significantly between fl/fl and MyelΔ mice (98.58 

vs 92.93 kcal/mouse/week, respectively) over the dietary intervention (Figure 2.3E), 

suggesting reduced energy consumption may have contributed to reduced fat 

accumulation.  

The rate of weight gain was also lower in MyelΔ versus fl/fl female mice on HFD 

for 20 wks (Figure 2.4A-B). Like males, MyelΔ female mice accrued less fat mass (~5g) 

following dietary intervention (Figure 2.4C). We then assessed glucose tolerance 

between both genotypes following HFD feeding. While no differences in fasting blood 

glucose or insulin levels were observed (Figure 2.3F), obese male MyelΔ mice exhibited 

a significant delay in glucose clearance during an intraperitoneal glucose tolerance test 

(IP-GTT; Figure 2.3G).  
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To determine if insulin responsiveness was impaired in MyelΔ mice, an IP-insulin 

tolerance test was performed. Obese male MyelΔ mice exhibited blunted insulin-induced 

glucose clearance compared to obese control mice (Figure 2.3H). Myeloid-specific 

deletion of the miR-23-27-24 clusters did not impair glucose tolerance in HFD-fed female 

mice (Figure 2.4D-E). Studies testing sex-specific responses toward HFD feeding show 

that female mice are protected against obesity-driven impairments in glucose metabolism 

compared to their male counterparts31–33. This protective response has been proposed to 

 
 
Figure 2.3. Myeloid-Specific Expression of the miR-23-27-24 Clusters Protects Against 
Obesity-Induced Glucose and Insulin Intolerance. (A) Schematic of dietary interventions. 
Mirc11fl/flMirc22fl/fl (fl/fl) and Mirc11fl/flMirc22fl/flLyz2Cre (MyelΔ) mice were fed a high-fat diet 
(HFD) for 20 wks. (B) Body weight curves (two-way ANOVA with Sidák’s multiple comparison 
test), (C) final body weights and weight gain (two-tailed t-test), (D) final body composition 
measurements by NMR (two-tailed t-test), or (E) cumulative energy intake (simple linear 
regression). (F) Fasting glucose and insulin levels were recorded following HFD feeding (two-
tailed t-test). Intraperitoneal (G) glucose (1g/kg lean mass) or (H) insulin tolerance tests (0.5 
U/kg lean mass) were performed on fl/fl and MyelΔ mice after dietary intervention (two-way 
ANOVA with Sidák’s multiple comparison test for curves; two-tailed t-test for area under curve 
(AUC) comparisons). Male mice 8-10 weeks old at beginning of dietary intervention. Each dot 
in bar graphs represents one mouse after HFD feeding. B&E: 18-21 mice per genotype. ± 
S.E.M. #, p=0.07; *, p≤0.05; **, p<0.01; ***, p<0.001.  
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be mediated, in part, by sex-dependent suppression of low-grade tissue inflammation, 

reduction in ATM accrual, and increased WAT vascularization, leading to improved WAT 

function. These findings indicate that the myeloid cell-specific expression of the miR-23-

27-24 clusters in male mice protects against obesity-induced impairments in glucose 

regulation.  

 

 

 
 

Figure 2.4. Myeloid-Specific Deletion of the miR-23-27-24 Clusters Does Not Alter 
Systemic Glucose Tolerance in Female Obese Mice. Female fl/fl or MyelΔ mice were fed 
a HFD for 20 weeks followed by measurement of (A) body weight curves (two-way ANOVA 
with Sidák’s multiple comparison test), (B) weight gain (two-tailed t-test), and (C) body 
composition measurements by NMR (two-tailed t-test). (D) Fasting glucose levels were 
recorded following HFD feeding (two-tailed t-test). (E) Intraperitoneal glucose tolerance tests 
(1g/kg lean mass) were performed on female fl/fl and MyelΔ mice following dietary intervention 
(two-way ANOVA with Sidák’s multiple comparison test for curves; two-tailed t-test for area 
under curve AUC comparisons). Each dot in bar graphs represents one mouse. (A-E) Female 
mice were 8-10 weeks old at beginning of dietary intervention. A: 7-8 mice per genotype.  ± 
S.E.M.   
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miR-23-27-24 Cluster Expression Promotes LAM Accumulation in Obese Adipose Tissue 

Because obese male MyelΔ mice are more glucose and insulin intolerant, we 

hypothesized that deleting the clusters in myeloid cells would exacerbate obesity-induced 

inflammatory ATM accumulation. To examine if myeloid-specific expression of the miR-

23-27-24 clusters remodels the myeloid cell compartment of obese eWAT, we 

immunophenotyped the stromal vascular fraction (SVF) of eWAT from male obese fl/fl 

and MyelΔ mice by flow cytometry. We defined ATMs based on their expression of the 

surface antigens F4/80 and CD64 and lack of expression of the neutrophil marker Ly6G 

and the eosinophil marker Siglec F (Figure 2.5A)34. Contrary to our initial hypothesis, we 

observed a selective decrease in ATMs in MyelΔ compared to control mice by flow 

cytometry (Figure 2.5B).  

Next, we sought to determine whether deletion of the miR-23-27-24 clusters in 

myeloid cells alters the function or polarization of ATMs to enhance tissue inflammation, 

despite reducing total ATM numbers. However, no differences in levels of mRNA 

encoding the pro-inflammatory cytokines IL-6 and TNF-α in whole eWAT (Figure 2.5C) 

or serum levels of IL-6 and TNF-α (Figure 2.5D) were observed. In addition, flow 

cytometric analysis revealed a significant decrease in surface levels of CD11c on 

macrophages in the obese adipose tissue of MyelΔ mice, an integrin molecule often 

expressed by inflammatory ATMs (Figure 2.5E)35–37.  

We also examined the expression of markers associated with an insulin-sensitizing 

M2-like macrophage phenotype on ATMs. However, we did not detect differences in the 

numbers of CD163+ ATMs or surface levels of the M2-like markers CD71 and CD206 

between genotypes (Figure 2.5F-G). Levels of the M2-like macrophage-associated 
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genes Cd38, Chil3, Egr2, Irf4, Mrc1, Retnla, and Lyve1 were also unchanged in eWAT 

from obese MyelΔ compared to control fl/fl mice (Figure 2.6A). Together, these findings 

demonstrate that overall adipose tissue inflammation is not increased after miR-23, miR-

24, and miR-27 deletion in myeloid cells. To test for tissue inflammation in another insulin-

sensitive site, we examined the liver in male mice.  

 
 

Figure 2.5. Expression of the miR-23-27-24 Clusters Does Not Regulate Inflammatory 
ATM Accrual. (A) Representative flow panels identifying ATMs from obese fl/fl and MyelΔ 
mice. (B) Myeloid cell numbers were compared between obese fl/fl and MyelΔ mice (two-way 
ANOVA with Sidák’s multiple comparison test). ATE, adipose tissue eosinophil; ATM, adipose 
tissue macrophage; ATN, adipose tissue neutrophil. (C) mRNA levels in whole epididymal 
WAT (eWAT) or (D) serum levels of IL-6 and TNF-α were compared between obese fl/fl and 
MyelΔ mice (two-tailed t-test).  (E-G) Quantification of M1-like and M2-like markers on ATMs 
via flow cytometry (two-tailed t-test for comparison of E & F, two-way ANOVA with Sidák’s 
multiple comparison test for G). Each dot represents one male mouse after HFD feeding. ± 
S.E.M.  ****, p<0.0001.  
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While we observed significantly elevated Il6 mRNA levels in whole MyelΔ hepatic 

tissue, we did not detect differences in mRNA expression levels of other pro-inflammatory 

factors, M2-like macrophage markers, rate-limiting gluconeogenic enzymes (i.e., G6pc 

and Pck1), or enzymes involved in lipid biosynthesis or storage (Figure 2.6B-E).  

Furthermore, quantification of neutral lipids in the livers of obese fl/fl and MyelΔ 

mice revealed no differences in pathologic lipid deposition (Figure 2.6F). These findings 

suggest that the systemic impairment in glucose metabolism found in obese MyelΔ mice 

 
Figure 2.6. Deficiency of the miR-23-27-24 Clusters Does Not Reduce mRNA Levels of 
M2-like Macrophage-Associated Genes in Obese eWAT or Induce Marked Hepatic 
Dysfunction. (A) Levels of M2-like macrophage-associated genes were quantified from 
eWAT via RT-qPCR (two-tailed t-test). Hepatic mRNA levels of (B) pro-inflammatory factors, 
(C) Mrc1/CD206, (D) gluconeogenic enzymes, or (E) lipid metabolism enzymes were 
compared between obese fl/fl or MyelΔ mice (two-tailed t-test). (F) Neutral lipid content was 
quantified from hepatic tissue from obese fl/fl or MyelΔ mice (two-tailed t-test). Each dot 
represents one male mouse after HFD feeding. ± S.E.M. *, p≤0.05. 
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is not correlated with changes in metabolism and inflammation in other insulin-sensitive 

tissues.  

Because we found no evidence to suggest that MyelΔ ATMs exacerbated 

pathologic inflammation, we sought to determine if deleting the clusters in myeloid cells 

alters LAM accumulation. CD9+Trem2+ LAMs are a lipid-laden subset of ATMs that 

accumulate in crown-like structures within obese WAT and confer protection against 

obesity-induced pathology in some4,38, but not all15,16, studies. Flow cytometric analysis 

for the LAM marker CD9 revealed a significant reduction in surface levels of CD9 on 

 
 

Figure 2.7. Expression of the miR-23-27-24 Clusters Promotes LAM Accumulation in 
Obese eWAT (A-B) Expression of CD9 and number of CD9+ ATMs by flow cytometry (two-
tailed t-test). (C) Trem2 mRNA levels from whole fl/fl and MyelΔ eWAT compared via RT-
qPCR (one sample t-test). (D) Representative image of eWAT sections stained with anti-F4/80 
to visualize crown-like structures (orange star) with quantitation (one-tailed t-test). Each dot 
represents one male mouse after HFD feeding. ± S.E.M.  *, p≤0.05; ***, p<0.001; ****, 
p<0.0001. 
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obese MyelΔ ATMs in male mice (Figure 2.7A). This was accompanied by a selective 

decrease in the absolute counts of CD9+ ATMs from obese MyelΔ eWAT (Figure 2.7B) 

and Trem2 mRNA levels in whole MyelΔ eWAT (Figure 2.7C).  

As in males, total ATM and LAM numbers were significantly reduced in female 

MyelΔ perigonadal WAT (Figure 2.8A-B). We also observed a decrease in crown-like 

structures in the obese adipose tissue of MyelΔ mice (Figure 2.7D). Overall, our findings 

identify a role for miR-23-27-24 cluster expression in LAMs and link a reduction in the 

number of protective LAMs in eWAT with worsened systemic glucose regulation in obese 

MyelΔ mice. 

 

 

 

 
 
Figure 2.8. Myeloid-Specific Deletion of the miR-23-27-24 Clusters Reduces LAM 
Accrual in Visceral WAT of Female Mice. (A) Total ATMs and CD45+ immune cells and (B) 
CD9- and CD9+ ATMs were quantified from fl/fl and MyelΔ perigonadal WAT of female mice 
(two-way ANOVA with Sidák’s multiple comparison test). Each dot represents one female 
mouse after HFD feeding. ± S.E.M.  *, p≤0.05; **, p<0.01; ***, p<0.001. 
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2.5. Discussion 

 

Accumulation of macrophages in adipose tissue is a hallmark of obesity, a 

condition with growing worldwide prevalence that can significantly increase the risk of 

type 2 diabetes, cardiovascular disease, and cancer48–50. Cells of the innate immune 

system play a complex role in the regulation of obesity-induced insulin resistance. While 

the accumulation of inflammatory ATMs has been linked to metabolic outcomes 

associated with chronic obesity9–14, recent evidence demonstrates that ATMs can also 

protect against the metabolic complications of obesity through proposed lipid-handling 

and phagocytic capabilities4. Because the key molecular mechanisms driving ATM 

adaptations in obesity and their influence on systemic insulin resistance remain 

incompletely understood, we hypothesized that miRNAs might both serve as important 

molecular regulators of this critical cell population and provide unique insight into the gene 

networks and pathways that control these cells.  

miRNAs control macrophage-driven inflammation in obesity and obesity-

associated metabolic diseases. miR-155 promotes macrophage-driven inflammation in 

atherosclerotic plaques, while miR-146a and miR-223 restrain aberrant inflammatory 

activation in obese adipose tissue51–53. And the regulation of lipid metabolism by miR-33 

promotes development of atherogenic macrophages and progression of 

artherosclerosis54,55. Although published data demonstrate that miRNAs of the miR-23-

27-24 clusters can limit M2-like macrophage differentiation and function18,27, we did not 

observe an increase in M2-like macrophages in obese adipose tissue. Furthermore, male 

mice with a myeloid-specific deletion of these clusters showed worsened glucose and 
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insulin tolerance, rather than protection from obesity-associated metabolic dysfunction. 

This finding is consistent with a recent study showing that global deletion of the miR-23b-

27b-24-1 (Mirc22) cluster aggravated glucose intolerance in mice fed a HFD56. Of note, 

we did not observe differences in systemic glucose handling in female mice with a 

myeloid-specific deletion of the miR-23-27-24 clusters, which adds to literature showing 

discordant regulation of obesity and metabolism in females and males31–33. However, we 

identified that the miR-23-27-24 clusters support LAM accrual in WAT during chronic 

obesity in both males and females, a unique subset of Trem2+CD9+ macrophages that 

accumulate late in obesity and may play a role in improving systemic glucose tolerance4. 

Importantly, this impairment of systemic metabolic function occurred in the absence of 

increased weight gain, uncoupling the degree of adiposity from metabolic function through 

the selective regulation of these noncoding RNAs in myeloid cells.  

We cannot exclude that loss of the miR-23-27-24 clusters in macrophages outside 

eWAT contributes to the observed metabolic phenotype. For example, loss of this 

cluster’s expression in liver macrophages may also be important, as liver macrophages 

have been intimately linked to obesity-induced defects in systemic glucose regulation, 

and LAM signatures have been reported in hepatic tissue in murine obesity4,63,64. It will 

be important in the future to determine if the miR-23-27-24 clusters contribute to the 

function of other macrophage populations found in metabolic and other diseases, 

including in atherosclerosis65,66, liver dysfunction during obesity4, within the tumor 

microenvironment67,68 and in Alzheimer’s disease69.  

 

2.6. Conclusions 
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Findings from Chapter 2 indicate that myeloid-specific expression of the miR-23-

27-24 clusters confers protection against obesity-induced defects in systemic glucose 

regulation in male mice. Because female mice are intrinsically more protected from 

obesity-associated metabolic dysfunction, modest differences in glucose tolerance 

between genotypes may not be discernable without more extensive testing. The 

metabolic phenotype observed in male MyelΔ mice on HFD appears to be uncoupled to 

enhanced weight gain and differential inflammatory ATM accrual. Instead, our findings 

indicate that miR-23-27-24 deficiency results in selective reduction of CD9+ LAMs and 

crown-like structures in obese eWAT, potentially disrupting adipose tissue function and 

encouraging systemic defects in glucose regulation. These findings highlight 

opportunities for investigations of the layered complexity of post-transcriptional regulation 

at the intersection of immunometabolism, cellular immunology, and RNA biology.   
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CHAPTER 3 

 

MYELOID-SPECIFIC EXPRESSION OF THE MIR-23-27-24 CLUSTERS PROMOTES 

LIPID-ASSOCIATED MACROPHAGE PROLIFERATION IN OBESE ADIPOSE TISSUE 

 

Adapted from: 

Neil T. Sprenkle, Nathan C. Winn, Kaitlyn E Bunn, Yang Zhao, Deborah J. Park, Brenna 
G Giese, John J. Karijolich, K Mark Ansel, C. Henrique Serezani, Alyssa H. Hasty, & 
Heather H. Pua. 2023. Cell Rep. 42. Copyright © 2023 The Authors. 

 

 

 

3.1 General Chapter Overview 

 

This chapter focuses on the cellular mechanism by which myeloid-specific 

expression of the miR-23-27-24 clusters supports lipid-associated macrophage (LAM) 

accumulation in obese adipose tissue. Monocyte recruitment, proliferation, prolonged 

survival, and reduced egress have all been linked to inflammatory ATM accrual and are 

implicated in promoting obesity-associated abnormalities. Immunophenotyping of blood 

and visceral white adipose tissue (WAT) of male mice showed no significant differences 

in the number of blood or tissue monocytes, respectively, arguing against an impairment 

in monocyte production or infiltration. Staining for the proliferation marker Ki67 in cells 

from the stromal vascular fraction (SVF) of WAT from mice containing a myeloid-specific 

knockout of the clusters (Myel∆) revealed a selective reduction in proliferative Ki67+ CD9+ 
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LAMs relative to control. Consistently, defects in proliferation as assayed through Ki67 

staining and BrdU labeling were also observed in obese-like metabolically activated bone 

marrow-derived macrophages (MMe BMDMs) deficient of the miR-23-27-24 clusters in 

culture. Loss of the miR-23-27-24 clusters did not influence cell death in CD9+ LAMs or 

MMe BMDMs, suggesting that defective proliferation was a driver reducing LAM counts. 

To elucidate which products of the clusters promote macrophage proliferation, we 

selectively depleted individual members of the clusters using locked nucleic acid inhibitors 

in MMe BMDMs. Here, we discovered that depletion of miR-23 or miR-24 impaired 

macrophage proliferation during metabolic activation. Altogether, data from these studies 

indicates the expression of the miR-23-27-24 clusters, specifically miR-23 and miR-24, 

promotes LAM proliferation in obese adipose tissue and that this event is associated with 

improved metabolic function. 
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3.2. Introduction 

 

Adipose tissue macrophages (ATMs) represent critical regulators of obesity-

induced metabolic outcomes. Historically, temporal accumulation of inflammatory 

macrophages in obese visceral adipose tissue was shown to aggravate systemic defects 

in glucose regulation1–3. Mechanisms proposed to underscore pathological inflammatory 

ATM accrual in murine obesity include monocyte recruitment4, enhanced ATM 

 

 

Figure 3.1. Proposed model of Chapter 3: Expression of the miR-23-27-24 clusters 
promotes LAM proliferation in obese adipose tissue. 
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proliferation in tissue2,3, prolonged inflammatory ATM survival6, and impaired ATM egress 

from inflamed tissue7.  However, recent investigation employing single cell 

transcriptomics uncovered a conserved population of macrophage called CD9+Trem2+ 

lipid-associated macrophages (LAMs) present in crown-like structures in obese visceral 

adipose tissue8,9. Contrary to paradigm, recent evidence indicates that the lipid-handling 

and phagocytic functions of LAMs confers protection against systemic glucose 

intolerance by supporting tissue-level lipid homeostasis, though the molecular drivers of 

this program remain controversial9,10. Lineage tracing studies indicate LAMs are 

monocytic in origin and the temporal accrual of LAMs in obese adipose tissue over the 

course of high-fat diet (HFD) feeding is a product of monocyte recruitment into inflamed 

tissue late in obesity9. Nevertheless, complementary mechanisms driving LAM accrual in 

obese adipose tissue and how they overlap with those that promote pathological ATM 

accumulation remains unknown. 

Findings from Chapter 2 demonstrated that myeloid-specific expression of the 

miR-23-27-24 clusters confers protection against obesity-induced glucose and insulin 

intolerance in male mice (Chapter 2). Contrary to our initial hypothesis, the worsened 

metabolic phenotype observed in MyelΔ mice on HFD was not associated with 

augmented adipose tissue inflammation and inflammatory ATM accumulation (Chapter 

2). Instead, we found a selective reduction in total numbers of CD9+ LAMs in obese MyelΔ 

adipose tissue (Chapter 2). Due to the reported protective functions of CD9+Trem2+ 

LAMs, we linked the loss of this subpopulation of macrophage to worsened glucose 

regulation observed in obese male MyelΔ mice. The focus of the following studies in 
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Chapter 3 will interrogate the cellular mechanism underlying how myeloid-specific 

deletion of the miR-23-27-24 clusters impairs LAM accrual in obese adipose tissue. 

 

3.3. Materials & Methods 

 

Animals and Diets 

All animal studies were performed after obtaining approval from the Vanderbilt 

Institutional Animal Care and Use Committee. C57BL/6 ES cells were targeted using 

constructs generated as a resource for the conditional deletion of miRNA clusters as 

described11 to produce chimeric mice with a conditionally mutant allele of the miRNA 

cluster containing miR-23a, miR-27a, and miR-24-2 (the Mirc11 cluster). These chimeras 

were crossed to Rosa26-Flp mice (Gt(ROSA)26Sortm1(FLP1)Dym; 009086, the Jackson 

Laboratory) to delete the selection cassette. Mice previously generated with a 

conditionally mutant allele containing miR-23b, miR-27b and miR-24-1 (the Mirc22 

cluster)12 were backcrossed for 10 generations to C57BL/6J mice (000664, the Jackson 

Laboratory). These two lines were intercrossed, and the progeny crossed to Lyz2Cre mice 

(B6.129P2-Lyz2tm1(cre)Ifo/J; 004781, the Jackson Laboratory) to generate mice with 

myeloid cells lacking expression of Mirc11 and Mirc22 clusters in myeloid cells (MyelΔ). 

For the diet-induced obesity model, 7–9-week-old male or female Mirc11fl/flMirc22fl/fl and 

Mirc11fl/flMirc22fl/flLyz2Cre mice were fed a high-fat diet (HFD, 60% kcal fat; Research 

Diets) for 20+ weeks. Body weight and food intake were recorded weekly. Body 

composition measurements, collection of fasting blood samples, and intraperitoneal 
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glucose and insulin tolerance tests were performed before or during HFD feeding. All 

other analyses were performed after the mice were euthanized. 

Bone Marrow-Derived Macrophage Cultures 

Primary bone marrow-derived macrophages (BMDMs) were prepared by culturing bone 

marrow of mice in RPMI-1640 media supplemented with 20% L929-conditioned medium, 

10% FBS, gentamicin, glutamine, HEPES, non-essential amino acids, and penicillin-

streptomycin for 7+ days. Media was changed on Day 1, then every three days of culture. 

To plate for experiments, BMDMs were detached from the flask using cold PBS 

containing 0.5 - 5 mM EDTA and plated into tissue culture plates at a concentration of 1 

x 106 cells/mL.   

To metabolically activate BMDMs, BMDMs were cultured in supplemented DMEM media 

containing 25 mM glucose, 10 nM insulin (Novolin), and 150-250 μM palmitic acid (MP 

Biomedicals) conjugated to BSA (Research Products International) for 24 h – 48 h. 

BMDMs in the control group were cultured in supplemented RPMI-1640 medium (11 mM 

glucose) containing BSA alone. Conditions were adapted from Kratz et al.13. 

Caspase 3 Activity Assay 

BMDMs were plated into tissue culture plates (1 x 106 cells/mL) and allowed to rest 

overnight. Media was replaced the next day, and cells were subjected to metabolic 

activation for ~24h. Afterward, cleaved caspase 3 assay was carried out using EnzChek 

Caspase 3 Assay Kit (Molecular Probes) according to the manufacturer’s instructions. 

Locked Nucleic Acid Treatments 
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BMDMs were plated into tissue culture plates (1 x 106 cells/mL) and allowed to rest 

overnight. Media was replaced the next day, and cells were treated with 50 nM of the 

indicated locked nucleic acid inhibitor (miRCURY LNA miRNA Power Inhibitors). Cells 

incubated with inhibitors for 24h, then subjected to metabolic activation. 

Luminex Analysis 

Serum samples from mice fed an HFD were sent to Vanderbilt Hormone Assay & 

Analytical Services Core for Luminex analysis. Analytes examined in this study were 

chosen from their “Mouse Metabolic Hormone Panel”. 

Palmitic Acid-BSA Preparation 

Palmitic acid (MP Biomedical) was dissolved in Molecular Biology Grade Ethanol (Fisher 

BioReagents) by alternating between heating at 70oC and vortexing to produce a 1M 

palmitic acid solution. Immediately afterward, the dissolved palmitic acid was conjugated 

to BSA by gently mixing and heating (70oC) 40 uL of the 1 M palmitic acid solution with 

960 uL of a 10% BSA in HEPES (Gibco) solution for 20 – 30 min, creating a 40 mM 

palmitic acid-BSA solution. Before cell culture treatment, the 40 mM palmitic acid-BSA 

solution was shaken at 50oC for 20 min prior to dispensing into a tube containing 

supplemented DMEM media which was then incubated with cells. 10% BSA in HEPES 

solution was used as the vehicle control. 

Stromal Vascular Fraction Isolation and Flow Cytometric Analysis 

The stromal vascular fraction (SVF) from perigonadal fat pads were isolated following 

collagenase digestion and differential centrifugation as previously described14. Adipose 

tissue (AT) myeloid cells were characterized via flow cytometry using the following anti-
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mouse antibodies [BioLegend, eBioscience, BD Pharmingen, Tonbo]: PE-Cy7 F4/80; 

FITC Ly6G; PE Siglec F; APC and V450 CD9; V450 CD9; APC CD64; FITC and PerCP-

Cy5.5 CD64; FITC CD11c; PE CD163; PE-Cy7 CD206; BV421 CCR2; FITC Ly6C; PE-

Cy7 TCRβ. Dead cells were identified with e780 viability dye (ThermoFisher). 

For Ki67 staining, cells were first stained with surface antigen fluorescent antibodies, then 

were fixed and permeabilized using the Foxp3 / Transcription Factor Staining Buffer Set 

(ThermoFisher). Afterward, intracellular staining was performed using either PE anti-Ki67 

or PE IgG1, κ isotype control from the PE Mouse Anti-Ki67 Set (BD Biosciences) 

according to the manufacturer’s instructions. % Ki67+ cells were calculated by subtracting 

% PE+ cells stained with isotype control from % PE+ cells stained with anti-Ki67 [% PE+ 

(anti-Ki67) - % PE+ (isotype)]. For Annexin V and 7-AAD staining, SVF cells were stained 

using reagents from the FITC Annexin V Apoptosis Detection Kit with 7-AAD (TONBO) 

as described by manufacturers. For BrdU staining, BMDMs were metabolically activated 

for 24 hours then labeled with 10 μM BrdU overnight with the eBioscience BrdU Staining 

Kit (Invitrogen). Afterward, cells were harvested, stained with e780 viability dye, fixed, 

subjected to DNase I digestion, then intracellularly stained with APC anti-BrdU as 

described by manufacturers. All flow cytometry was performed on an 8-color 

FACSCANTO II flow cytometer (BD Biosciences) provided by the Division of Molecular 

Pathogenesis. FlowJo was used to process data. 

Statistical Analyses 

Statistics were done on experiments with 3+ biological replicates or independent 

experiments as outlined in figure legends. Analyses were performed using R (www.r-

http://www.r-project.org/
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project.org) and GraphPad Prism8 (GraphPad Software, Version 8.02). P values of less 

than 0.05 were considered significant. 

 

3.4. Results 

 

The miR-23-27-24 Clusters Support LAM Proliferation in Obesity 

Since LAMs may provide a protective adaptation in expanding adipose tissue, we 

investigated the cellular mechanisms by which loss of expression of the miR-23-27-24 

clusters in myeloid cells decreased LAM accumulation. LAMs are derived from 

monocytes9, thus we began by comparing numbers of circulating and eWAT-resident 

monocytes between fl/fl and MyelΔ mice after HFD feeding. We did not detect any 

differences in blood monocytes by complete blood count (Figure 3.2A), arguing against 

a defect in the production or survival of monocytes in circulation. Total SSC-AloLy6C+ 

monocytes within eWAT were also equivalent in fl/fl and MyelΔ mice (Figure 3.2B). We 

then characterized monocytes and ATMs based on the receptor for CCL2, a chemotactic 

factor important for monocyte infiltration into obese eWAT4. Although we did not find 

differences in CCR2+ monocytes in obese mice among both genotypes (Figure 3.2B), 

we found significant reductions in both CCR2- and CCR2+ ATMs in MyelΔ eWAT 

compared to control (Figure 3.2C). These findings indicate that loss of the miR-23-27-24 

http://www.r-project.org/
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clusters in myeloid cells diminishes absolute ATM numbers in this visceral fat depot 

through a mechanism downstream of monocyte recruitment. 

 

Because ATM proliferation represents a key event contributing to ATM 

accumulation in obese eWAT5, we next investigated if loss of the clusters in myeloid cells 

impaired LAM proliferation by staining for Ki67, a nuclear antigen expressed by cells 

undergoing proliferation. Consistent with a proliferation defect, we observed a significant 

reduction in Ki67+ CD9+ LAMs, but not Ki67+ CD9- ATMs, in MyelΔ eWAT (Figure 3.3A-

C). This included both an ~50% reduction in the total number of Ki67+ cells per gram of 

adipose tissue (Figure 3.3B), as well as a relative reduction in the percent of Ki67+ CD9+ 

LAMs among CD9+ LAMs in MyelΔ compared to fl/fl controls (Figure 3.3C). Furthermore, 

MyelΔ BMDMs cultured under metabolically activating conditions (MMe BMDMs) to 

promote an obese-like ATM phenotype13 exhibited a significant defect in proliferation 

compared to fl/fl MMe BMDMs (Figure 3.3D-E). To determine which miRNAs of the 

cluster were capable of regulating proliferation, we treated wild-type (WT) MMe BMDMs 

 

 

Figure 3.2. The miR-23-27-24 Clusters Do Not Alter Blood or Adipose Tissue Monocyte 
Numbers. (A) Circulating monocyte numbers, (B) total monocytes and CCR2+ monocytes in 
eWAT, or (C) CCR2- or CCR2+ ATMs were compared between obese fl/fl and MyelΔ mice 
(two-tailed t-test. (A-C) one male mouse after HFD feeding. ±S.E.M. *, p≤0.05; ***, p<0.001. 
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with locked nucleic acids (LNAs) to selectively deplete miR-23, miR-24, or miR-27. We 

found that acute inhibition of miR-23 or miR-24, but not miR-27, expression in WT BMDMs 

was sufficient to reduce the number of Ki67+ cells in MMe conditions (Figure 3.3F). These 

findings indicate that expression of the miR-23-27-24 clusters supports LAM proliferation 

in obese eWAT and in MMe macrophages. 

 

Finally, we performed assays to determine whether augmented cell death 

contributed to reduced LAM accumulation in obese MyelΔ eWAT. We detected no 

differences in apoptotic (AnnexinV+7-AAD-) or late apoptotic/necrotic (AnnexinV+7-AAD+) 

LAMs between genotypes (Figure 3.4A-B). Furthermore, Caspase-3 activity was similar 

between fl/fl or MyelΔ BMDMs cultured under MMe conditions (Figure 3.4C). These 

 

Figure 3.3. The miR-23-27-24 Clusters Promote LAM Proliferation. (A) Representative flow 
panel of Ki67 proliferation index of CD9+ ATMs from obese fl/fl and MyelΔ mice with (B) 
quantitation of number of Ki67+ ATMs (two-way ANOVA with Sidák’s multiple comparison test) 
and (C) percentage of proliferating cells (one sample t-test). (D) Ki67 and (E) BrdU staining of 
BMDM from fl/fl and MyelΔ mice cultured under metabolically activating conditions (MMe) (one 
sample t-test). (F) Relative changes in Ki67+ wild type MMe BMDMs treated with the indicated 
miRNA locked nucleic acid (LNA) inhibitor (one sample t-test). Each dot represents (A-C) one 
male mouse after HFD feeding or (D-F) one biological replicate. ±S.E.M. *, p≤0.05; **, p<0.01. 
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findings argue against elevated cell death being responsible for the observed defect in 

LAM numbers. Overall, our data demonstrate that expression of the miR-23-27-24 

clusters supports LAM accrual in obese eWAT by promoting proliferation. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4. The miR-23-27-24 Clusters Do Not Regulate Cell Death. (A) Representative 
Annexin V and 7-AAD cell death staining gated on CD9+ ATMs in the SVF from obese fl/fl and 
MyelΔ mice with (B) quantitation (two-tailed t-test). (C) Caspase 3 activity was quantified in 
fl/fl and MyelΔ MMe BMDMs (two-way ANOVA with Šídák's multiple comparisons test). Each 
dot represents (A-B) one male mouse after HFD feeding or (C) one biological replicate. 
±S.E.M. 
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3.5. Discussion 

  

 Mechanisms underlying ATM accumulation have been thoroughly investigated 

over the past two decades. This is due to the potential application of therapeutics to limit 

entry or buildup of pathological ATMs that drives adipose tissue dysfunction3,15,16. 

Monocyte recruitment, proliferation, prolonged survival, and reduced egress have all been 

linked to inflammatory ATM accrual and are implicated in promoting obesity-associated 

abnormalities3,4,6,17. Paradoxically, while myeloid-specific deletion of the miR-23-27-24 

clusters disrupted glucose tolerance in male mice on HFD (Chapter 2), we observed a 

selective reduction in total numbers of ATMs and no indication of elevated tissue or 

systemic inflammation (Chapter 2). These findings shifted our attention to the prospect 

that loss of miRNA products resulted in the reduction of protective LAMs. 

Immunophenotyping studies uncovered a corresponding impairment in CD9+ LAM 

accumulation in perigonadal WAT of obese MyelΔ female and male mice (Chapter 2), 

linking the observed changes in the immune cell compartment of adipose tissue to 

worsened glucose tolerance. 

 Work in Chapter 3 investigates cellular mechanisms underlying how the miR-23-

27-24 clusters promote LAM accrual in obese adipose tissue. Because LAMs are derived 

from monocytes9, we began by comparing numbers of blood and adipose tissue 

monocytes between control and MyelΔ to determine if miR-23-27-24 deficiency impaired 

monocyte production or entry into adipose tissue. Our findings did not uncover any 

differences in monocyte numbers from either tissue between genotypes (Figure 3.2). 

Together with the observation that counts of both CCR2- and CCR2+ ATMs were reduced, 
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we reasoned that faulty monocyte recruitment did not drive the reduction of LAMs in 

MyelΔ obese adipose tissue and that an event downstream of monocyte infiltration may 

be involved. 

 Because we found no evidence to implicate differential regulation monocyte 

migration, we turned our attention to investigating mechanism that could impact 

macrophage accretion in obese adipose tissue. As discussed, miRNAs represent key 

governors of macrophage function by negatively regulating the expression of tens to 

hundreds of target transcripts at the post-transcriptional level18. Products from both miR-

23-27-24 clusters have been reported to directly target genes involved in cell proliferation 

and cell death in other cellular and disease contexts19–24. Since local proliferation and 

prolonged survival of ATMs contribute to pathological ATM accrual3,6, we investigated if 

the miR-23-27-24 clusters impaired one or both of these to reduce LAM accumulation in 

obese adipose tissue.  

 To this end, we found that loss of the clusters selectively compromised CD9+ LAM, 

but not CD9- ATM, proliferation in a visceral fat depot (Figure 3.3A-C) while no difference 

in apoptotic or late-apoptotic/necrotic LAMs were observed (Figure 3.4A-B). Use of a 

previously established cell culture system used to induce an obese-like phenotype in 

cultured BMDMs13 supported our in vivo observations, as metabolically activated miR-23-

27-24-deficient BMDMs exhibited a similar defect in proliferation (Figure 3.3D-E) with no 

accompanying changes in apoptosis (Figure 3.4C). Experiments depleting individual 

members of the miR-23-27-24 clusters in MMe BMDMs implicate miR-23 and miR-24 as 

the critical determinants of the clusters that promote proliferation of cultured macrophages 

(Figure 3.3F). Altogether, our findings indicate that impaired proliferation of LAMs 
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represents the key cellular mechanism underlying their reduced presence in visceral 

adipose tissue of MyelΔ mice on HFD for 20 wks. 

 While we employed multiple studies to interrogate the cellular mechanism 

regulating LAM accrual, the contribution of enhanced LAM egress from adipose tissue 

was not thoroughly explored in our investigation. ATM retention constitutes a major 

contributor to ATM accumulation in obese adipose tissue and is regulated by activation 

of cell-autonomous netrin-1 signaling17,25. Netrin-1 is a secreted laminin-like protein that 

directs both chemoattractive and -repulsive signaling to control leukocyte trafficking. 

Chemorepulsion in myeloid cells is mediated by netrin-1 engaging UNC5-family receptors 

and/or ADORA2B25–29. Regarding ATMs, upregulation of netrin-1 production by ATMs in 

obesity disrupts macrophage egress from inflamed WAT in a feed-forward loop by binding 

to UNC5B residing on ATMs, consequently impairing responses to chemokines directing 

egress from tissues (e.g. CCL19) to discourage inflammatory resolution7,17.  

 Though our study does not extensively investigate the contribution of netrin-1 

signaling in LAM retention, our preliminary gene set enrichment analysis of our RNA 

sequencing data comparing transcriptomic differences between F4/80-selected fl/fl and 

MyelΔ ATMs reveals an enrichment of genes involved in the netrin-1/UNC5B signaling 

pathway within differentially upregulated transcripts in MyelΔ ATMs (ADDENDIX D.1A). 

Furthermore, there was an increase in mRNA levels of notable mediators (i.e. Adroa2b, 

Ntn1, Ntn4, Unc5a, and Unc5b mRNA) involved in the netrin-1 signaling pathway in Myel∆ 

obese ATMs (APPENDIX D.1B). These findings argue against the contribution of reduced 

netrin-1 signaling in impairing LAM accretion in obese MyelΔ eWAT. Nevertheless, 

additional chemotactic, monocyte/macrophage-tracing, and cell signaling experiments 
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will be required to define the role of differential ATM retention over the course of obesity 

in vivo. 

 Importantly, findings from this study provide mechanistic insights into molecular 

entities driving the accrual of this novel subset of ATM. LAM signatures are observed 12 

weeks after the start of HFD feeding and increase in distribution as obesity persists9. Our 

data supports a model where expression of the clusters promotes proliferation of 

differentiated LAMs once in tissue. Because our studies utilize a murine system modeling 

chronic obesity, future studies investigating the spatiotemporal kinetics of this regulation 

on ATM behavior at different stages of obesity and its relevance to the regulation on 

systemic and tissue-specific metabolic function are required to provide a detailed 

illustration into the role of the clusters in immune cell reprogramming of adipose tissue. 

Furthermore, whether regulation imposed by the clusters is unique to LAMs or also 

contributes to pathological ATM accumulation earlier in obesity represents an outstanding 

question, where the answer could lead to the identification molecular nodes that could 

selectively be targeted to promote beneficial macrophage populations in obese adipose 

tissue.  

 

3.6. Conclusions 

 

Findings from Chapter 3 indicate that myeloid-specific expression of the miR-23-

27-24 clusters supports CD9+ LAM proliferation in obese adipose tissue after 20 weeks 

on HFD, with no accompanying influence on blood monocyte production, adipose tissue 
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monocyte counts, or LAM apoptosis/necrosis. Furthermore, we demonstrate that miR-23 

and miR-24 are the critical regulators of macrophage proliferation during metabolic 

activation. Follow up studies will be required to elucidate downstream target genes and 

gene networks regulated by miR-23 and miR-24 to promote macrophage proliferation. 
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CHAPTER 4 

 

SUPPRESION OF EIF4EBP2 BY MIR-23 PROMOTES MACROPHAGE 
PROLIFERATION 

 

 

Adapted from: 

Neil T. Sprenkle, Nathan C. Winn, Kaitlyn E Bunn, Yang Zhao, Deborah J. Park, Brenna 
G Giese, John J. Karijolich, K Mark Ansel, C. Henrique Serezani, Alyssa H. Hasty, & 
Heather H. Pua. 2023. Cell Rep. 42. Copyright © 2023 The Authors. 

 

 

 

4.1 General Chapter Overview 

 

This chapter describes a novel microRNA (miRNA)-dependent mechanism 

promoting lipid-associated macrophage (LAM) proliferation in obese adipose tissue, an 

event associated with improved glucose regulation in murine obesity (Figure 4.1). 

Leveraging our understanding of miRNA biology, we utilized bulk RNA sequencing to 

identify 1) differentially regulated transcripts in key biological pathways relative to 

respective controls and 2) shared candidate target genes for each member of the cluster 

in miR-23-27-24-deficient macrophages from visceral  white adipose tissue (WAT) of mice 

on high-fat diet for 20 wks and cultured metabolically activated bone marrow derived 

macrophages (MMe BMDMs).  Deletion of the miR-23-27-24 clusters (MyelΔ) resulted in 

concordant changes in many differentially expressed genes between both cell types. 

These findings support the use of MMe BMDMs as a model to study miR-23-27-24-based 
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regulation of obese ATM biology in culture. Moreover, candidate target genes identified 

in obese adipose tissue macrophages (ATMs) were largely upregulated in MyelΔ MMe 

BMDMs.  

Cross-referencing our list of candidate target genes found in obese ATMs to GSEA 

gene sets harboring genes involved in negatively regulating proliferation, proliferative 

signaling pathways, or anabolic metabolism led to the identification of 6 candidate target 

genes whose suppression by the miR-23-27-24 clusters could promote macrophage 

proliferation: Eif4ebp2, Dusp5, Sesn2, Socs6, Spry1, and Tmem127. Consistently, mRNA 

levels of each candidate target gene were elevated in knockout MMe macrophages in 

culture. A functional siRNA screen against candidate targets using MyelΔ MMe BMDMs 

determined that only knockdown of the translational inhibitor Eif4ebp2 enhanced 

proliferation. Importantly, Eif4ebp2 knockdown in MyelΔ obese ATMs also augmented 

proliferation ex vivo. Eif4ebp2 is a predicted target of miR-23 and overexpression of miR-

23 reduced Eif4ebp2 mRNA levels in knockout MMe BMDMs. Consistent with these 

findings, Argonaute 2 (AGO2) immunoprecipitation assays demonstrated that miR-23 

directly interacts with Eif4ebp2 mRNA during metabolic activation. Overall, our findings 

indicate that the miR-23-Eif4ebp2 signaling axis is critical in promoting macrophage 

proliferation in culture and ex vivo.  
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4.2. Introduction 

 

Discovery of CD9+Trem2+ LAMs has led to a newfound appreciation that cells of 

the immune system support adipose tissue function in obesity by mediating tissue-level 

lipid homeostasis. Historically, monocyte recruitment, proliferation, prolonged survival, 

and reduced egress have all been linked to encouraging ATM accrual in obese adipose 

tissue. Recent lineage tracing studies indicate LAMs are monocytic in origin and the 

 

 

Figure 4.1. Proposed Model for Chapter 3: miR-23 Suppresses Eif4ebp2 to Promote 
Lipid-Associated Macrophage Proliferation in Obese Adipose Tissue 
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temporal accrual of LAMs in obese adipose tissue over the course of high-fat diet (HFD) 

feeding is a product of monocyte recruitment into inflamed tissue. Nevertheless, 

complementary mechanisms driving LAM accrual in obese adipose tissue and how they 

overlap with those that promote pathological ATM accumulation remains an open area of 

investigation. Our studies in Chapter 3 identified an additional cellular mechanism 

contributing LAM accretion in obese adipose tissue. Here, we discovered that miR-23-27-

24 deficiency in myeloid cells selectively impaired LAM proliferation, without notable 

influence on apoptosis, necrosis, and monocyte production or recruitment.  

Non-coding miRNAs are essential regulators of macrophage function1–3 and their 

unique functional properties allow them to fine-tune complex gene networks that govern 

specific functional programs to control immune responses by regulating tens to hundreds 

of target genes. Following incorporation into Argonaute 2 (Ago2) within the RNA-induced 

silencing complex (RISC), the selected miRNA “guides” the RISC to target mRNA by 

annealing to miRNA response elements (MRE) typically located within the 3’ untranslated 

region (UTR). The 5’ end of miRNA contains a 2-8 nt seed sequence that is critical for 

nucleating miRNAs to its cognate MRE on target mRNA. The consequent messenger 

ribonucleoprotein complex formed concentrate to cytoplasmic foci called P bodies, where 

most miRNAs promote mRNA deadenylation, decapping, and exonuclease-mediated 

degradation. Taken with the understanding that miRNAs regulate a network of genes to 

regulate specific cellular processes, we hypothesized that miRNAs from the miR-23-27-

24 clusters could directly repress macrophage proliferation by targeting multiple target 

genes considered to suppress proliferation. Therefore, the focus of Chapter 4 is to 

identify candidate targets genes that negatively regulate proliferation in obese ATMs and 
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to test which members of the miR-23-27-24 clusters directly regulate the expression of 

these critical transcripts. 

 

4.3. Materials & Methods 

 

Animals and Diets 

All animal studies were performed after obtaining approval from the Vanderbilt 

Institutional Animal Care and Use Committee. C57BL/6 ES cells were targeted using 

constructs generated as a resource for the conditional deletion of miRNA clusters as 

described4 to produce chimeric mice with a conditionally mutant allele of the miRNA 

cluster containing miR-23a, miR-27a, and miR-24-2 (the Mirc11 cluster). These chimeras 

were crossed to Rosa26-Flp mice (Gt(ROSA)26Sortm1(FLP1)Dym; 009086, the Jackson 

Laboratory) to delete the selection cassette. Mice previously generated with a 

conditionally mutant allele containing miR-23b, miR-27b and miR-24-1 (the Mirc22 

cluster)5 were backcrossed for 10 generations to C57BL/6J mice (000664, the Jackson 

Laboratory). These two lines were intercrossed, and the progeny crossed to Lyz2Cre mice 

(B6.129P2-Lyz2tm1(cre)Ifo/J; 004781, the Jackson Laboratory) to generate mice with 

myeloid cells lacking expression of Mirc11 and Mirc22 clusters in myeloid cells (MyelΔ). 

For the diet-induced obesity model, 7–9-week-old male or female Mirc11fl/flMirc22fl/fl and 

Mirc11fl/flMirc22fl/flLyz2Cre mice were fed a high-fat diet (HFD, 60% kcal fat; Research 

Diets) for 20+ weeks. Body weight and food intake were recorded weekly. Body 

composition measurements, collection of fasting blood samples, and intraperitoneal 
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glucose and insulin tolerance tests were performed before or during HFD feeding. All 

other analyses were performed after the mice were euthanized. 

Bone Marrow-Derived Macrophage Cultures 

Primary bone marrow-derived macrophages (BMDMs) were prepared by culturing bone 

marrow of mice in RPMI-1640 media supplemented with 20% L929-conditioned medium, 

10% FBS, gentamicin, glutamine, HEPES, non-essential amino acids, and penicillin-

streptomycin for 7+ days. Media was changed on Day 1, then every three days of culture. 

To plate for experiments, BMDMs were detached from the flask using cold PBS 

containing 0.5 - 5 mM EDTA and plated into tissue culture plates at a concentration of 1 

x 106 cells/mL.   

To metabolically activate BMDMs, BMDMs were cultured in supplemented DMEM media 

containing 25 mM glucose, 10 nM insulin (Novolin), and 150-250 μM palmitic acid (MP 

Biomedicals) conjugated to BSA (Research Products International) for 24 h – 48 h. 

BMDMs in the control group were cultured in supplemented RPMI-1640 medium (11 mM 

glucose) containing BSA alone. Conditions were adapted from Kratz et al.6. 

Bulk RNA Sequencing 

F4/80-selected ATMs from perigonadal fat pads were homogenized with TRIzol® Reagent 

(Life Technologies). Large RNA (> 200 nt) was isolated using the RNeasy Mini Kit 

(Qiagen) and submitted to the Vanderbilt Technologies for Advanced Genomics Core for 

sequencing on the NovaSeq 6000 (Illumina). Data were processed on the Vanderbilt 

computing cluster (ACCRE) using the lab’s RNA-seq pipeline 

(https://github.com/parkdj1/RNASeq-Pipeline). Briefly, FastQC was used to evaluate data 

https://github.com/parkdj1/RNASeq-Pipeline
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quality, adaptors were trimmed using Cutadapt, and alignment with quantification was 

performed using Salmon. Primary will be submitted to GEO at or before the time of 

publication and can be made available to reviewers on request. Downstream analysis 

included differential expression (DESeq2) and gene set enrichment 

(www.broadinstitute.org/gsea). IDs of the following GSEA gene sets were used to identify 

candidate target transcripts: GO:0070373, GO:0008285, GO:0043409, GO:1904262, 

GO:0009890, GO:0097696, R-HSA-5675221. 

Electroporation 

One to two million BMDMs from the indicated genotype resuspended in 100 μL Buffer R 

were mixed with 500 nM miRNA mimic (miRIDIAN) or 100 nM siRNA (siGENOME), then 

electroporated using the Neon Transfection System (Thermo-Fisher) at pulse code (10 

ms x 3 pulses) using 100 uL Neon tips (Thermo-Fisher) at 1500 V. Following 

electroporation, cells were slowly pipetted into wells of tissue culture plates containing 

prewarmed supplemented RPMI-1640 medium containing 20% L929 conditioned media. 

Cells incubated in media for 24-48h, then were subjected to metabolic activation. 

Locked Nucleic Acid Treatments 

BMDMs were plated into tissue culture plates (1 x 106 cells/mL) and allowed to rest 

overnight. Media was replaced the next day, and cells were treated with 50 nM of the 

indicated locked nucleic acid inhibitor (miRCURY LNA miRNA Power Inhibitors). Cells 

incubated with inhibitors for 24h, then subjected to metabolic activation. 

miRNA and mRNA Quantification via RT-qPCR 
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TRIzol® Reagent (Life Technologies) was used to extract and purify RNA from tissues 

and cultured cells. Small RNA (< 200 nt) of F4/80-selected adipose tissue macrophages 

from perigonadal fat pads was isolated using the RNeasy Mini Kit (Qiagen). For miRNA 

quantitation, the Mir-X miRNA First-Strand Synthesis Kit (Takara) was used for cDNA 

synthesis. For mRNA quantitation, the SuperScriptTM IV First-Strand Synthesis System 

Kit (Invitrogen) was used for cDNA synthesis. Real-time PCR of cDNA was performed on 

a CFX96 Real-Time PCR Detection System (BioRad) located at the Vanderbilt Cell & 

Developmental Biology Equipment Resource Core using FastStart Universal SYBR 

Green master mix (Roche). Expression of the indicated genes was normalized to β-actin 

(Actb) using the 2-ΔΔCt method. 

Palmitic Acid-BSA Preparation 

Palmitic acid (MP Biomedical) was dissolved in Molecular Biology Grade Ethanol (Fisher 

BioReagents) by alternating between heating at 70oC and vortexing to produce a 1M 

palmitic acid solution. Immediately afterward, the dissolved palmitic acid was conjugated 

to BSA by gently mixing and heating (70oC) 40 uL of the 1 M palmitic acid solution with 

960 uL of a 10% BSA in HEPES (Gibco) solution for 20 – 30 min, creating a 40 mM 

palmitic acid-BSA solution. Before cell culture treatment, the 40 mM palmitic acid-BSA 

solution was shaken at 50oC for 20 min prior to dispensing into a tube containing 

supplemented DMEM media which was then incubated with cells. 10% BSA in HEPES 

solution was used as the vehicle control. 

Puromycin Incorporation Assay 
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Puromycin (10 μg/mL; InvivoGen) was added to BMDMs 15 min before harvest. Cells 

were then washed with ice-cold PBS twice, and protein was collected and processed for 

Western blotting. A “no puromycin” treatment group served as a negative control. 

RNA-Argonaute 2 Immunoprecipitation 

Primary or immortalized BMDMs7 were cultured in 150 mm tissue culture plates until they 

reached 100% confluence. Following indicated treatments, ribonucleoprotein complexes 

were crosslinked with 300 mJ/cm2 UV (wavelength 254 nm). To isolate RNAs complexed 

with Argonaute 2 (AGO2), we first conjugated 5 μg of anti-AGO2 (Wako; clone 2D4) to 

50 μL of protein G Dynabeads (Invitrogen; 10004D) by incubating both at room 

temperature for 1 h while rotating. Beads were then collected using the DynaMag-2 

magnet (Invitrogen; 12321D) and washed 3x with lysis buffer. After which, cell lysate from 

crosslinked cells incubated with anti-AGO2 conjugated beads for 2 h at 4oC while rotating. 

Beads were washed 3x with high-salt buffer (50 mM Tris-HCl pH 7.4, 1 M NaCl, 1 mM 

EDTA, 1% NP-40, 0.1% SDS, 0.5% sodium deoxycholate), then 3x with wash buffer (20 

mM Tris-HCl pH 7.4, 10 mM MgCl, 0.2% Tween). Proteins were then digested with 

proteinase K to release AGO2-associated RNA. TRIzol LS Reagent (Life Technologies) 

was used to isolate RNA, then treated with DNase to remove contaminating genomic 

DNA. cDNA synthesis and qPCR of cDNA were carried out as described above. Prior to 

proteinase K digestion, a small fraction of beads was collected and used to confirm 

successful pull-down of AGO2. Pull-down with mouse IgG1κ isotype control (Invitrogen) 

served as a negative control. 

Stromal Vascular Fraction Isolation and Flow Cytometric Analysis 
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The stromal vascular fraction (SVF) from perigonadal fat pads were isolated following 

collagenase digestion and differential centrifugation as previously described8. Adipose 

tissue (AT) myeloid cells were characterized via flow cytometry using the following anti-

mouse antibodies [BioLegend, eBioscience, BD Pharmingen, Tonbo]: PE-Cy7 F4/80; 

FITC Ly6G; PE Siglec F; APC and V450 CD9; V450 CD9; APC CD64; FITC and PerCP-

Cy5.5 CD64; FITC CD11c; PE CD163; PE-Cy7 CD206; BV421 CCR2; FITC Ly6C; PE-

Cy7 TCRβ. Dead cells were identified with e780 viability dye (ThermoFisher). 

For Ki67 staining, cells were first stained with surface antigen fluorescent antibodies, then 

were fixed and permeabilized using the Foxp3 / Transcription Factor Staining Buffer Set 

(ThermoFisher). Afterward, intracellular staining was performed using either PE anti-Ki67 

or PE IgG1, κ isotype control from the PE Mouse Anti-Ki67 Set (BD Biosciences) 

according to the manufacturer’s instructions. % Ki67+ cells were calculated by subtracting 

% PE+ cells stained with isotype control from % PE+ cells stained with anti-Ki67 [% PE+ 

(anti-Ki67) - % PE+ (isotype)]. For Annexin V and 7-AAD staining, SVF cells were stained 

using reagents from the FITC Annexin V Apoptosis Detection Kit with 7-AAD (TONBO) 

as described by manufacturers. All flow cytometry was performed on an 8-color 

FACSCANTO II flow cytometer (BD Biosciences) provided by the Division of Molecular 

Pathogenesis. FlowJo was used to process data. 

Western Blotting 

Cells were lysed in PierceTM Ripa buffer (ThermoFischer) supplemented with a HaltTM 

protease and phosphatase inhibitor cocktail (ThermoFischer) on ice. Lysed cells were 

scraped off tissue culture plates, and lysates were cleared by centrifugation at 4oC at 

12,000 x g for 15 min. Protein concentrations were quantified with the PierceTM BCA 
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Protein Assay Kit (ThermoFischer), and equal amounts of protein (20-30 ug) were loaded 

on BoltTM 4-12% Bis-Tris Plus precast gels for SDS-PAGE. Proteins were transferred 

onto nitrocellulose membranes with a tank blotting system (Invitrogen), blocked with 5% 

milk in TBS-T for 30min – 1h after transfer, then incubated with antibodies specific for the 

following proteins of interest overnight: 4E-BP2 (2845), β-Actin (8457), GAPDH (5174), 

puromycin (MABE343), and BHLHE40/DEC-1 (17895). Anti-4E-BP2, anti-β-Actin, and 

anti-GAPDH antibodies were from Cell Signaling Technology. Anti-puromycin antibody 

(clone 12D10) was from Millipore. Anti-BHLHE40/DEC-1 was from Proteintech.  Following 

overnight incubation with primary antibodies, the membrane was washed with TBS-T, 

then incubated with HRP-conjugated goat anti-rabbit or anti-mouse secondary antibodies 

(ThermoFisher) for 1h. Blots were imaged using an AI600 Imager (GE Healthcare) 

housed at the Vanderbilt Cell & Developmental Biology Equipment Resource Core. 

Images and quantifications were obtained using ImageJ software. 

Statistical Analyses 

Statistics were done on experiments with 3+ biological replicates or independent 

experiments as outlined in figure legends. Analyses were performed using R (www.r-

project.org) and GraphPad Prism8 (GraphPad Software, Version 8.02). P values of less 

than 0.05 were considered significant. 

 

4.4. Results 

 

http://www.r-project.org/
http://www.r-project.org/
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The miR-23-27-24 Clusters Enhance the Expression of Multiple Genes Involved in the 

Negative Regulation of Cell Proliferation 

Because miRNAs attenuate the expression of networks of genes, we set out to 

identify candidate target mRNA transcripts regulated by these miRNAs in ATMs. We 

bead-selected F4/80+ ATMs from male fl/fl and MyelΔ mice after 20 weeks of HFD and 

performed bulk RNA sequencing (RNA-seq). Differential expression analysis identified 

multiple genes that were selectively regulated in ATMs with deletion of the miR-23-27-24 

clusters (Figure 4.2A, Tables A.1-2). Consistent with the proposed function of 

CD9+Trem2+ macrophages in phagocytosis9 and within the central nervous system10, 

pathway analysis identified lysosome, phagosome and microglial gene signatures as 

downregulated in MyelΔ ATMs (Figure 4.2B). To further test whether myeloid-specific 

deletion of these miRNA clusters leads to reduced LAMs, we performed gene set 

enrichment analysis of our data with a list of genes generated from published single-cell 

RNA-seq data comparing LAMs to lean ATMs9. We found that ATMs from obese fl/fl mice 

were significantly enriched in this gene signature compared to ATMs from MyelΔ mice 

(Figure 4.2C). Finally, consistent with our previous data, we did not detect global changes 

in the expression of M2-like macrophage genes, though Mrc1 and Retnla were slightly 

increased in MyelΔ ATMs (Figure 4.2D). We also did not detect differences in gene 

signatures for inflammation or apoptosis between groups (Figure 4.2E); however, we did 

detect an increased a leukocyte proliferation signature in fl/fl ATMs (Figure 4.2E).  

Given that we observed a proliferation defect in miR-23-27-24-deficient BMDMs 

cultured in MMe conditions, we also performed RNA-seq in these cells (Figure 4.3A, 

Tables B.1-2). In these cell culture conditions, we found similar differentially regulated 
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pathways in MyelΔ macrophages when compared with fl/fl controls (Figure 4.3B). There 

was an overall strong concordance between differentially expressed genes within both 

data sets that highlighted lysosome, phagosome and microglia-like pathways (Figure 

4.3C-D). Gene set enrichment analysis also showed an enrichment in a LAM-like 

transcriptional profile in control fl/fl BMDMs in MMe conditions and no changes in 

inflammatory or apoptotic gene signatures (Figure 4.3E). Together, this RNA-seq data 

support our previous findings that loss of miR-23, miR-24 and miR-27 expression leads 

to selective reduction of LAMs in obese adipose tissue and that miR-23-27-24-deficient 

BMDMs cultured in MMe conditions share similar transcriptional changes.    
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Because mRNA decay is the predominant mechanism for miRNA-mediated gene 

silencing, we first tested whether loss of the clusters resulted in elevated expression of 

predicted mRNA targets in our RNA-seq data. Cumulative distribution frequency plots 

 
 

Figure 4.2. Myeloid-Specific Deletion of the miR-23-27-24 Clusters Attenuates 
Expression of Genes Associated with Trem2+ LAMs and Proliferation in Obese ATMs. 
(A) Volcano plot representing transcriptomic changes between F4/80-selected cells from the 
stromal vascular fraction (SVF) of obese fl/fl and MyelΔ eWAT (basemean > 100). (B) KEGG 
and Wiki pathway analysis of RNA sequencing (RNA-seq) data. (C) Gene set enrichment 
analysis (GSEA) of RNA-seq data set for genes upregulated in LAMs compared to lean ATMs. 
(D) DESeq2 normalized counts of indicated M2-like macrophage genes were quantified (two-
way ANOVA with Sidák’s multiple comparison test) (E) GSEA of RNA-seq data sets for 
inflammation, proliferation, and apoptosis. GSEA were plotted with the enrichment curve and 
rank order location of each gene in the indicated gene set from most upregulated to most 
downregulated (left to right) in knockout MyelΔ ATMs compared to fl/fl ATMs. Each dot 
represents one male mouse after HFD feeding. ±S.E.M. **, p<0.01; ***, p<0.001. 
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showed a statistically significant global upregulation (right shift) of predicted high 

confidence 8mer target mRNAs in MyelΔ versus fl/fl ATMs for miR-23, miR-24, and miR-

27 (Figure 4.4A) as well as MyelΔ versus fl/fl MMe BMDMs (Figure 4.3F).  We observed 

no change in global expression of predicted target mRNAs of miR-21 and miR-223, two 

unrelated miRNAs which have previously demonstrated important roles in macrophage 

biology11 (Figure 4.4A & 4.3F). Together, these data demonstrate that loss of miR-23-

27-24 specifically upregulates numerous predicted target genes regulated by this cluster 

but not predicted targets of other miRNAs in MMe BMDMs and obese ATMs. 

Next, to generate a list of candidate target mRNAs regulated by the three miRNAs 

encoded in the miR-23-27-24 clusters, we leveraged our RNA-seq data set comparing 

fl/fl and MyelΔ obese ATMs. Candidate target genes were selected based on the following 

criteria: 1) the 3’UTR of the mRNA contained complementary sequences(s) to the 5’ seed 

sequence of miR-23, miR-24 and/or miR-27 and 2) the transcript was differentially 

upregulated (adjp value≤0.05) in obese MyelΔ ATMs. Using these criteria, we identified 

78, 42, and 76 candidate target genes for miR-23, miR-24, and miR-27, respectively 

(Figure 4.4B, Table C.1). Finally, since loss of the miR-23-27-24 clusters selectively 

reduced LAM proliferation (Figure 3.3A-C), we hypothesized that these miRNAs would 

be specifically important for suppressing the expression of negative regulators of cell 

proliferation. Therefore, we compared the list of candidate targets with gene sets 

annotated to negatively regulate cell proliferation and biosynthetic processes or signaling 

pathways involved in cell proliferation. We identified the following candidate genes 

through this approach: Dusp5, Eif4ebp2, Sesn2, Socs6, Spry1, and Tmem127 (Figure 

4.4C).   
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Figure 4.3 (Continued on next page). 
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In MMe conditions, we also identified numerous predicted targets of miR-23, miR-

24 and miR-27 that were significantly upregulated in this data set (Figure 4.3G). More 

than 60% of significantly differentially expressed predicted target transcripts of all three 

miRNAs were upregulated in both MMe BMDMs and ATMs, with relatively few targets 

that were upregulated in one cell population but not the other (Figure 4.3H). And although 

gene set enrichment analysis did not show reduction of a leukocyte proliferation gene list 

in MMe conditions (Figure 4.3E), most predicted targets significantly upregulated in 

MyelΔ ATMs showed concordant upregulation in MyelΔ MMe BMDMs when compared to 

fl/fl controls, including candidate targets identified as potential regulators of cell 

Figure 4.3. The miR-23-27-24 Clusters Transcriptionally Regulate Shared Pathways and 
Predicted Targets in Metabolically Activated Macrophages and Obese ATMs. (A) 
Volcano plot representing transcriptomic changes between fl/fl and MyelΔ metabolically 
activated (MMe) BMDMs (basemean > 100). (B) KEGG and Wiki pathway analysis of RNA 
sequencing (RNA-seq) data. (C) Log2(MyelΔ/fl/fl) of differentially expressed genes in both 
F4/80-selected ATMs and MMe BMDMs were plotted (basemean>100; adjp value≤0.05). (D) 
KEGG and Wiki pathway analysis of genes significantly upregulated or downregulated in both 
MyelΔ ATMs and MMe BMDMs. (E) Gene set enrichment analysis (GSEA) of RNA-seq data 
from MMe BMDMs for genes upregulated in LAMs compared to lean ATMs or involved in 
inflammation, apoptosis, or leukocyte proliferation. GSEA were plotted with the enrichment 
curve and rank order location of each gene in the indicated gene set from most upregulated 
to most downregulated (left to right) in knockout MyelΔ MMe BMDMs compared to fl/fl MMe 
BMDMs. (F) Cumulative distribution frequency plots depicting global mRNA expression by 
RNA-seq as log2(MyelΔ/fl/fl) in MMe BMDMs plotted against the cumulative fraction of all 
genes (black), miR-23/24/or/27 8mer targets (red), miR-21 targets (blue), or miR-223 targets 
(green) (Kolmogorov-Smirnov test). Target predictions were made using TargetScan. (G) 
Venn diagram depicting number of shared or unique candidate target genes significantly 
upregulated in MMe BMDMs whose 3’untranslated region (3’UTR) is predicted to be regulated 
by miR-23, miR-24, and/or miR-27 (basemean>100; adjp value≤0.05). (H) Bar graph indicating 
distribution of shared candidate target genes among differentially expressed in both obese 
ATMs and MMe BMDMs (basemean>100; adjp value≤0.05). (I) Log2(MyelΔ/fl/fl) of MMe 
BMDM and obese ATM of predicted target genes from the indicated miRNA significantly 
upregulated in obese ATMs. Blue dots represent candidate target genes predicted to regulate 
proliferation in ATMs. Spry1 not depicted as candidate target gene due to basemean<100 in 
MMe BMDMs.  
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proliferation in ATMs (Figure 4.3I).  qPCR studies confirmed that MyelΔ MMe BMDMs 

expressed ~2-4x greater levels of Dusp5, Eif4ebp2, Sesn2, Socs6, Spry1, and Tmem127 

mRNAs relative to control MMe macrophages (Figure 4.4D). Interestingly, there were no 

significant differences in levels of any of the candidate target transcripts between control 

and MyelΔ BMDMs under non-stimulating (BSA) conditions (Figure 4.4D), indicating that 

the differential expression of these transcripts was selectively observed during metabolic 

activation.  

Next, we reconstituted individual miRNA expression in MyelΔ MMe BMDMs using 

miRNA mimics to determine which miRNAs were essential to suppress the expression of 

each candidate target gene. Transfection of miR-23 in MyelΔ MMe BMDMs significantly 

reduced Dusp5, Eif4ebp2, Socs6, and Tmem127 mRNA levels (Figure 4.4E). In contrast, 

reconstituting miR-24 only attenuated the expression of Eif4ebp2 mRNA, even though it 

was not predicted to be a target by the TargetScan predication algorithm12 (Figure 

4.4C&E). Finally, despite being predicted to target several of these candidate regulators 

of cell proliferation, miR-27 overexpression had no notable impact on mRNA levels of any 

of the genes of interest (Figure 4.4C&E). Altogether, we identified candidate target 

transcripts differentially regulated by the miR-23-27-24 clusters in obese ATMs and 

obese-like MMe BMDMs that are known regulators of cellular proliferation.  
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Figure 4.4. The miR-23-27-24 Clusters Negatively Regulate Multiple Genes Involved in 
Suppressing Cell Proliferation. (A) Cumulative distribution frequency plots depicting global 
mRNA expression by RNA sequencing as log2(MyelΔ/fl/fl) plotted against the cumulative 
fraction of all genes (black), miR-23, miR-24, or miR-27 8mer targets (red), miR-21 targets 
(blue), or miR-223 targets (green) (Kolmogorov-Smirnov test). Target predictions were made 
using TargetScan. (B) Venn diagram depicting number of shared or unique candidate target 
genes whose 3’untranslated region (3’UTR) is predicted to be regulated by miR-23, miR-24, 
and/or miR-27. (C) Table and heatmap representing predicted interactions and expression of 
candidate target genes involved in negatively regulating cell proliferation or proliferative 
signaling. (D-E) mRNA levels of candidate target genes were compared between (D) fl/fl and 
MyelΔ unstimulated (BSA) or metabolically activated (MMe) BMDMs (two-way ANOVA with 
Šídák's multiple comparisons test) or (E) MyelΔ MMe BMDMs transfected with miR-23, miR-
24, or miR-27 mimics via RT-qPCR (one-way ANOVA with Dunnett’s multiple comparison 
test). 3-5 biological replicates per group. ±S.E.M. *, p≤0.05; **, p<0.01; ****, p<0.0001.  
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The miR-23-27-24 Clusters Suppress Eif4ebp2 Expression to Promote Metabolically 

Activated Macrophage Proliferation 

To test which of the candidate target genes might regulate proliferation in 

macrophages exposed to obese-like conditions, we performed an siRNA screen for the 6 

candidate target genes identified by RNA-seq analysis in MyelΔ ATMs from obese eWAT 

using our MMe cell culture model. We hypothesized that if negative regulation of 

candidate target genes by the miR-23-27-24 clusters promotes proliferation, then siRNA-

mediated knockdown of these genes would also enhance macrophage proliferation. 

Among the candidates, only siRNA-mediated knockdown of Eif4ebp2 increased MMe 

BMDM proliferation (Figure 4.5A).  Interestingly, this was also the only candidate target 

suppressed by miR-23 transfection and by miR-24 transfection (Figure 4.4E), the two 

miRNAs encoded by this cluster that supported proliferation in these macrophages 

(Figure 3.3F). To verify the results of this screen, we tested if knockdown of Eif4ebp2 

could enhance proliferation of primary ATMs from obese adipose tissue. Consistent with 

our cell culture results, F4/80-selected ATMs from MyelΔ obese eWAT transfected with 

siEif4ebp2 proliferated more ex vivo compared to obese ATMs transfected with control 

siRNA (Figure 4.5B). Together, these findings indicate that the negative regulation of 

Eif4ebp2 contributes to MMe BMDM and ATM proliferation.  

Since miRNAs can affect the expression of target mRNAs directly or indirectly, we 

next sought to test whether members of the miR-23-27-24 clusters directly regulate 

Eif4ebp2 expression. To do this, we performed immunoprecipitation assays of  Argonaute 

2 (AGO2), an RNA-binding protein that facilitates miRNA-mRNA engagement to result in 

post-transcriptional silencing of target transcripts as part of the RNA-induced silencing 
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complex (RISC)13. We detected a significant enrichment of Eif4ebp2 mRNA after 

immunoprecipitation of AGO2 (AGO2-IP) in control MMe BMDMs, indicating that AGO2 

interacts with Eif4ebp2 mRNA during metabolic activation (Figure 4.5C). Next, we 

compared the enrichment of Eif4ebp2 mRNA isolated from primary fl/fl and MyelΔ MMe 

BMDM lysates following AGO2-IP. Consistent with Eif4ebp2 mRNA being directly 

regulated by the clusters, we detected a ~35% reduction in enrichment of Eif4ebp2 mRNA 

associated with AGO2 in MyelΔ MMe BMDMs relative to fl/fl MMe BMDMs (Figure 4.5D).  

Because Eif4ebp2 mRNA is predicted to be directly regulated by miR-23 (Figure 

4.4C), but its expression can be reduced by transfection of MMe macrophages with either 

miR-23 or miR-24 (Figure 4.4E), we sought to determine which of these miRNAs directly 

target Eif4ebp2 mRNA in macrophages. Depletion of miR-23 lock nucleic acids in 

immortalized WT BMDMs cultured in MMe conditions reduced Eif4ebp2 mRNA 

enrichment in AGO2-IPs by ~20% (Figure 4.5E). Contrary to miR-23 inhibition, loss of 

miR-24 did not reduce enrichment of Eif4ebp2 mRNA in AGO2-containing complexes 

(Figure 4.5E). These findings indicate that Eif4ebp2 mRNA is a direct target of miR-23 in 

macrophages during metabolic activation. 

Eif4ebp2 encodes a member of the eukaryotic translation initiation factor 4E 

binding protein (4E-BP) family. Canonically, 4E-BP2 binds to and sequesters the 

translation initiation factor eIF4E, repressing translation of eIF4E-sensitive transcripts14,15. 

Upon mTORC1 activation, 4E-BP2 releases eIF4E to initiate cap-dependent translation. 

Therefore, 4E-BP2 normally restricts anabolism and proliferation within cells. In BMDMs 

lacking miR-23-27-24 cluster expression, we observed increased levels of the protein 

product of Eif4ebp2 (4E-BP2) in MMe macrophages (Figure 4.5F). To test whether this 
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increased protein expression of 4E-BP2 correlated with an inhibition of protein translation 

within miR-23-27-24 cluster deficient cells, we performed a puromycin incorporation 

assay to measure changes in active protein synthesis. Supporting our hypothesis, we 

observed a reduction in the generation of nascent polypeptides in MyelΔ MMe BMDMs 

relative to control MMe BMDMs (Figure 4.5G). To test whether the clusters control 

Eif4ebp2-regulated protein synthesis, we quantified protein levels of Bhlhe40 (DEC-1), 

which has previously been reported to depend on loss of 4E-BP1/2 translational 

repression to promote macrophage proliferation16,17. siRNA-mediated knockdown of 

Eif4ebp2 increased levels of DEC-1 in wild-type MMe BMDMs, supporting that DEC-1 

expression is negatively regulated by 4E-BP2 in these cells (Figure 4.5H). Furthermore, 

DEC-1 levels were markedly reduced in MyelΔ MMe BMDMs relative to control MMe 

BMDMs (Figure 4.5I). Overall, these findings support that the miR-23-27-24 clusters 

promote protein synthesis during metabolic activation, in part, by relieving inhibition of 

eIF4E-dependent translation through suppressing Eif4ebp2 mRNA.  
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Figure 4.5. Eif4ebp2 is a Direct Target of miR-23 and Suppresses Macrophage 
Proliferation. (A) Relative changes in Ki67+ MyelΔ metabolically activated (MMe) BMDMs 
following treatment with the indicated siRNA (one-way ANOVA with Dunnett's multiple 
comparisons test). (B) Relative changes in Ki67+ MyelΔ obese ATMs following treatment with 
the indicated siRNA (one sample t-test). (C) Western blot for AGO2 following pull down with 
IgG-conjugated or anti-AGO2-conjugated dynabeads. Each lane represents a technical 
replicate. CL: cell lysate. Relative enrichment of Eif4ebp2 mRNA pulled down from wild type 
MMe BMDM cell lysate using anti-AGO2 antibodies compared to anti-IgG negative control 
(one sample t-test). (D) Relative enrichment of Eif4ebp2 mRNA pulled down from cell lysate 
of fl/fl and MyelΔ MMe BMDMs following AGO2-IP (one sample t-test). (E) Relative enrichment 
of Eif4ebp2 mRNA pulled down from cell lysate of immortalized BMDMs cultured under 
metabolically activating conditions and treated with either control, miR-23, or miR-24 LNA 
inhibitor following AGO2-IP (one sample t-test for miR-23 LNA data). (F) Representative blot 
and quantification (two-tailed t-test) of 4E-BP2 expression in fl/fl and MyelΔ MMe BMDMs 
(each lane in blot represents technical replicate; 4 biological replicates represented in 
quantification). (G) Puromycin incorporation assay to measure nascent protein synthesis in fl/fl 
or MyelΔ MMe BMDMs. Quantified are values from 3 independent experiments (two-tailed t-
test). (H-I) Western blot for DEC-1 was examined between (H) MMe BMDMs transfected with 
the indicated siRNA or (I) fl/fl and MyelΔ MMe BMDMs. UT, untransfected; NC, negative 
control siRNA. Each dot represents sample from one biological replicate. ±S.E.M. *, p≤0.05; 
**, p<0.01. 
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4.5. Discussion 

 

We identified the cellular and molecular mechanisms whereby miR-23, miR-24 and 

miR-27 were required for LAM accumulation in obese adipose tissue. We determined a 

selective defect in the proliferation of CD9+ LAMs in vivo and metabolically activated 

BMDMs in vitro in miR-23-27-24 deficient cells. Combining ex vivo RNA-seq analysis with 

miRNA-mRNA target interaction prediction algorithms allowed us to identify relevant 

candidate target genes of the clusters in obese ATMs. Importantly, miR-23-27-24 

deficiency in metabolically activated BMDMs drove similar transcriptomic changes in 

LAM-associated gene signatures and pathways observed in obese ATMs, with a 

congruent expression in many candidate target genes identified in vivo. Subsequent 

functional siRNA screening in primary cells and studies of a subset of those targets 

identified Eif4ebp2 as a direct target of the clusters whose suppression supports 

macrophage proliferation. Interestingly, both miR-23 and miR-24 independently suppress 

proliferation as well as attenuate the expression of this transcript in macrophages. 

Therefore, two members of this cluster may be acting collaboratively to control a key 

regulatory node in the gene networks of this cell, highlighting one mechanism of how 

miRNAs of a cluster may evolve together. Of note, assaying AGO2-containing complexes 

identified miR-23 as a direct regulator of this transcript but showed that miR-24 is likely 

to act indirectly through other yet undiscovered targets to regulate this gene.  

This work also demonstrates how miRNA-directed pathway discovery can reveal 

novel genes important for immune cell function in physiology and disease. First, the 

identification of a requirement for the miR-23-27-24 clusters selectively in CD9+ ATMs 
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highlights a subset-specific requirements for regulatory function that can be used to query 

deep mechanisms of immune cell function and could be leveraged for selective 

therapeutic intervention. They add to the theory that LAMs contribute to maintaining 

metabolic health in obese adipose and suggest that the miR-23-27-24 clusters may exert 

broader regulation that even single-gene changes in this cell population, given that loss 

of Trem2 alone does not worsen diet-induced obesity in all studies. Identification of the 

translational repressor Eif4ebp2 as a critical target of this miRNA cluster also points to 

the importance of eIF4E-dependent transcripts and their upstream regulator 

mTORC114,15 in the function of LAMs. Indeed, studies in the central nervous system of a 

related population CD9+Trem2+ microglia in mouse models of Alzheimer’s disease have 

identified mTORC1 as an important downstream mediator of Trem2 signaling, controlling 

autophagy and metabolism in these cells18.  

 

4.6. Conclusions 

 

 Findings from Chapter 4 indicate that myeloid-specific expression of the miR-23-

27-24 clusters, specifically miR-23, supports the proliferation of LAMs by directly 

suppressing Eif4ebp2 to promote translation of transcripts that encourage anabolic 

metabolism and cell growth. Due to the reported functions of LAMs, we propose that the 

selective reduction in protective LAMs contributes to worsened glucose metabolism 

observed in MyelΔ mice on HFD. 
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CHAPTER 5 

 

FUTURE DIRECTIONS & OPPORTUNITIES 

 

 

5.1. General Chapter Overview 

 

 The following chapter provides a discussion on future considerations that will 

extend the scope of this thesis work. These include: 1) testing whether direct miR-23-

Eif4ebp2 mRNA engagement is critical for promoting macrophage proliferation, 2) 

extending our understanding of how the proposed miRNA-mRNA interactions modulate 

proliferation, 3) determining if miRNA-based regulation of Eif4ebp2 regulates lipid-

associated macrophage (LAM) proliferation and systemic glucose tolerance in vivo, 4) 

identifying alternative targets of the clusters involved in modulating macrophage 

proliferation and function, 5) determining how myeloid-specific deletion of the clusters in 

diet-induced obesity impacts tissue-specific insulin sensitivity, and 6) discussing the 

potential relevance of our findings to human disease. Through this discussion, I hope to 

lay the groundwork for future research in the Pua laboratory. 

 

5.2. Test if Direct miR-23-Eif4ebp2 mRNA Interactions are Required for Proliferation 

in Cultured Metabolically Activated Macrophages. 
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 Our studies indicate that negative regulation of Eif4ebp2 expression promotes 

macrophage proliferation, and that miR-23 directly interacts with Eif4ebp2 mRNA during 

metabolic activation (Chapter 4). While the finding that siRNA-mediated depletion of 

Eif4ebp2 in macrophages deficient of the miR-23-27-24 clusters demonstrates that 

suppression of the translational inhibitor contributes to proliferation (Chapter 4), we do 

not discern if direct miR-23-Eif4ebp2 mRNA engagement is required for this regulation. 

As a result, additional experiments will be necessary to elucidate the functional role of 

this interaction. 

 To this end, the application of oligonucleotides called Target Site Blockers could 

be used to interrogate if direct regulation of Eif4ebp2 expression by miR-23 supports 

macrophage proliferation during metabolic activation. Target Site Blockers are 

oligonucleotides that outcompete miRNAs for their target sites and can be designed to 

block specific miRNA-mRNA interactions to prevent recruitment of the RNA-induced 

silencing complex to target transcripts, consequently obstructing translational 

inhibition/mRNA decay1. Treating wild-type metabolically activated (MMe) macrophages 

with custom Target Site Blockers to obstruct miR-23-Eif4ebp2 mRNA binding will provide 

an opportunity to define a role for this interaction in culture. Based on our studies, we 

hypothesize that blocking miR-23-Eif4ebp2 mRNA engagement will increase levels of 4E-

BP2, consequently restraining anabolic metabolism and macrophage proliferation.  

 

5.3. Investigate how Negative Regulation of Eif4ebp2 Expression Promotes 

Macrophage Proliferation. 
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 Eif4ebp2 encodes a member of the eukaryotic translation initiation factor 4E 

(eIF4E) binding protein (4E-BP) family 4E-BP2. Canonically, members of the 4E-BP 

family bind to eIF4E to repress translation initiation on eIF4E-sensitive transcripts2,3. 

Activation of the multiprotein complex mTORC1 in response to growth factor stimulation 

and amino acid surplus, however, leads to 4E-BP hyperphosphorylation and subsequent 

disassociation from eIF4E. This event allows for the phosphorylation of eIF4E by Mnk1 

and Mnk2 to promote translation of transcripts involved in anabolic metabolism to support 

biomass synthesis and proliferation4–8. Gene set enrichment analysis of our RNA 

sequencing data from obese fl/fl and MyelΔ adipose tissue macrophages (ATMs) 

(Chapter 4) revealed an enrichment of mTORC1 signaling genes in fl/fl ATMs (Figure 

5.1A), arguing that miR-23-27-24-deficiency disrupts mTORC1 signaling in obese ATMs. 

Taken together, we hypothesized that negative regulation of Eif4ebp2 would relieve the 

suppression of eIF4E to drive mTORC1-dependent proliferation.  

 Contrary to our hypothesis, however, metabolic activation of MyelΔ bone marrow-

derived macrophages (BMDMs) increased levels of phosphorylated eIF4E relative to 

control (Figure 5.1B). Moreover, examination of the phosphorylated/total 4E-BP2 ratio 

was inconclusive (Figure 5.1C). Because we observed reduced nascent polypeptide 

synthesis in metabolically activated (MMe) Myel∆ BMDMs through our puromycin 

incorporation studies (Chapter 4), these results indicate that regulation of eIF4E-

dependent translation may not be critical for the control of global protein synthesis by the 

clusters. Since our RNA sequencing data on obese ATMs showed a general enrichment 

in mTORC1 signaling genes in transcripts downregulated in MyelΔ ATMs, we examined 
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multiple levels of mTORC1 signaling to determine if other convergent or divergent 

branches of the pathway could be affected.  

 In brief, engagement of PI3K in response to extracellular cues phosphorylates the 

3’ hydroxyl group of PI(4,5)P to produce PI(3,4,5)P, thereby providing docking sites for 

pleckstrin domain-containing signaling mediators such as Akt. Recruitment of Akt to the 

plasma membrane leads to phosphorylation of Thr308 and Ser473 by PDK1 and 

mTORC2, respectively, resulting in optimal Akt function9. Once activated, Akt suppresses 

the GTPase activating protein activity of the tuberous sclerosis complex 1/2 heterodimer, 

allowing RHEB-GTP to stimulate the kinase activity of the multiprotein complex 

mTORC110. Following mTORC1 activation is a dramatic increase in the translation of 

target mRNAs through the phosphorylation of ribosomal protein S6 kinase (S6K) and 4E-

BP. Regulation of 4E-BP in this manner relieves the inhibition of cap-dependent 

translation, while phosphorylated S6K phosphorylates ribosomal protein S6 to promote 

the translation of many enzymes that support cell proliferation and the shift toward 

glycolytic metabolism2,11.  

 Due to their established roles in the mTORC1 signaling pathway, we quantified 

phosphorylation levels of Akt and ribosomal protein S6 in MMe macrophages treated with 

locked nucleic acid inhibitors depleting individual members of the clusters to examine 

activity upstream or downstream of mTORC1, respectively. Flow cytometric analysis did 

not reveal changes in phosphorylation levels of Ser473 on Akt or Ser235/236 on 

ribosomal protein S6 between any of the miRNA-depleted groups vs control (Figure 

5.1D). These preliminary cell culture experiments indicate that acute inhibition of miR-23, 
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miR-24, or miR-27 expression does not influence mTORC1 signaling during metabolic 

activation.  

 

  

 Observations from our cell culture experiments suggest that regulation of Eif4ebp2 

by miRNAs from the miR-23-27-24 clusters may influence proliferation independently of 

 
5.1. Loss of the miR-23-27-24 Clusters or Individual Members of the Clusters Does Not 
Attenuate mTORC1 Signaling in Metabolically Activated Macrophages. (A) Gene set 
enrichment analysis (GSEA) of RNA sequencing data from obese ATMs for genes involved in 
mTORC1 signaling. GSEA were plotted with the enrichment curve and rank order location of 
each gene in the indicated gene set from most upregulated to most downregulated (left to 
right) in knockout MyelΔ obese ATMs compared to fl/fl obese ATMs. (B-C) Levels of the 
indicated proteins were examined through Western blot analysis. Each lane represents one 
technical replicate. (B) Quantitation is consolidation of 3 technical replicates per genotype. (D) 
Flow cytometry was used to quantify levels of the indicated phospho-antigen in metabolically 
activated BMDMs treated with locked nucleic acid inhibitors against the indicated miRNA for 
48h (24h before and 24h after metabolic activation). Data reflects two biological replicates per 
graph. ±S.E.M. 
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mTORC1 signaling. To determine if mTORC1 signaling is critical for LAM proliferation in 

vivo, we administered rapamycin to control and MyelΔ mice starting at the 15 wk period 

on high-fat diet (HFD) to determine if pharmacological inhibition of mTOR signaling could 

attenuate LAM proliferation in obese adipose tissue12. LAM signatures are observed 12 

wks after the start of HFD feeding and increase in distribution as obesity persists13. 

Though monocyte recruitment signifies a key event for LAM acquisition, our data supports 

a model where expression of the clusters promote proliferation of differentiated LAMs 

once in tissue. Based on this, we decided to begin rapamycin treatment within a specific 

window where LAM proliferation would impact cell numbers the most.  

 Body weight curves demonstrate no significant differences in body weight gain 

from the start of HFD feeding to the beginning of rapamycin treatment (0-15 wks HFD 

feeding) or during the 5 weeks of weekly rapamycin administration (Figure 5.2A). While 

total body weight and cell numbers in collected epididymal white adipose tissue (eWAT) 

(Figure 5.2B) were unchanged after HFD feeding, we found that epididymal fat depots of 

rapamycin-treated mice weighed significantly more compared to their control 

counterparts (Figure 5.2C). We then immunophenotyped eWAT of vehicle and 

rapamycin-treated mice on HFD to determine if late-stage disruption of mTOR signaling 

impaired ATM and LAM accumulation. Rapamycin treatment significantly reduced P-S6 

levels in total stromal vascular fraction cells and LAMs by 34% and 38%, respectively, 

demonstrating the efficiency of the inhibitor (Figure 5.2D). When normalized to grams of 

adipose tissue, we found the total counts of ATMs, LAMs, and proliferative Ki67+ LAMs 

were reduced following rapamycin administration (Figure 5.2E). However, since we 

recovered more adipose tissue in the rapamycin-treated mice, potentially a result of 
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increased adipocyte hypertrophy/hyperplasia, we could not exclude that normalization in 

this manner would bias the results. When normalized to total live cells, we detected no 

differences in % of ATMs between treatment groups (Figure 5.2F), which contrasts to our 

previous HFD studies (Chapter 2). Frequency of LAMs relative to total ATMs (Figure 

5.2G) and proliferative Ki67+ LAMs compared to total live cells were also unchanged 

(Figure 5.2H). Altogether, these data indicate that late-stage mTOR signaling may not be 

required for the regulation of LAM proliferation in obese adipose tissue. 



120 
 

 

 

 Our preliminary data suggest a potential non-canonical mechanism where 

Eif4ebp2 regulates cell proliferation independently of its control of eIF4E-dependent 

translation. Before arriving at this conclusion, however, integration of RNA sequencing 

 
 

5.2. Late-Stage mTOR Suppression Does Not Attenuate LAM Proliferation in Obese 
Adipose Tissue. (A). Body weight curves of male mice on high-fat diet (HFD) before and after 
weekly treatment with either vehicle (10% PEG400/8% ethanol combined with equal volume 
of sterile 10% Tween 80) or rapamycin for 5 weeks starting the 15 week time period (two-way 
ANOVA with Sidák’s multiple comparison test). N=9 per treatment group. (B) Total number of 
live cells from epididymal white adipose tissue (eWAT) (two-tailed t test). (C) Total weight of 
eWAT collected from each treatment group after intervention (two-tailed t-test). (D) 
Quantification of P-Ser235/236 S6 levels in stromal vascular fraction (SVF) cells or LAMs 
isolated from eWAT via flow cytometry (two-tailed t test). (E) The indicated cells were 
quantified based on normalization to collected eWAT (two-tailed t test). (F) % of ATMs relative 
to total number of live cells, (G) % of LAMs relative to total ATMs, or (H) % Ki67+ LAMs relative 
to total live cells were quantified via flow cytometry. (F-H) two-tailed t test. Each dot represents 
one mouse after high-fat diet feeding. ±S.E.M. *, p≤0.05, ***, p<0.001. 
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data with ribosome profiling should be used to functionally determine whether 

genetic/pharmacological targeting of the miR-23-27-24 clusters or Eif4ebp2 regulates 

translational efficiency of global transcripts or a specific class of mTORC1-regulated 

transcripts containing 5’ terminal oligopyrimidine motifs14,15. Additional polysome profiling 

can discern if loss of the clusters or Eif4ebp2 expression impairs both ribosome and 

polysome assembly globally or at known eIF4E-regulated transcripts15. If no differences 

are discovered, this will engender exciting investigation into unknown molecular 

mechanisms underscoring how Eif4ebp2 regulates macrophage proliferation.   

 

5.4. Determine if miR-23-27-24 Cluster’s Regulation of Eif4ebp2 Modulates LAM 

Accrual and Glucose Tolerance in a Diet-Induced Obesity Murine Model. 

 

 Functional studies provided in Chapter 4 demonstrate that acute suppression of 

Eif4ebp2 in miR-23-27-24-deficient MMe macrophages or obese ATMs cultured ex vivo 

augments proliferation. Nevertheless, these findings fall short of uncovering if this 

regulation is critical for LAM proliferation in obese adipose tissue and conferring 

protection against glucose and insulin intolerance in a chronic diet-induced obesity model. 

It is recommended that future studies seeking to address these questions utilize methods 

that selectively attenuate Eif4ebp2 expression in ATMs from mice containing a myeloid-

specific deletion of the miR-23-27-24 clusters to determine if silencing Eif4ebp2 in these 

mice can rescue LAM proliferation and glucose regulation.  



122 
 

 One method to target tissue-resident macrophages that is gaining increasing 

attention is the use of glucan-encapsulated siRNA particles (GeRPs)16–20. Here, custom 

siRNAs are encapsulated in micrometer-sized glucan-shells extracted from 

Saccharomyces cerevisiae composed of mainly 1,3-D-glucan, a ligand for Dectin-1 and 

other receptors expressed by macrophages, to produce GeRPs. Administration of GeRPs 

to mice on HFD has led to successful gene knockdowns in select macrophage 

populations with minimal undesired targeting17,18,20. Biodistribution of these particles 

appears to depend on the route of administration, as GeRPs injected intraperitoneally 

have been reported to be primarily taken up by ATMs in eWAT17 while GeRPs injected 

intravenously appear to be internalized by liver macrophages16,18. Therefore, experiments 

incorporating the following treatments groups would determine whether negative 

regulation of Eif4ebp2 in miR-23-27-24-deficient ATMs could rescue LAM proliferation 

and systemic glucose-handling in vivo: 1) HFD fl/fl mice + negative control siRNA GeRP, 

2) HFD fl/fl mice + Eif4ebp2 siRNA GeRP, 3) HFD MyelΔ mice + negative control siRNA 

GeRP, 4) HFD MyelΔ mice + Eif4ebp2 siRNA GeRP (20 wks HFD feeding and weekly 

intraperitoneal GeRP injections).  

 Alternatively, the application of CRISPR-Cas9 genome editing can be used to 

target Eif4ebp2 expression. Crossing Mirc11fl/fl Mirc22fl/fl Lyz2Cre mice with Cre-regulated 

Cas9 knockin mice21 for multiple generations will produce Mirc11fl/fl Mirc22fl/fl Lyz2Cre mice 

expressing the enzyme Cas9, an RNA-guided endonuclease that cleaves foreign nucleic 

acids bearing sequence complementary to the single-guide RNA (sgRNA), in myeloid 

cells22. Bone marrow transplant experiments transferring Mirc11fl/fl Mirc22fl/fl Lyz2Cre 

Cas9+ bone marrow transduced with Eif4ebp2-directed sgRNA ex vivo to irradiated wild-
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type recipient mice would produce mice containing a myeloid-specific deficiency of the 

clusters and a hematopoietic deficiency of Eif4ebp2. Conducting diet-induced obesity 

studies with recipient mice containing Mirc11fl/fl Mirc22fl/fl Lyz2Cre Cas9+ bone marrow 

transduced with either control sgRNA or Eif4ebp2-directed sgRNA would enable 

investigators to determine if suppression of Eif4ebp2 by the clusters rescues LAM 

proliferation and systemic glucose and insulin tolerance in this model. Because this 

approach will impact macrophages residing in multiple tissues in addition to adipose 

tissue, there will be an opportunity to study this regulation in other insulin-sensitive 

metabolic organs such as the liver. Nevertheless, this understanding will need to be 

considered when making conclusions about this interaction on the observed metabolic 

phenotype.  

 

5.5. Identification of Additional Targets Involved in Metabolically Activated 

Macrophage Proliferation and Function. 

 

Although we identified Eif4ebp2 as a target gene important for ATM proliferation, 

there are likely other critical miRNA-mRNA interactions among the 163 significantly 

regulated predicted targets in our RNA sequencing data set (Chapter 4). miRNAs almost 

always act to inhibit multiple critical target genes to exert a biological effect. Indeed, it 

remains possible that Dusp523, Sesn224, Socs625, Spry126, and Tmem12727, may be 

critical for the in vivo function of LAMs despite not affecting in vitro proliferation in 

metabolically activating conditions. Moreover, due to the nature of miRNAs, we anticipate 
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that in addition to regulating cellular proliferation, target genes inhibited by the miR-23-

27-24 clusters may coordinate additional cell-autonomous changes in aspects of ATM 

biology that dictate macrophage function in systemic metabolic homeostasis and obesity. 

Therefore, testing additional functions for miR-23, miR-24 and miR-27 within ATMs may 

be needed to identify unique characteristics of cell subsets within this tissue.  

Functional siRNA screens utilizing miRNA-deficient immune cells represent an 

invaluable in vitro tool to study how negative regulation of candidate target genes 

modulates select cellular functions28–30. Our own investigation utilized this method to test 

how candidate target genes identified in obese ATMs linked to restraining proliferation, 

proliferative signaling, and anabolic metabolism regulate macrophage proliferation during 

metabolic activation in vitro and ex vivo using F4/80-selected obese ATMs deficient of the 

clusters (Chapter 4). Because these genes were identified by cross-referencing our ATM 

candidate target list to curated gene set enrichment analysis gene sets that seemed to 

be relevant to our proliferation phenotype, we may be missing additional candidate targets 

whose suppression by the clusters promote macrophage proliferation. Therefore, I 

propose consolidating a list of 15-20 candidate target genes based on the following 

criteria to test for critical regulators of metabolically-induced macrophage proliferation 

using an siRNA rescue screen for proliferation (see Chapter 4): 1) identified as a 

candidate target gene (basemean >100 in RNA sequencing data) in both obese ATMs 

and MMe macrophages (Chapter 4) and 2) ranked based on mRNA expression in ATMs. 

Because loss of the clusters downregulates a network of genes found to be 

upregulated in CD9+Trem2+ LAMs relative to lean ATMs or associated with the 

“lysosome” and “phagosome” in both obese ATMs and MMe macrophages (Chapter 4), 
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I hypothesize that the clusters also promote the phagocytotic program of LAMs, 

potentially promoting their homeostatic function in obese adipose tissue in addition to 

their accrual (Chapter 4 and 13). Like how we screened for candidate targets involved in 

regulating proliferation, an siRNA rescue screen can be utilized against select candidate 

target genes identified through cross-referencing to relevant gene set enrichment analysis 

gene sets and/or the aforementioned criteria using in vitro phagocytosis assays as a 

functional read-out.  

 

5.6. Determine how Expression of the Clusters in Myeloid Cells Regulates Tissue-

Specific Insulin Sensitivity in Diet-Induced Obesity Model.  

 

 Metabolic studies described in Chapter 2 demonstrate that myeloid-specific 

deletion of the miR-23-27-24 clusters aggravated glucose and insulin intolerance after 20 

wks of HFD feeding. Because MyelΔ mice on HFD weighed less compared to control 

mice at the time of tolerance testing, the confounding issue that increased body weight 

could drive the observed phenotype was not applicable to our studies. While our findings 

are suggestive of an augmented insulin resistance phenotype, they do not discern the 

specific metabolic tissues driving the observed metabolic phenotype in response to 

conditional deletion of the miR-23-27-24 clusters.  

 To address this gap in knowledge, I propose establishing a collaboration the 

Mouse Metabolic Phenotyping Center at Vanderbilt University to carry out 

hyperinsulinemic-euglycemic clamps using fl/fl and MyelΔ mice on HFD. This procedure 

is considered the “gold standard” for assessing insulin action in vivo31. Not only do 
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hyperinsulinemic-euglycemic clamps enable for comparison of glucose infusion rates to 

gage alterations in whole-body insulin action31, but the administration of isotopic 

2[14C]deoxyglucose and [3-3H]glucose during the assessment reveals differences in 

tissue-specific glucose uptake (e.g. adipose tissue, liver, muscle, pancreas,…etc.) or the 

ability of insulin to suppress endogenous glucose appearance, a marker of hepatic 

glucose production, respectively31,32. As a complementary approach, I propose 

performing in vivo insulin injections in fasted obese fl/fl and MyelΔ mice, then examining 

phosphorylated Ser437/Thr308 Akt levels from whole cell lysates of different insulin-

sensitive tissues (e.g. adipose tissue and liver) to examine differences in downstream 

insulin signaling between genotypes. 

 While our data does not support differences in insulin production between groups, 

I propose collaborating with the Mouse Metabolic Phenotyping Center to conduct 

hyperglycemic clamps on a separate cohort of mice as a complementary approach. This 

procedure functions to assess the insulin secretory capacity of pancreatic β-cells in 

response to hyperglycemia to determine if the observed difference in glucose tolerance 

is due to changes in pancreatic function31. This procedure will provide a comprehensive 

control testing whether the glucose-handling defects observed in MyelΔ mice on HFD is 

dependent on altered insulin production in response to glucose levels. 

 

5.7. Relevance to Human Disease 
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 miRNAs play a major role in a wide range of macrophage-driven processes and 

dysregulated expression or activity of select miRNAs has been linked to human 

diseases34. In regards to the miR-23-27-24 clusters, the 5’ seed sequences of miR-23a/b, 

miR-24, and miR-27a/b are conserved from mice to humans and their differential 

expression under pathological conditions implicates their involvement in human disease 

outcomes, including those involved in multiple types of cancer and cardiovascular 

diseases (https://www.mirbase.org/ and reviewed in 33). Relevant to our studies, single 

cell-RNA sequencing maps the presence of LAMs and the Trem2 pathway in visceral 

adipose tissue from the omental fat depot of obese subjects, indicating that the induction 

of the LAM program is also conserved from mouse to human obesity13. Due to the 

conservation of these two entities and relationship between the clusters and LAM accrual 

observed in our studies, I hypothesize that the miR-23-27-24 clusters also contribute to 

regulating either LAM accumulation and/or induction of the LAM program in human obese 

adipose tissue. 

 In collaboration with Dr. John Koethe and Dr. Celestine Wanjalla here at Vanderbilt 

University, we have isolated small RNAs from abdominal adipose tissue from obese 

patients and performed qPCR for miR-23, miR-24, and miR-27 in a proof-of-concept 

experiment to determine if there is a correlation between expression of the clusters and 

body mass. Preliminary observations uncovered a negative correlation between miR-23a, 

miR-23b, and miR-24 levels and body mass index (Figure 5.3). This human data 

suggests that levels of these miRNAs are reduced in response to increased adiposity, 

potentially hinting at a protective role for these mediators. However, the relationship 

between miRNAs from our clusters and LAMs in human obesity requires a more in-depth 

https://www.mirbase.org/
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investigation. In particular, the miR-23-27-24 clusters are expressed both in immune cells 

and numerous other cell types. Therefore, we cannot be sure that this correlation in total 

adipose tissue is specific to macrophages. To answer that important question will require 

cell sorting and/or spatial tissue analysis. In addition, it would be valuable to have a study 

powered to analyze men and women separately. Nevertheless, I believe the laboratory 

will be excited to pursue these research questions in future studies to delineate how the 

clusters modulate immune cell behavior and adipose tissue function in human disease. 

 

 

 

 

 

5.3. Levels of miR-23a, miR-23b, and miR-24 in Abdominal Subcutaneous Adipose 
Tissue are Inversely Correlated with Body Mass Index. Spearman correlation analysis 
between levels of the indicated miRNA in abdominal adipose tissue and recorded body mass 
indexes of biopsied patients.  N=15 females and N=7 males. r = correlation coefficient.  Each 
dot represents one biopsied patient. 
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5.8. Author Summary 

Communication between immunological and metabolic systems is pivotal for 

mediating organismal nutrient homeostasis. Therefore, it is no surprise that dysregulation 

in either entity during chronic obesity predisposes individuals to acquiring complex 

metabolic disorders. Great focus has been placed on identifying molecular nodes to 

therapeutically alleviate macrophage-driven “metaflammation” that aggravates systemic 

insulin resistance. Independent of sterile tissue inflammation, recent discovery of CD9+ 

Trem2+ LAMs has fueled a new appreciation that cells of the immune system support 

adipose tissue function in obesity by mediating tissue-level lipid homeostasis. Findings 

from this study provide molecular details underlying LAM accrual in obese adipose tissue 

and implicates LAM proliferation in conferring protection against obesity-induced glucose 

intolerance. Accordingly, we propose a novel pathway which can be exploited by the 

application of miRNA-based therapeutics to modulate the innate immune cell 

compartment of obese adipose tissue to improve metabolic function. Furthermore, 

identification of target genes and downstream gene networks regulated by the miR-23-

27-24 clusters will uncover additional avenues to pharmacologically regulate the immune 

system to treat obesity-associated metabolic complications. 
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APPENDIX A 

 

RNA SEQUENCING ANALYSIS: OBESE ADIPOSE TISSUE MACROPHAGES 

 

A.1. Normalized Gene Counts from RNA Sequencing Analysis of Control (fl/fl) and 
miR-23-27-24 Cluster Knockout (MyelΔ) Obese Adipose Tissue Macrophages. 
Extension of RNA sequencing data set detailed in Chapter 4 Figure 1. 

Table S1-Normalized 
gene counts ATM.xlsx 
 

A.2. DESeq2 Analysis of Obese Adipose Tissue Macrophages (fl/fl vs MyelΔ) RNA 
Sequencing Data Set. Extension of RNA sequencing data set detailed in Chapter 4 
Figure 1. 

Table S2-DESeq2 
analysis ATM.xlsx  
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APPENDIX B 

 

RNA SEQUENCING ANALYSIS: METABOLICALLY ACTIVATED MACROPHAGES 

 

B.1. Normalized Gene Counts from RNA Sequencing Analysis of Control (fl/fl) and 
miR-23-27-24 Cluster Knockout (MyelΔ) MMe Bone Marrow-Derived Macrophages. 
Extension of RNA sequencing data set detailed in Chapter 4 Figure 2. 

Table S3-Normalized 
gene counts MMe.xlsx 
 

B.2. DESeq2 Analysis of MMe Bone Marrow-Derived Macrophages (fl/fl vs MyelΔ) 
RNA Sequencing Data Set. Extension of RNA sequencing data set detailed in Chapter 
4 Figure 2. 

 

Table S4-DEseq2 
analysis MMe.xlsx  
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APPENDIX C 

 

CANDIDATE TARGET TRANSCRIPTS 

 

C.1. Candidate targets from fl/fl and MyelΔ obese Adipose Tissue Macrophages 
and MMe Bone Marrow-Derived Macrophages. Extension of RNA sequencing data 
set detailed in Chapter 4 Figures 1 and 2. 

 

Table S5-Candidate 
Targets.xlsx  
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APPENDIX D 

 

RNA SEQUENCING ANALYSIS: NETRIN-1 PATHWAY IN OBESE ADIPOSE TISSUE 
MACROPHAGES 

 

 

 
 

D.1. RNA Sequencing Analysis: Netrin-1 Pathway in Obese Adipose Tissue 
Macrophages. (A) Gene set enrichment analysis (GSEA) of RNA-seq data set for 
genes in netrin-1-UNC5B signaling pathway. GSEA was plotted with the enrichment 
curve and rank order location of each gene in the indicated gene set from most 
downregulated to most upregulated (left to right) in knockout MyelΔ ATMs compared 
to fl/fl ATMs. (B) Log2(MyelΔ / fl/fl) values of the indicated transcripts were quantified 
via RNA sequencing. Extension of RNA sequencing data set detailed in Chapter 4 
Figure 1. 

 

A. B.
Gene

Symbol
Log2FC

(KO / fl/fl)
Adjusted
P Value

Adora2b 0.7261 1.35E-06

Ntn1 0.35996 0.02365

Ntn4 0.44499 0.01940

Unc5a 0.35341 0.09977

Unc5b 0.30453 0.30034

0.0
-0.1
-0.2
-0.3
-0.4
-0.5

Netrin-UNC5B Signaling Pathway
(fl/fl vs Myel∆)

ES: -0.496 FDR q-value: 0.006

Enrichment Profile Hits


